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Abstract

Abstract
This thesis covers main aspects for the post-growth fabrication o f GaN-based laser
diodes. The related technological processes, developed and/or optimied within the
research, are described. These include p -type GaN activation, inductively coupled plasma
(ICP) etching, ridge waveguide fabrication, ohmic contacts formation, laser facet
fabrication, and high reflectivity facet coating. All these processes combined together
yielded a complete post-growth laser fabrication technology also presented in the thesis.
Laser diodes were successfully fabricated using this technology and extensively
characteried. The devices showed excelle nt electrical and reasonably good optical
characteristics. The lowest threshold current density for lasing achieved under pulsed
current operation was 48 kA/cm 2 for laser diodes with uncoated facets. Possible methods
to improve laser performance are outlined in the thesis.
The developed technological processes are important and practical for other IIInitride applications. An innovative ridge waveguide fabrication process significantly
simplifies the fabrication o f any small-scale electronic devices. The study o f thermal
activation o f p -type GaN demonstrates the catastrophic effect o f a SiCh capping layer
deposited by a plasma enhanced chemical vapor deposition (PECVD) technique on p -G aN
layers during high temperature annealing. The study o f ICP etching o f AlGaN layers with
Ch-based plasmas has significance for the plasma processing o f III-nitrides.
This dissertation includes extensive theoretical and literature-review sections. The
presented information provides essential background for fuller understanding o f selected
topics and also allows for some freedom in the processing. This makes this dissertation
useful for further modification and/or optimiation o f the developed post-growth
technology.
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Chapter 1. Introduction

1 Introduction
1.1 Applications for III-nitrides
The III-nitrides, namely GaN, InN, AIN, and their alloys, cover the range o f
bandgaps from 0.7 to 6.2 eV. Furthermore, in a wurtzite form, these semiconductors have
direct room temperature bandgaps that makes III-nitrides especially attractive for
optoelectronic device applications, such as light emitting diodes (LEDs), laser diodes
(LDs), and photo-detectors. Alloyed nitride semiconductors are expected to span a
continuous range o f photon energies from visible into ultraviolet wavelengths. Outstanding
thermal and chemical stability makes III-nitrides promising for high-temperature
applications. Excellent electron transport properties, including high electron mobility and
high saturated drift velocity, suggest the nitrides are ideal for high-frequency electronic
devices. Finally, nitrides possess very high breakdown fields, allowing to produce highpower electronic devices. Significant progress has been made in III-nitride growth and
processing during the last fifteen years. A s a result, a large number o f commercial
applications have entered the market. This section outlines the primary applications for IIInitrides with special attention paid to III-nitride based laser diodes and their use in optical
data-storage devices.
The largest market for III-nitrides is light emitting diodes (LEDs) used for lighting
and illumination. The worldwide market for LEDs has grown nearly 50% per year since
1995 and is projected to exceed $3.0 billion in 2005 (Strategies Unlimited, 2003). Nitridebased blue and green LEDs are widely used for signaling, back-lighting, interior and
exterior automotive lighting, decorative and household lighting, large-area displays, traffic
lights, etc. Their small size, low operation voltage, and long lifetime make LEDs an ideal
choice for these applications. The largest market segment (over 40%) for these devices is
currently in mobile appliances such as back-lighting for cell phones, cameras, LCD
displays, etc. Another important application for blue-violet LEDs is solid-state white-light
sources produced either with phosphor wavelength converters or in combination with red
and green LEDs. At the moment this market segment is less than 5% o f the total LED
market. However, it is expected to grow sixfold from $85 million in 2002 to over $500
million in 2007 (Strategies Unlimited, 2003). LEDs offer compactness and lower energy
consumption compared to conventional light bulbs. It is expected that solid-state light
sources w ill become ten times more efficient than incandescent lamps and twice as
efficient as fluorescent lamps . 1 LEDs also reduce maintenance costs due to their
significantly longer lifetimes. Finally, these devices w ill significantly improve light colour
performance providing higher Colour Rendering Index (CRI). For the wide use o f solidstate lighting, some major technological issues need to be solved including cost reduction,
improvement in light extraction efficiency and colour performance, heat management,
photon mixing, etc. The solid-state lighting industry aims to replace conventional
incandescent lamps by 2007 and most fluorescent lamps by 2012. Thereby this market
sector can become the largest for LEDs in the near future, as the general illumination
market is over $ 1 2 billion.
Another promising market for III-nitrides is blue-violet laser diodes for optical
data-storage, laser printing, optical scanners, high-resolution photolithography, biomedical
technology, sensing, telecommunication devices, laser projection displays, etc. This market
is rapidly growing and is projected to reach over $400 million in 2007 (Strategies
Unlimited, 2003). This figure assumes a nearly eightfold reduction in the laser diode price,

* Different papers give different values o f the bandgap for InN, ranging from 0.7 to 1.9 eV.
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Fig. 1.1. Comparison o f different optical data-storage formats.

nam ely $40 per device in 2007 compared to $300 at present. The major market segment for
the nitride laser diodes is optical data-storage devices (CDs and DVDs). These applications
are related to a reduced laser spot size caused by a shorter wavelength. It is known that the
spot size o f a focused laser beam is diffraction limited and is proportional to the square o f
the laser wavelength. As a result, replacing conventional infrared (780 nm) and red (650
nm) lasers, employed in present CD and DVD devices, respectively, with a blue laser
diode allows for smaller pits, presenting 1 and 0 o f digital data. Thereby more information
can be saved on the same size optical disc. Current DVD technology has some additional
im provem ents in optics and error correction that allow optical disc capacity to increase by
an additional factor o f four. It results in 4.7 GB o f data on a present single-layer DVD disc
com pared with 650 MB on a present CD disc. A blue laser can increase the storage
capacity further. Comparison o f different optical data-storage formats is presented in Fig.
1.1 . 2 It is worth noting that a 400 nm wavelength range is probably a limit for the
developed optical disc technology due to the plastics and polymers used in the discs. These
have strong absorption below 400 nm.
The increased storage capacity for optical discs makes it possible to move the
media industry towards high-definition television (HDTV). A next-generation optical disc
format, called Blu-Ray, has been recently developed by thirteen leading electronics
com panies to meet requirements for HDTV (official web-site http://www.blu-rav.com /).
This format, employing a 405 nm laser diode, enables the recording, rewriting, and
playback o f up to 27 GB o f data on a single-sided single-layer disc. This is sufficient to
record over 2 hours o f high-definition or more than 13 hours o f standard-definition TV. A
dual-layer disc doubles the storage capacity. The first Blu-Ray DVD recorder, announced
by Sony in 2003, is now available for a price o f around $3,800. However, recent progress
m ade in the technology and strong com petition for the developing market can reduce this
price significantly. It is important to note that a num ber o f alternative technologies, also
em ploying blue laser diodes, have been developed for high-density optical storage.
Toshiba and NEC developed a format called Advanced Optical Disc (AOD). This uses a
405 nm laser diode and allows slightly low er storage capacity (20 GB on a single-sided
single-layer disc). However, this format is compatible with a current DVD encoding
system and new devices can be produced in existing DVD plants. Another format, called
Enhanced Versatil Disk (EVD), has been developed by Sanyo. It is expected to hold 54 GB
o f data on a single-sided single-layer disc compared to 27 GB o f Blu-Ray. It is expected
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that new high-density DVD devices w ill replace the current DVD technology within the
next few years, regardless o f the format finally employed.
Blue-violet laser diodes are very attractive for other applications such as laser
printing, optical scanners, and high-resolution photolithography. These applications are
also related to the reduced laser spot size allowing a significant increase in resolution. For
example, current commercial laser printers employing a 780 nm laser diode with a typical
optical system, provide a resolution o f 600 dot-per-inch (dpi). Higher resolution requires
more complicated and expensive optical systems. However, with the typical optics, a 400
nm laser diode can double this resolution. Another promising application for a nitride laser
diode is laser projection displays. With the addition o f a blue laser to existing red and
green laser diodes, full-color high-resolution display devices can be produced. These
devices may replace expensive halide lamp projection technology in the future. Blue-violet
laser diodes can also play an important role for a number o f sensing applications including
fluorescence spectroscopy, detection o f chemical, biological weapons, explosives, etc.
They are very useful for a variety o f biomedical applications such as cancer diagnostics,
tissue welding, acne treatment, etc. An outstanding review on blue LD and LED
applications has been recently presented by Bergh.

1.2 Progress in III-nitride laser diodes
Optically pumped stimulated emission from GaN was first observed more than 30
years ago .3 However, low quality epitaxial layers and difficulties to obtain p -type material
hindered the realization o f current-injection laser diodes. The first significant breakthrough
was the use o f AIN4, 5 or GaN 6 nucleation layers to obtain high-quality GaN films.
Subsequently, p -type conductivity was achieved by low-energy electron beam irradiation
(LEEBI) treatment,7 by thermal annealing ,8 and by minority-carrier injection .9 Finally, in
1992 Nakamura and Mukai10 first succeeded in growing high-quality InGaN films. As a
result, the first InGaN/GaN double-heterostructure (DH) LED and the first InGaN MQW
pulsed LD were demonstrated by Nakamura et al. (Nichia Chemical Industries) in 199311
1?
and in 1995, respectively. In 1996 the same group reported the first room-temperature
(RT) continuous wave (CW) operation with a lifetime o f ~1 s , 13 and a year later they
improved the laser lifetime to more than 10,000 h . 14 Subsequently a number o f other
groups around the world have demonstrated laser emission from III-nitride structures by
electrical pumping, some o f them have also reached CW operation.
An up-to-date review o f fabricated III-nitride laser diodes, based on available
published results, is presented in Table 1-1. As can be seen, leading players in this field are
well-known companies producing semiconductors and electronics, such as Nichia (Japan),
Toyoda Gosei (Japan), Sony (Japan), Toshiba (Japan), Fujitsu (Japan), Sharp (Japan/UK),
Sanyo (Japan), Pioneer (Japan), NEC (Japan), NTT (Japan), Matsushita (Japan), Cree
(USA), Xerox (USA), Agilent Technologies (USA), Osram (Germany), Samsung (Korea),
and Unipress (Poland). Some companies (Nichia, Sony, Cree, and Samsung) are already at
the commercial stage o f laser diode production. At the same time only four universities,
including Meijo University (Japan), University o f California (Santa Barbara, USA),
University o f Bremen (Germany), and Fraunhofer-Institut fur Angewandte
Festkorperphysik (Germany), have reported on successful realization o f III-nitride pulsed
laser diodes. However, CW operation has yet to be achieved by a university. To our
knowledge, we are the first university in the UK to successfully fabricate a pulsed GaNbased laser diode. A fabrication process and characteristics o f our devices are presented in
Chapter 9. Recently Sheffield University also demonstrated a III-nitride laser diode, but
post-growth processing was made in China. On the contrary, we conducted growth and all
processing steps in-house at Bath University.
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5.4

7.5

-

-

395

11.0

11.4

-

-

pulsed

41520.3
-421

16.5

-

-

FIELO
w-GaN
FIELO
w-GaN
c-face
sapphire
c-face
sapphire

pulsed

401

25.5

15.1

-

-

c-face
sapphire

405

2.8

4.5

30.0

-

450

2.8

4.5

-

-

ELOG on
bulk GaN
ELOG on
bulk GaN

407

3.6

4.9

35.0

-

pendeo on
cleaved
c-sapphire

402

10.0

5.4-7.3

400

5.9-7.8

7.5

400

6.5

5.9-8.1

c-sapphire
etched
a-sapphire
ELOG on
20.0
- c-sapphire etched
ELOG on
30.0c-sapphire
etched
22.0
100.0
replaced
by copper

416-428

17.0

25.0

Xerox Palo Alto
Research Center

Sony Corp.

Cree Research Inc.

1999
Nichia Chem. Ind.

Sony Corp.
Pioneer Corp.

Univ. of California,
Santa Barbara, USA

pulsed/
>5 h
RT cw/

RT cw/

RTcw/
NEC Corp.
Matsushita Electric
Industrial Corp.
Samsung Advanced
Inst, of Technology

2000

a-face
sapphire
c-face
sapphire

RTcw/
RT cw/

+60 °C cw/
15 000 h
(without S.Nakamura) +50 °C cw/
5 000 h

Nichia Corp.

Sony Corp.

Xerox Palo Alto
Research Center

RT cw/
>500 h
RT cw/
1h
RTcw/
>15 h
RT cw/

OSRAM Opto
Semiconductors

pulsed

-

-

2.9- a-face
-5.7 sapphire

cleaved
cleaved
cleaved

etched

etched+
3rd DFB
cleaved
cleaved
cleaved
etched
3rd DBR/
edge
emitting
cleaved
cleaved

-

-

n-SiC

cleaved

Ridge/
700x4
Ridge/
700x4.5
Ridge/
500x3
Ridge/
500x4
Stripe*/
400x...
Stripe*/
300-1000x
x4-20
Stripe*/
1000x20
Ridge/
300-1000x
x4-20
Stripe*/
1800x5
Ridge/
1000x4
Stripe*/
500-600x
x3-5
Ridge/
450x2
600x2
Ridge/
650x2

Front: 90
Rear: 90
Front: 90
Rear: 90
Front: 90
Rear: 90

51
52

no

55

no

56

no

57

no

58
59

Front: yes
Rear: yes

60

no

61

Front: 64
Rear: 88

62

Front: 93
Rear: 99

63

Front: no
Rear: 50

64
65
66

Front: no
Rear: 50

67

Ridge/
500x3
Ridge/
650x1.8
Ridge/
650x2.5
Ridge/
500-750x
x2-3.5
Ridge/
300x2-4
Ridge/
400-800x2
Ridge/
400-800x
x2-3

54

Front: 90
Rear: 90

68
69
70
71
72
73

-

74

-

75
76
77

no

78

no

79
80

-

81
82

Ridge/
Front: yes
300-1500x
Rear: yes
x3
Ridge/
500x3
Ridge/
500x3
Buriedridge/
700x2-4
Ridge/
1000x5
Ridge/
400-1600x
x5-15
Stripe*/
800x5
Ridge/
440x3
Ridge/
330x2-4
Ridge/
1000x4
Stripe*/
800x10

53

Front: 93
Rear: 93
Front: 95
Rear: 95
Front: 58
Rear: 94

84
85

no

87
88

-

89

Front: no
Rear: 50
Front: 50
Rear: 50

90
91
92
93
77
94
95

Front: 10
Rear: 95
Front: 95
Rear: 95
Front: no
Rear: 90

83

86

96
97
98

Front: no
Rear: 90

99
100
101

Stripe*/
Front: 50
600-1200x
Rear: 98
x3-8

102
103
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Agilent Technologies
Toyoda Gosei Corp.

RT cw/
>2 min

ELOG on
etched
c-sapphire

Ridge/
600x2.5

Front: 50
Rear: 50

Ridge/
600x2.3
Ridge/
600x1.7
Ridge/
600x1.5
Ridge by
selective
re-growth

Front: 10
Rear: 95
-

112

-

pendeo on
cleaved
c-sapphire
pendeo on
cleaved
c-sapphire
pendeo on
cleaved
c-sapphire

91
106
91
107
108
109
110
111

Front: 10
Rear: 95

113
114

Front: 80
Rear: 95

115
116

HMF

-

117

Ridge/
600x2.5

Front: 50
Rear: 50

118

Ridge/
800x2

Front: no
Rear: 90

119

sapphire

etched

408

4.0

8.0

-

-

sapphire

etched

460

3.3

4.6

-

-

ELOG on
bulk GaN

cleaved

369500-2 000 h -372

3.5

4.6-4.8

-

-

409

2.8

4.8

50.0

-

409

4.3

-

150.0

-

410

3.7

4.1

100.0

RTcw/

+50 °C cw/
>1 000h
RTcw/

Front: 50
Rear: 50

pulsed

-

1.6

-

40.0

-

FIELO
n-GaN

cleaved

NTT Corp.

pulsed

401

26.0

21.5

-

-

n-6H-SiC

etched+
selective
regrowth

480

5.4

5.8

-

-

399

5.4

5.8

100.0

-

pulsed

420

8.0

12.015.0

-

-

ELOG on
etched
c-sapphire

RT cw/
143 h

407

5.3

5.9

-

-

n-SiC

cleaved

pulsed

401

16.2

35.0 262.0

-

c-face
sapphire

RIE etched
+
Stripe*/
crystallog. 500x20
wet etched

Front: no
Rear: yes

122

pulsed

402-427

10.0

30.0

-

3.0

bulk
n-GaN

cleaved

Ridge/
500x10

Front: 50
Rear: 50

123

pulsed

408

66.0

11.2

-

-

n-SiC

2"1DBR/
surface
emitting

Ridge/
500x2

-

124

365

3.6

4.8

-

-

ELOG on
bulk GaN

etched

125
126

407

2.3

4.5

940.0

-

n-GaN

cleaved

Front: 50
Rear: 50
Front: 10
Rear: 95
Front: 10
Rear: 95
Front: 50
Rear: 90

Nichia Corp.
RT cw/
(without S.Nakamura)

Univ. of California,
Santa Barbara, USA
(with S. Nakamura)
OSRAM Opto
Semiconductors
Univ. of Bremen,
Germany
&Swiss Federal Inst,
of Technology,
Switzerland
High Pressure
Research Center
Unipress, Poland
OSRAM Opto
Semiconductors
&Univ. Stuttgart,
Germany
Nichia Corp.
(without S.Nakamura)
Sony Corp.

RTcw/

+30 °C cw/
2 000 h
RTcw/
>700 h
+60 °C cw/
>10 000 h
RT cw/

407

3.6

4.2

150.0

-

368-378

5.0

6.7

5.0

4.0

pulsed

360

23.0

-

45.0-80.0

Toshiba Corp.

pulsed

413

7.6

8.0

-

Samsung Advanced
Inst, o f Technology

+50 °C cw/
1 000 h
RTcw/

405

3.3-3.7

402

2.9

4.4-4.8
4.5-4.7

RT cw/
2 000 h

405

-

pulsed

405-415

pulsed

Sharp Laboratories
of Europe Limited,
UK

Palo Alto Research
Center Incorporated

ELOG on
cleaved
bulk GaN
ELOG on
c-sapphire
etched
replac. by
diamond

pendeo on
cleaved
c-sapphire
c-face
etched
sapphire

1.3- c-face
-4.2 sapphire

etched

Ridge/
400-1600x no
x2-15
Ridge/
Front: 70
Rear: 98
600x2.5

Ridge/
600x2.3
Ridge/
600x10
Ridge/
600x1.4
Ridge/
...x2
Stripe*/
400-1500x
x 10-30
Stripe/
1000x10
Ridge/
500-600x2
Ridge/
500x2
Ridge/
750x...
Ridge/
500x15
Ridge/
500x15

120
121

127
128
129
130

no

129
131

no

132

Front: no
Rear: yes
Front: no
Rear: yes
Front: 5
Rear: 95
Front: 50
Rear: 90
Front: 50
Rear: 50

133
134
135
136

170.0

-

c-face
cleaved
sapphire
pendeo on
cleaved
c-sapphire

80.0

-

n-GaN

-

90.0

-

12.0

-

-

4.0

412

3.5

8.0

1.9W

-

LAMOS/
c-sapphire bulk
cleaved
n-GaN
bulk
cleaved
n-GaN

pulsed

400

30.0

33.0

-

-

c-face
sapphire

RIE + wet Ridge/
etched
1000x5

no

141

NTT Corp.

pulsed

405

-

-

-

-

n-6H-SiC

etched+
selective
regrowth

HCSELD

-

142

Sony Corp.

+60 °C cw/
>1 400 h

400

4.2

4.2

150.0

-

n-GaN

cleaved

Ridge/
600x1.4

Front: 10
Rear: 95

143

Sharp Corp.
Sanyo Electric Corp.
High Pressure
Research Center
Unipress, Poland

2004

105

-

NEC Corp.

Xerox Palo Alto
Research Center

2003

Front: 80
Rear: 90

-

+60 °C cw/
15 000 h

2002

104

7.6

Nichia Corp.
(without S.Nakamura) RT cw/

Sony Corp.

Front: no
Rear: yes

9.1

+50 °C cw/
3 000 h

2001

Ridge/
1100x2
Stripe/
300-700x
x2-5
Ridge/
675x2.5

401

-

cleaved

137
138
139
140

12

Chapter 1. Introduction
Samsung Advanced
Inst, of Technology
Sanyo Electric Corp.

+60 °C cw/
10 000 h
RTcw/

405

2.8

4.3

300.0

-

pendeo on
cleaved
c-sapphire

405

-

-

200.0

-

n-GaN

-

-

-

sapphire

cleaved

bulk
n-GaN

cleaved

Meijo Univ., Japan

pulsed

351

7.3

7.7-10.4

High Pressure
Research Center
Unipress, Poland

pulsed

408

12.0

9.0

pulsed

402

22.0

34.0

pulsed

400
394

11.0
7.0

29.0
10.0

405

-

4.7

Sharp Laboratories
of Europe Limited,
UK

Toyoda Gosei Corp.

RT cw/

Cree Research Inc.

RTcw/
348200-4 000 h -410

3.04.0

5.06.2

Fraunhofer-Institut
fur Angewandte
FestkGrperphysik,
Germany

pulsed

400-410

7.5

-

830.0 11.5

-

-

c-face
sapphire

-

-

-

sapphire

Ridge/
500x15

Front: no
Rear: yes
Front: 5
Rear: 95

etched

144
145

-

146
147

no

148

Ridge/
RIE + wet
500-1500x no
etched
x5
RIE + wet Ridge/
Front: 50
600-1000x
etched/
Rear: 90
cleaved
x2-5

c-face
sapphire/
n-GaN
pendeo on
150.0
c-sapphire cleaved
/n-GaN
15.0- ELOG on
cleaved
-40.0 SiC
-

Ridge/
600x2
Ridge/
600x...
Ridge/
500x5.5

149
150
151
152

Ridge/

Front: AR
Rear: HR

153

Ridge/
500x2

Front: yes
Rear: yes

154

Ridge/
500x2-4

no

155

* - stripe is form ed by current confinement (open contact window in dielectric material on the top o f a wide mesaj, not by etching. It is
also called a gain-guided laser diode.

Almost all successful laser diodes demonstrated up to now have been grown using
metal-organic chemical vapor deposition (MOCVD) technique. Only very recently Sharp
Laboratories o f Europe Limited (U K )141, 149, 150, 151, 152 and later High Pressure Research
Center Unipress (Poland) succeeded using molecular beam epitaxy (MBE). Laser
structures grown by different groups are very similar and mainly based on separateconfmement-heterostructure (SCH) with a different number o f quantum wells in the active
region. A similar structure employed by our group is described in detail in Chapter 2. On
the contrary, a variety o f different substrates have been employed for laser structure growth
with various levels o f success. A s can be seen in Table 1-1, the best results were obtained
on sapphire and bulk GaN substrates using either epitaxial lateral overgrowth (ELOG) or
its modification, called pendeo-epitaxy. These techniques significantly reduce the density
o f threading dislocations in the active region. This improves electrical characteristics and
remarkably increases the lifetime o f devices. ’
Several groups (Fujitsu, Cree, Osram,
and NTT) concentrated on SiC substrates, which allow better thermal management, easier
cleaved facet formation, and a back-side ^-contact. However epilayers grown on SiC
substrates have a poorer crystalline quality compared to those grown on sapphire
substrates. Recently Cree reported very promising results using the ELOG method on a
SiC substrate. Free-standing GaN substrates also offer reasonable thermal conductivity,
easy facet formation, and a back-side w-contact. However, they are very expensive and not
widely available yet. Furthermore, quality o f these substrates is often unacceptable for
laser structure growth and processing. This dissertation considers post-growth processing
and contains only brief information on laser structure growth. However, the crystalline
structure and arrangement o f III-nitrides on different substrates are considered in section
7.4.
As can be seen in Table 1-1, laser structures have been processed to fabricate
different types o f laser devices (ridge, stripe, and gain-guided). The best results were
obtained using the ridge geometry with a very narrow (~2 pm) ridge waveguide. This
allows a significant reduction in operation current and single transverse mode operation
required for the DVD application. This laser geometry is also employed by our group and
is described in Chapter 2. Furthermore, a new self-alignment method was developed by our
group for ridge formation (Chapter 5), which allows a simplified laser fabrication process.
As shown in Table 1-1, laser facets have been mainly formed either by etching (RIE and its
high plasma density modifications) or by cleaving. However, dry-etched facets are
13
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problematic for the DVD application because etched facets cannot be made to extend to the
free edge o f a device. As a result, a large portion o f light is lost and the output laser beam
and far field pattern required for the optical disk application are distorted. Hence, cleaving
is a preferable method at present. Different methods o f laser facet formation are presented
in Chapter 7. As also shown in Table 1-1, most o f research groups have employed high
reflectivity (HR) coatings to laser facets. This allows increased reflectivity o f the facets
and reduction o f the threshold current. The HR coatings for III-nitride laser diodes are
considered in Chapter 8 .
As the optical data-storage is stated to be the primary application for III-nitride
laser diodes, critical requirements need to be specified. Regardless o f an optical disc
format, the main required laser parameters are similar. First, laser diodes should operate at
DC current (CW operation) with optical power o f more than 30 mW for writing or 5 mW
for reading only. Secondly, single-mode operation is required to collimate a laser beam to a
small spot. Multi-mode operation adversely affects the focused beam spot and degrades
signal quality significantly. Thirdly, a beam aspect ratio (a ratio o f a beam divergence
angle perpendicular to a junction plane to a beam divergence angle parallel to the plane)
less than 3.0 is required. High aspect ratios deteriorate the coupling efficiency o f the laser
beam to a focusing lens. Finally, the device lifetime should be longer than 10,000 h. When
all these requirements are satisfied, laser diodes should be optimized to operate at a
modulation frequency higher than 24 MHz and an optical noise o f less than -125dB/Hz at 1
mW.

1.3 Outline of the dissertation
This dissertation is composed o f 10 chapters including an Introduction and
Conclusion. Chapter 1 provides a brief introduction to III-nitride laser diodes, including
primary applications for blue-violet lasers and an up-to-date review on lasers fabricated
around the world. Chapter 2 presents the structure and design o f laser diodes fabricated by
our group. The structure and geometry are standard for III-nitride laser diodes. Thereby, no
special attention was paid to structure growth and optimization. The growth was conducted
at Bath University by Dr. Sergei Stepanov using a commercial MOCVD system.
A very important part o f my dissertation is Chapters 3 - 8 , illustrating different
technological processes with III-nitrides. The main aim o f my research was to develop a
complete post-growth technology for fabrication o f a III-nitride laser diode. This
technology can be separated into a few individual processes, each o f them being essential
and requiring separate optimization. Chapters 3 - 8 describe the main processes involved
in the laser fabrication. They are arranged in the same order as corresponding processes
during the fabrication. The chapters are independent o f each other and can be considered as
individual parts. A ll o f them contain my experimental results on process optimization,
except for Chapters 6 and 8 , which contain sufficient processing information on contacts
and high reflectivity facet coating, respectively. Some o f the technological chapters include
extensive theoretical and literature reviews, which may be skipped if the reader is mainly
interested in my results. The detailed information on selected topics allows for some
freedom in the processing and makes this dissertation useful for further optimization o f
post-growth processing.
Chapter 9 describes a complete laser fabrication process including all single
optimized processes presented in Chapters 3 - 8 . Laser diodes were successfully fabricated
and characterized, the results are also presented in this chapter. Finally, Chapter 10 draws
some conclusions and outlines directions for a future work.
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2 Laser diode structure and design
This chapter presents the structure and design o f laser diodes employed by our
group. The structure and geometry are standard for III-nitride laser diodes. Furthermore,
the aim o f my research was to develop a post-growth technology for laser diode
fabrication. Thereby, this chapter contains only brief information on structure growth and
optimization. More detailed information can be found in numerous papers on III-nitride
laser diodes. It is important to note, that fabrication o f nitride lasers is primarily limited by
growth technology. At Bath University, the growth o f the laser structure was optimized by
Dr. Sergei Stepanov. The chapter also underlines critical issues o f post-growth processing
which should be developed and optimized for successful laser diode fabrication.
The structure was grown on a 2-inch c-face (0001) sapphire substrate using a
metalorganic chemical vapor deposition (MOCVD) system operating at low pressure
(AIXTRON 200/HT). N o epitaxial lateral overgrowth (ELOG) or pendeo-epitaxy
technique was used to reduce the density o f threading dislocations in the active region.
These techniques allow improved device characteristics, but require significantly more
complicated growth and post-growth processing.
Trimethylgallium (TMGa),
trimethylaluminum (TMA1), trimethylindium (TMIn), and ammonia (NH 3) were used as
the source material o f Ga, A l, In, and N, respectively. Silane (SiFL*) and
biscyclopentadienylmagnesium (Cp2Mg) were used as the n- and p -type dopant source,
respectively. The chemical precursors were transported using hydrogen carrier gas. Prior to
the growth o f the structure, a 25 nm-thick GaN buffer layer was deposited onto the
substrate at a low temperature o f 500 °C. Subsequently, the reactor temperature was raised
to 1050 °C to transform this amorphous film into a single crystal. The purpose o f the buffer
layer is to initiate epitaxial growth on the sapphire substrate, which has a large 13% lattice
mismatch with GaN. After that a 2 /zm-thick undoped GaN layer was grown to reduce the
density o f threading dislocations in the structure.
The grown undoped GaN layer was used as the base for the epitaxial laser
structure. First, a 1.5 /zm-thick 7 2 -G a N contact layer was grown on the base. The contact
layer was followed by the growth o f a separate-confinement heterostructure (SCH)
including lower n- and upper p -type cladding layers. The cladding layers consisted o f ntype and p - type Alo.1 3 Gao.8 7 N /G aN (2.8/2 .8 nm) superlattices w ith 100 and 70 layer pairs
respectively. The waveguide layers and active region were sandwiched between the
cladding layers. The lower n- and upper /?-type waveguides were 0.13 /zm-thick 7 2 -G a N and
0.15 /zm-thick /?-GaN layers respectively. The multi-quantum-well (MQW) active region
contained 10 pairs o f 2.5 nm-thick Ino.1Gao.9N w ell layers and 16.5 nm-thick GaN barrier
layers. The last GaN barrier was replaced by a 23 nm-thick z7-Alo.29Gao.71N capping barrier
layer. This layer serves both to suppress electron overflow from the QWs and to prevent
1 ?
dissociation o f the InGaN layers during following growth. ’ Finally, a 60 nm-thick /?-GaN
layer was grown on the top o f the SCH structure followed by a thin p+-contact layer. This
layer promotes the formation o f a low-resistance Ohmic / 7-contact.
The ridge waveguide laser design employed by our group is presented in Fig. 2.1.
The insulating sapphire substrate prevents the realization o f a vertical current injection
structure. Thereby, an 72-contact is generally deposited on the 7 2 -G a N contact layer, which
requires plasma etching through the whole structure. This design also requires etching a
narrow 300 nm-high ridge stripe, passivating the surface with a Si 0 2 insulation layer, and
opening a contact window on the top o f the stripe. A relatively large / 7-contact is deposited
on the top o f this window and on the surrounding insulation layer. The ridge stripe serves
for both lateral current confinement and for weak lateral optical confinement within a
narrow active region. For transverse single-mode laser operation, required for a DVD
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Fig. 2.1. Schematic drawings o f the laser diode design, energy bandgap diagram o f the SCH region
under forward bias, refractive index profile, and fundamental transverse mode amplitude.

application, the width o f the stripe should be 2 -3 jum compared to 4 -6 jum for conventional
GaAs-based lasers. Laser facets can be formed by plasm a etching but etched facets cannot
be made to extend to the free edge o f a sample. As a result, a large portion o f light would
be lost and the output laser beam and far field pattern, required for the optical disk
application, would be distorted. Thus, cleaved facets were suggested for our laser design.
The laser cavity lengths employed for Ill-nitride lasers by different research groups range
from 300 to 1500 pm, as can be seen in Table 1.1. High reflectivity (HR) coating can be
employed to increase the facet reflectivity and, hence, to reduce the threshold current.
A schematic energy bandgap diagram o f the SCH region under forward bias is
presented in Fig. 2.1. As can be seen, the QWs in the active region are sandwiched
between the waveguide layers with w ider bandgaps. As a result, injected carriers mainly
recombine in the QWs and the wavelength peak o f emission is defined by the In
composition (bangap energy) and the width o f the QWs. The top AlGaN barrier in the
active region is used to prevent electron overflow from the active region . 1 , 2 Recom bination
o f carriers outside o f the wells would reduce the internal quantum efficiency. This is not a
problem for injected holes, which mainly recom bine within the QWs due to their low
mobility. For optical confinement in the vertical (transverse) direction, the waveguideactive region is sandwiched by the cladding layers with wider bandgaps and, hence, with
lower refractive indices. The difference in refractive indices guides the light to propagate
along the waveguide, as can be seen in Fig. 2.1 for the fundamental transverse mode. The
lower cladding layer should be thick enough to minimize the fraction o f light propagating
in the «-GaN contact layer. This layer acts as a parasitic waveguide and can result in
vertical multi-m ode operation . 3 The upper cladding layer should also be sufficiently thick
to prevent the optical mode overlapping with the p-contact metals, which are very
absorbing. The most straightforward method is using AlGaN layers as cladding layers.
However, thick layers with a relatively high (5-10% ) A1 content tend to crack due to
thermal expansion differences and lattice mismatches between GaN and AlGaN layers.
Thereby, AlGaN/GaN strained-layer superlattices (SLSs) are widely used, which prevent
the tensile strained cladding layers from cracking. 4 ’ 5 ’ 6 ’ 7 ’ 8 ’ 9 Lateral optical and current
confinement is prom oted by the ridge waveguide geometry. A small lateral refractive index
step is produced by etching close to the waveguide region and depositing the SiC>2
insulation layer around the ridge stripe. The lateral index step strongly depends on the etch
depth. The lateral optical confinement is a function o f both the remaining cladding layer
thickness and the ridge width. For narrower stripes the index step (etch depth) should be
greater to maintain a high lateral optical confinement. However, for lateral single-mode
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operation, narrow ridges and small index steps are preferable. Thus, there are tradeoffs
between low threshold operation and lateral single-mode operation. Furthermore, the ridge
geometry affects the vertical mode operation. For fundamental transverse mode operation a
ridge width less than 2 p m is required. 10 Finally, the light is guided along a laser cavity
formed by the optical confinement in both vertical and lateral directions. The facets located
at the ends o f the laser cavity reflect a part o f the light back, providing conditions for laser
generation. The active region located within this cavity generates a number o f photons
under current injection. Once population inversion in the QWs is achieved, reflected
photons stimulate emission o f further photons with the same energy and in the same
direction, the light is amplified, and strong stimulated emission is observed at the cavity
edges. The quality o f the structure is crucial for laser diodes because the gain in the
structure should be larger than all losses for laser generation. This means that each photon
should generate the emission o f at least one new photon before it is absorbed or scattered.
For the selected laser diode design a number o f technological processes should be
developed and/or optimized. First, p -type layers are generally insulating or semi-insulating
after MOCVD growth and require to be activated. Secondly, plasma etching o f the laser
structure needs to be optimized for relatively deep ( ~ 2 pm ), smooth, and reproducible
etching. Thirdly, ridge waveguide fabrication is extremely challenging and requires an
innovative technological process. Fourthly, low-resistance ohmic contacts to both «-GaN
and p-GaN layers are required. Fifthly, smooth reproducible cleaving o f laser facets is also
a difficult technological task and requires optimization. Finally, HR facet coating should
be considered for III-nitride laser diodes. All these technological processes are considered
in the following chapters (Chapters 3 - 8 ). Chapter 9 presents a complete post-growth
technology for III-nitride laser diode fabrication and the characterization o f fabricated laser
diodes.
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3 P-type GaN activation
3.1 Introduction
The III-V nitrides are expected to be made p -type by substituting group II elements
such as Zn, Mg, Be and Ca for Ga sites to form single acceptors. However, all o f these
elements form deep acceptors. Mg was found to be the shallowest with a reported
activation energy between 120 and 250 m eV obtained by various characterization
techniques.1,2’ 3’ 4’ 5’ 6’ 7> 8’ 9’ 10, n ’ 1 2 , 1 3 , 1 4 , 1 5 , 16 The wide range o f measured data might be
caused by the inconsistencies in activation conditions and/or the different M g doping
concentrations in GaNiM g.1, 17 Another reason could be the large difference in
temperatures at which the electrical and optical measurements were made . 18 Nevertheless,
the fairly high activation energy results in the ionization o f less than 10% o f the Mg atoms
at room temperature. This implies that the Mg concentration should be approximately twoorders o f magnitude larger than the desired hole concentration . 19
Ion implantation is not as efficient at creating p -type conductivity in GaN as doping
during epitaxial growth. However, when MOCVD is used as the growth method, it is also
difficult to obtain p-type conductivity without subsequent post-growth treatment. For many
years it was not possible to achieve p-type doping in GaN due to the high residual «-type
background (nitrogen vacancies or Si or O impurities) and the high ionization energy level
o f most acceptor dopants. As-grown GaN was always w-type with carrier concentration
~ 1 0 16 cm '3.20 However, even in GaN:Mg in which the Mg concentration was easily
sufficient to produce p-type conductivity, the material was generally semi-insulating.
It was first shown in 1988 by Amano et al.21 that p-type conductivity can be
achieved by activating Mg-doped GaN using low-energy electron beam irradiation
(LEEBI). They were studying cathodoluminescence (CL) o f Mg-doped GaN and observed
that electron irradiation increased the efficiency o f the luminescence by up to 2 orders o f
magnitude and caused the samples to become conducting and p-type. The hole
concentration was estimated to be ~2 x 10 16 cm '3 and the mobility ~ 8 cm /V-s. In 1989
they demonstrated the first p-n junction GaN LED realized by LEEBI treatment. Shortly
afterwards Nakamura demonstrated that the activation o f Mg can also be realized by
thermal annealing at -6 0 0 °C .23 The resistivity, hole carrier concentration and mobility
1 7 ^
7
74
were reported to be 2 fi-cm , 3 ^ 1 0 cm' and 10 cm /V-s, respectively. Pearton et a l
subsequently demonstrated that minority-carrier injection by forward biasing a diode
structure also activated the Mg acceptors at 175 °C. Recently several new activation
methods for Mg-doped GaN were reported such as photo-enhanced thermal activation
7S
7 6 77
(under UV light irradiation) and microwave or RF treatment activation. ’
At the
present time, thermal annealing is the most common method to activate as-grown Mgdoped GaN.
It is w ell established that in MOCVD grown Mg-doped GaN, compensation is
enabled by the presence o f atomic hydrogen during growth and the formation o f neutral
M g-H complexes during cooldown. The thermal activation is accomplished by the
dissociation o f M g-H complexes and the thermal release o f H at elevated temperatures,
while the LEEBI treatment or minority-carrier injection cause the dissociated H to transfer
to a metastable, nonpassivating state. The detailed mechanisms o f the passivation and
activation o f Mg-doped GaN are illustrated in this chapter. The results o f our group on p GaN thermal activation in air with and without a SiC>2 capping layer are also presented and
discussed.
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3.2 Passivation of GaN with hydrogen
In MOCVD growth o f GaN there are numerous potential sources o f hydrogen,
since the growth reaction proceeds as:
(CH, ), G a + N H , -> G aN + CH 4 T + H 2 1
2j)
0
“h_____ _
Pearton et al. suggested that atomic hydrogen (H , H , or H ) diffuses into GaN during
the growth and the subsequent cooling down and can form neutral complexes with
dopants. It results in the increased resistivity o f semiconductors, and increased carrier
mobility as ionized impurity scattering is reduced. It is especially essential in Mg-doped
GaN where this interaction results in the complete passivation o f acceptors. Ohba et a l? 9
examined Mg passivation with hydrogen during MOCVD growth. The SIMS
measurements revealed that the H-atom concentration incorporated in GaN films linearly
increased with increasing Mg concentration and was nearly equal to Mg concentration. It
was related to the formation o f complex Mg-H. The confirmation o f Mg passivation with
hydrogen during MOCVD growth also comes from the fact that p-GaN may be achieved
by Mg doping in molecular beam epitaxy (MBE) material without follow ing postgrowth
10 78
treatment, because o f the absence o f the hydrogen during the growth. ’

Nakamura et al. were the first to report the thermal passivation o f Mg-doped GaN
material previously activated by LEEBI treatment during the annealing in H-containing
ambients at temperatures above 600 °C. The passivation was attributed to hydrogen
incorporation into GaN during the annealing. However, as it was found later, the LEEBI
treatment can only transfer hydrogen in as-grown GaN:Mg to a non-passivating state (the
mechanism is illustrated below) and does not remove the H from the layers .3 1 , 32 Post
irradiation annealing at ~200 °C in air or N 2 was found to restore the M g passivation with
hydrogen. In all probability, the results obtained by Nakamura et al. were also related to
the thermal repassivation o f Mg with remained hydrogen. Nevertheless, some interesting
changes in PL spectra were observed after the passivation. The intensity o f blue emission
became significantly weaker and broad deep-level (DL) emission (750 nm) appeared.
These changes exactly corresponded to the resistivity change after N H 3-ambient annealing.
Thereby, the authors assumed that DL emission is caused by levels o f M g-H complexes,
and blue emission is caused by Mg-related levels. The subsequent annealing in N 2 ambient
again restored the Mg activation and partially restored the original PL spectra o f LEEBItreated films.
Brandt et a l? 3 exposed MBE grown autodoped («-type) GaN, w-type GaN:Si, and
p-type GaN:Mg epilayers to remote microwave plasma operating at 2 Torr. This technique
excludes effects due to charged particle bombardment o f the sample or its illumination
from the plasma. To increase the sensitivity, the GaN samples for SIMS were treated with
a plasma containing deuterium instead o f hydrogen. The carrier concentration after
isochronal (1 h) hydrogenation was unchanged for «-type epilayers, w hile it was
significantly reduced for p-type Mg-doped GaN at temperatures above 500 °C. The
secondary ion mass spectrometry (SIMS) analysis revealed that the deuterium
concentration found after passivation at 600 °C in GaN:Mg was about the same as the
concentration o f Mg. On the contrary, in «-type Si-doped GaN no incorporation o f
deuterium was detected. Very similar results were reported by Gotz et a l? A for MOCVD
grown w-type GaN:Si and p-type GaN:Mg (previously annealed under N 2 flow at 800 °C
for 20 min to remove as-grown hydrogen) layers. It is also consistent with the results
7^
obtained by Theys et al. after deuterium plasma treatment. SIMS measurements showed
that the deuterium was deeply incorporated in Mg-doped layers after 7 hours exposure at a
temperature as low as 490 °C with the same level as the Mg concentration while it did not
diffuse significantly at the same conditions for Mg-free layers. The formation o f
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magnesium-hydrogen complexes was suggested to account for the experimental results
observed.
Polyakov et al. performed deuterium plasma treatment to investigate H thermal
plasma incorporation into the GaN layers with different Fermi level positions. It was found
that at 350 °C hydrogen diffused rapidly in heavily Mg-doped material (Fermi level close
to Ev+0.15 eV), considerably slower in high-resistivity /?-type GaN:Zn (Ev+0.9 eV). On
the contrary for conductive and semi-insulating «-GaN samples no measurable hydrogen
was detected after the treatment at such temperatures. However, the treatment o f these
samples at 550 °C for 50 h also produced very measurable deuterium profiles in both ntype samples.
Hydrogen passivation was also reported to take place for other possible acceptors
such as Ca and C. Zolper et a l? 1 realized /?-GaN using the implantation o f Ca+, followed
by RTA annealing at 1100 °C. Hall measurements showed that the ionization energy o f Ca
was -1 6 8 meV, similar to Mg. It was found that Ca acceptors in GaN can be passivated by
atomic hydrogen at low temperature (250 °C) and sequentially reactivated by thermal
annealing at -5 0 0 °C. Abernathy et a l? %reported carbon doping o f GaN using CCI4 in
metal organic molecular beam epitaxy, with maximum hole concentrations o f - 3 x 10 17
cm'3. Exposure o f the GaN:C samples to hydrogen plasma at 250 °C reduced the hole
concentration by approximately a factor o f three, with an accompanying increase in hole
mobility. Annealing o f the hydrogenated material restored the initial concentration at -4 5 0
°C .39 The passivation mechanism for these dopants was proposed to be the same as for
magnesium.
Hydrogen is also unintentionally incorporated during many device process steps
such as plasma etching, plasma enhanced chemical vapor deposition (PECVD), annealing
in NH 3 or H2, boiling in water or solvent, and w et chemical etching. Pearton et al?° found
that boiling in water is an effective method o f introducing hydrogen. It diffuses very
rapidly under these conditions because the H flux is low enough to avoid the H -H pairing
reactions in the material. It was reported that GaN boiled in D 2O water at 100 °C for 30
min showed incorporation o f deuterium up to -1 pm in the material. The exposure o f
undoped GaN to a solution o f KOH/D 2O, which is used to etch selectively AIN over GaN,
for 20 min at fairly low temperature (25 °C) also leads to incorporation o f deuterium to a
depth o f -0 .5 pm. PECVD deposition o f dielectrics such as SiNx and SiC>2 for masking and
surface passivation also causes extensive hydrogen passivation due to the silane discharge
containing hydrogen. Pearton et al. reported that Electron Cyclotron Resonance Chemical
Vapor Deposition (ECR-CVD) o f SiNx onto GaN at 250 °C produced 2H incorporation
depths o f - 0 .7 pm using SiD 4/N 2 . The presence o f hydrogen in plasma chemistry during
the dry etching o f GaN at elevated sample temperatures can also cause it to diffuse into the
bulk o f the sample and passivate dopants or defects. The incorporation depth o f 0 .5 -2 pm
after 40 sec at the sample temperature o f 170 °C was reported.4 Room temperature etching
minimizes indiffusion o f hydrogen from the plasma. Thus, hydrogen may be included into
GaN at many stages o f a device fabrication process, particularly when p -type layers are
uppermost in the structure (i.e., LEDs and lasers).
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3.3 Theory of hydrogen in GaN
The first attempts to describe the behavior o f hydrogen in GaN were made by
Neugebauer and Van de W alle .4 2 ,43 The authors performed density functional calculations
for cubic (zinc-blende) GaN, which has a higher symmetry than the wurtzite structure. It
was proposed that the results are valid for H in both zinc-blende and wurtzite GaN.
However, Wright44 later found that the H behavior in the wurtzite structure differs from
that in the zinc-blende. The density-functional calculations revealed some significant
differences illustrated below .4 4 ,45
□

It was found that the H+ position in the lattice is significantly different. In the
zinc-blende, the nitrogen antibonding ( A B n ) site is more stable, whereas there are
two types o f nitrogen-antibonding ( A B n ) and bond-centered (BC) sites in the
wurtzite due to its lower symmetry. Both Myers et ah and Neugebauer and Van
de Walle calculated the diffusion barrier for H+ to be 0.7 eV. This ensures a high
mobility even at temperatures slightly above room temperature.

□

The most stable site for H“ was also calculated to be different in the wurtzite. In
the zinc-blende, H“ is stable at the gallium antibonding (ABoa) or tetrahedral
gallium (Td,Ga) sites, whereas in the wurtzite it is stable at the center o f the
trigonal channel along the c axis. The diffusion barrier for IT in the zinc-blende
and wurtzite was estimated to be 1.9 and 1.6 eV respectively. Both o f these values
are significantly lower than 3.4 eV given by Neugebauer and Van de Walle.
Therefore, this implies that IT has noticeable mobility in GaN at growth and
processing temperatures.

□

The formation energy o f H° was found to be insensitive to position due to its
neutrality in both zinc-blende and wurtzite structures, while Neugebauer and Van
de Walle predicted the Ga antibonding site (ABoa) to be the most energetically
stable position in the zinc-blende. Wright gives a very low diffusion barrier o f 0.6
eV for H° instead o f 3.4 eV calculated by Neugebauer and Van de Walle. It also
indicates the high mobility o f H° in GaN.

□

The formation energy o f neutral H 2 was found to be very sensitive to position and
the stable sites are also fairly different in the two crystal structures. In wurtzite,
the stable site is at the center o f the trigonal channel with the H-H bond parallel to
the c axis. In zinc-blende, H2 sits near a (Td,Ga) site in the trigonal channel with
the H-H bond parallel to a < 1 1 1> direction. As a result, the H 2 formation energy
in the wurtzite was estimated to be 0.56 eV lower than in the zinc-blende. The
interstitial H2 was predicted to be immobile in GaN.

□

It was also found that there are several configurations in the wurtzite structure,
where two bonded H+ ions have formation energies lower than for isolated H+
ions. The author suggested that hydrogen clustering may also play a role in p-type
material.

Figure 3.1 presents the formation energies for the most stable sites in the zincblende and wurtzite as a function o f Fermi level. Both plots are similar to each other and to
the plot presented by Neugebauer and Van de Walle. However, the Wright’s H 2 formation
energies were found to be about 0.7 eV lower than that obtained by Neugebauer and Van
de Walle. The author suggested that the relatively low formation energy for H 2 may have
important consequences for the behavior o f hydrogen in GaN.
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Fig. 3.1. Formation energies (per hydrogen atom) as a function o f Fermi level (0=Ev) in (a) zinc-blende
and (b) wurtzite GaN.

The most complete study o f hydrogen behavior in wurtzite GaN and its related
passivation o f dopants was performed by the group from Sandia National Laboratories,
N ew M exico.44, 4 ’ 46, 47’ 4 8 , 4 9 ’ 5 0 , 51 The authors first used density-functional theory (DFT)
employing the local-density approximation (LDA) 44, 45, 4 6 However, they subsequently
found that this approximation resulted in some inconsistencies with experimental
observations. To resolve this problem, the generalized-gradient approximation (GGA) was
em ployed.49' 50’ 51 The latest model o f hydrogen behavior in wurtzite GaN is illustrated
below.
Figure 3.2 presented the GGA configurations for hydrogen in wurtzite GaN. The
calculations revealed the energy minima for H° (Fig. 3.2(a)) and H“ (Fig. 3.2(b)) at the
center o f the c-axis channel. H° is 0.78 A
from a plane o f Ga atoms and 1 . 2 2 A from
a plane o f N atoms, while H is 0.65 A
from a Ga-atom plane and 1.35 A from a
N-atom plane. The energy minimum for H 2
(Fig. 3.2(c)) was also calculated to be at
the center o f the c-axis channel with the H H bond oriented parallel to the c axis. One
hydrogen atom is 0.47 A from a Ga-atom
plane, the other is 0.79 A from a N-atom
plane, and the H -H bond length 0.74 A.
The theory indicated that H f forms a strong
bond with N. Four local energy minima
were identified for H+. Two are N
antibonding sites with the N -H bonds
oriented parallel (ABy, Fig. 3.2(d)) and
roughly perpendicular (ABj_, Fig. 3.2(e))
to the c axis, with N -H bond lengths o f
Fig. 3.2. GGA configurations for H in wurtzite
1.04 and 1.05 A respectively. The other
GaN. The H states are (a) H°; (b) H~; (c) H2; (d)
two are bond-centered sites with the N -H
A B y H+; (e) A B j . H+; (f) BC„ H+; (g) BC_l H+
bonds oriented parallel (BCy, Fig. 3.2(f))
(large, light colored spheres denote Ga; medium,
and roughly perpendicular (BC_l, Fig.
light colored spheres denote N; and small, dark
3.2(g)) to the c axis, with N -H bond
colored spheres denote H).
lengths o f 1 . 0 2 and 1.03 A respectively.
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Figure 3.3 shows the calculated GGA form ation energies as a function o f Fermi
level for BCy H +, H~, H°, and H 2 in wurtzite GaN. The BC y site for FI+ was found to have
the lowest formation energy whereas the ABj_ site is 0.21 eV higher, the B C ± site is 0.23
eV higher, and the A B y site is 0.39 eV
2.0
higher. As can be seen, H+ is predicted to be
the most stable H species when the Fermi
1.0
level is below 1.48 eV, H“ is predicted to be
the most stable when the Fermi level is
au 0.0
above 2.70 eV, and H 2 is predicted to be the
m ost stable when the Fermi level is between
1.0
these values. The capacitance-voltage (C-V)
Io
measurem ents confirm ed that hydrogen in
u,
2.0
p-G aN exists in the positive charge state.
The relatively large formation energy o f the
neutral hydrogen FI° in the GaN makes it
-3.0
0.0
1.0
2.0
3.0
unstable
with respect to the charged states
Fermi level (eV)
for all positions o f the Fermi level. Thereby,
Fig. 3.3. GGA formation energies as a function of
Fermi level for B C y H \ H , H°, and H2 in wurtzite
the authors concluded that H° is never the
GaN.
principal constituent in solution.
-

-

The diffusion activation energies in wurtzite GaN in the c-axis direction were
calculated to be 1.0 eV for H+, 0.5 eV for H°, and 1.4 eV for H”. The migration barriers for
the diffusion perpendicular to the c-axis were estim ated to be 0.9 eV for H+ and 1.5 eV for
H . It implies that H+ migration perpendicular to the c-axis is faster than parallel migration,
while for FT it is faster parallel to the c-axis. The interstitial H 2 was predicted to be
immobile in GaN. The calculated diffusion
activation energy for H+ was found to be in
good agreement with the experimentally estim ated one (~1.2 eV). With this migration
barrier and very low formation energy for H + the diffusion and incorporation o f hydrogen
into p -type GaN is expected to take place at fairly low temperatures. On the contrary, the
diffusion activation energy and formation energy for H“ in w-GaN are higher than those for
H+ in / 7-GaN. This could be the reason for the significant incorporation o f hydrogen into pGaN material at 500 °C in a hydrogen plasma, w hereas there is no detectable incorporation
o f FI into w-GaN at these conditions . 3 3 , 3 5 , 3 4 , 3 6 It could also prevent the high incorporation
o f hydrogen into «-GaN during the growth, and thus explain why Si remains electrically
active even when H is present in the process ambient.
The authors suggested that for H“ and H° the migration occurs through a series o f
jum ps from one equilibrium state to another. The diffusion o f FI+ was proposed to involve
a series o f jum ps from one N atom to another w ith the reorientation o f the initial N -H +
bond toward the next N atom between jumps. The proposed path for H+ migration in the c
axis direction is presented in Fig. 3.4. It involves N -H bond reorientation from a BCy site
(Fig. 3.4(a)) to an A B y site (Fig. 3.4(b)) at the initial N atom, followed by a jum p through a
saddle point (Fig. 3.4(c)) to a BC y site (Fig. 3.4(d)) at the final N atom.
Fig. 3.4. Path for H+ migration that
produces displacement perpendicular
and parallel to the c axis.
The configurations are (a) BC y H+; (b)
A B y H+; (c) the transition state; (d)
B C y H+ (large, light colored spheres
denote Ga; medium, light colored
spheres denote N; and small, dark
colored spheres denote H+).
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N eugebauer and Van de Walle 4 2 and M yers et al. suggested that M g-H complex in
both cubic (zinc-blende) and wurtzite GaN structures consists o f H at an antibonding site o f
a N neighbor o f the Mg, with the N -H bond aligned parallel to the M g-N bond. The
Sandia National Laboratories’ group extended their previous study using densityfunctional-theory (DFT) and the generalized-gradient approximation (GGA) rather than the
local-density approximation (LDA) to clarify the configuration o f Mg-H complex in GaN.
Six configurations for local-energy minima
o f the neutral Mg-H complex obtained from
the calculations are illustrated in Fig. 3.5. It
was found that A _ l A B j .,M g (Fig- 3.5(a)) has
the largest binding energy (0.62 eV) and

I

Fig. 3.5. Neutral Mg-H configurations
corresponding to local-energy minima: (a) N ±
A B J ..M * , ( b ) . v I b C 1 , ( c ) A j . A B j . iGa, ( d ) A 1

A B 1, (e) A J.A B 11, (f) A j.B C j..Mg (large, lightcolored spheres denote Ga; small, light-colored
spheres denote N; large, dark-colored spheres
denote Mg; and small, dark-colored spheres
denote H).
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Fig. 3.6. Formation energies for Mg-H and Si-H
complexes from density-functional theory.45

therefore is the strongest Mg-H state. N ^
BC& (Fig. 3.5(b)) was found to be less
strongly bound than AG_ABj_,M g W 0 08 eV,
whereas the four other configurations have
binding energies at least 0.24 eV lower than
Vj.AB_L,Mg- The binding energies are given
with respect to Mg
and the BC^
configuration o f H+ in GaN lattice, which
was previously stated to have the lowest
formation energy. Similarly, for the neutral
Si-H complex, the binding energy o f 0.3 eV
relative to isolated H“ and Si+ was
calculated.
Figure 3.6 presents the formation
energies for Mg-H (Vj_AB_l ,Mg state) and
Si-H complexes as a function o f Fermi level
in wurtzite GaN at zero tem perature . 45
When the Fermi level is close to the
valence-band edge, both H + and the M g-H
complex are substantially lower in energy
than H 2 gas. However, the hydrogen cannot
be absorbed from the gas into p-type
material at low temperatures. The activation
barrier for the adsorption o f hydrogen on
GaN surface from H 2 gas was calculated to
be as high as 1.92 eV using DFT. This is
consistent with experimental results, which
revealed that high temperatures are required
for the uptake o f H into GaN:M g from H 2
gas 5 2 whereas atomic H (i.e. created in
hydrogen plasma discharge) adsorbs at a
much lower temperatures (~500 °C).33,35,34,
36
Thereby, GaN: Mg can be easily
passivated
during
hydrogen
plasma
exposure
at
moderate
temperatures.
However at high GaN growth temperatures
(>1000 °C) hydrogen can also be absorbed
into GaN material from the H 2 phase so that
Mg acceptors are passivated when a sample
is cooled down to room temperature.
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The mechanism o f the formation o f Mg-H complexes can be proposed as
following. A high temperature causes the hydrogen to be absorbed from the H2 gas phase
or from atomic hydrogen created by plasma discharge. The H passivation o f the Mg
acceptor, combined with electrical compensation by H + not attached to Mg, causes the
Fermi level to rise, shifting the state energies to the point where uptake o f hydrogen is no
longer favored. Competition between passivation and compensation o f the Mg was
suggested to be governed by the opposing influences o f the lower formation energy o f the
M g-H complex and the higher entropy o f H+ due to its larger number o f available sites .45
An analogous situation was suggested to be in Si-doped GaN where the Fermi level is
close to the conduction-band edge. However, the authors mentioned, the H energies never
reach the low level achieved in the p-type material.
Density-functional theory was also used to examine energy variations along the
reaction paths. The authors revealed that two exothermic reactions producing interstitial H2
from H+ and H" and from two H° atoms are effectively barrierless. The same was found for
the formation o f Mg-H from H+ and Mg- or from H° and Mg°, and for the formation o f SiH from H~ and Si+ or from H° and Si0. The reaction o f H+ with Si-H to form Si+ and H 2 was
found to occur readily. The hole capture by Si-H to form Si+ and H° also occurs with no
barrier. On the contrary, the dissociation o f the Mg-H complex through interaction with
another H was estimated to be energetically barred when the second H is H+ or H°, and
very slow when it is FT because o f the small mobility o f the latter species. The dissociation
o f Mg-H through the capture o f a thermal electron is also inhibited by a large energy
barrier. The interstitial H2 was found to dissociate much more easily to H + + H~ rather than
to H° + H°. The electron capture by H+ was predicted to have a barrier between 0.3 and 1.6
eV, while the hole capture by FT is barrier-free. Electron capture by H° was found to occur
with no barrier, whereas hole capture by this species has a barrier o f 0.17 eV.
The experimental confirmation o f the Mg-H complex comes from infrared (IR)
vibrational spectroscopy measurements. The local vibrational mode (LVM) for the N ±
AB.L.Mg configuration o f the Mg-H complex was calculated to be at 3137 cm "1 using DFT
calculations with the generalized-gradient approximation (GGA). This value is very close
to 3125 cm "1 obtained by IR vibrational spectroscopy .4 7 ,5 ’ 54 Gotz et al. were the first to
report the direct spectroscopic evidence for the existence o f the M g-H complex. The LVM
at 3125 cm "1 was found to decrease in inverse proportion to the increase o f ^-conductivity
after annealing. Gleijaud et al. also reported that a broad signal at 3125 cm" was observed
in MOCVD grown GaN. It disappeared after the annealing at 800 °C when p -type GaN
was obtained. Thereby it can be stated that the passivation o f Mg acceptors in GaN is
related to Mg-H complex and the post-growth p -type activation occurs through its
dissociation.
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3.4 A review o f p -G a N a ctiv a tio n tech n iq u es
3 .4 .1

T h e r m a l a c tiv a tio n

A ctiv a tio n in N 2 a m b ien t
At the present time, thermal annealing is the most common m ethod to activate
M OCVD grown M g-doped GaN. N akam ura et al. first reported that p-type GaN:M g was
successfully achieved by using this technique. The resistivity o f GaN:M g annealed in a N 2
ambient for 20 min as a function o f the annealing temperature is presented in Fig. 3.7. As
can be seen, almost no change was observed after the annealing between room temperature
and 400 °C. However, at -5 0 0 °C the resisitivity began to decrease suddenly. At a
temperature o f 900 °C, the resistivity, hole carrier concentration and m obility became 2
fTcm , 3 x 10 17 cm ' 3 and 10 cm 2 /V-s,
respectively. Above 700 °C, the resistivity
was almost constant between 2 and 5 FT cm.
6
13
The authors noticed that the results o f
5
thermal annealing under vacuum conditions
10
(0.001 Torr) at 700 °C for 20 min without
4
10
N 2 ambient were almost identical to the
3
case o f N 2-ambient annealing. It was later
10
found that the resistivity m easured after
2
10
GaN etching was relativily independent o f
1
the
etching depth in the range used ( 0 - 3 . 0
10
pm). This implies that the annealing effect
0
10
is not limited by the surface area nearby.
'1
10
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Fig. 3.7. Resistivity o f Mg-doped GaN films as a
function o f annealing temperature.
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Fig. 3.8. Photoluminescence o f (a) as-grown
GaN:Mg films and annealed at (b) 700 °C and (c)
800 °C temperature.

N akamura et al. also observed
significant
changes
in
the
photoluminescence (PL) spectra o f the
annealed samples. Fig. 3.8 shows that the
intensity o f blue emission (-4 5 0 nm)
became
significantly
stronger
after
annealing at 700 °C. The decrease in the
intensity after annealing at 800 °C was
attributed to the thermal dissociation o f
GaN. A broad deep-level (DL) emission
(-7 5 0 nm) observed for the as-grown
samples almost disappeared after annealing
at temperatures greater than 600 °C. This
corresponds to the abrupt decrease in
resistivity at these temperatures. Thereby,
the DL emission was ascribed to Mg-H
complexes and its intensity changes were
related
to
the
p-type
conduction
mechanism.

Gotz et al. performed variable temperature Hall effect measurements to estimate
the activation energy o f Mg in GaN films grown by MOCVD. Figure 3.9 presents hole
concentrations as a function o f reciprocal temperature for the samples annealed at 600,
700, and 775 °C for 5 min in a RTA system in N2. As can be seen, the activation o f only a
shallow acceptor was observed after annealing at 600 °C. The data for samples after
annealing at 700 and 775 °C were ascribed to the thermal activation o f a shallow acceptor
for temperatures above 2 0 0 K with impurity band conduction at lower temperatures.
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The authors attributed it to the generation o f M g-related acceptor states in the band
gap o f GaN due to the dissociation o f Mg-H
Temperature (K)
complexes.
The
calculated
acceptor
500
300
200
150
1020
activation energy was 182, 176, and 170
p-type GaN:Mg
meV for the samples annealed at 600, 700,
RTA: T. 5 min
and 775 °C respectively. The solid lines in
T = 60CTC
Fig.
3.9
present
calculated
hole
T - 700°C
concentrations corresponding to these
T « 775°C
values. The reduction o f the activation
c 1 0 '7
energy was attributed to increasing acceptor
concentration. Nakano ei al. also reported
the dependence o f Mg activation energy
from annealing temperature. Capacitance% 1015
voltage (C-V) measurements revealed two
deep acceptor levels with activation
energies at 135 and 160 meV above the
valence band. It was found that the
4
5
6
7
8
9
shallower level only occurred when the
1000/T (1/K)
samples were annealed at temperatures
Fig. 3.9. Hole concentrations in annealed Mgbetween 650 and 700 °C. It corresponded to
doped GaN samples as a function o f reciprocal
the significant increase in effective acceptor
temperature.
concentration.
Thereby, in order to activate Mg dopants in GaN, the annealing process should be
carried out in the temperature range o f 600 - 1000 °C. However, when the temperature is
higher than 700 °C, thermal dissociation o f GaN may occur. The out-diffusion o f M g can
also take place close to the surface. SIMS measurements revealed that Mg started to
diffuse out in the surface region ( - 2 0 0 nm
from a surface) when the annealing ( 1 0 min
in N 2 ) was performed at temperatures over
&
c
800 °C. Additionally, the high temperature
3
annealing can affect the quality o f InGaN
I
layers in the multiple quantum well (MQW)
LED
and LD structures. Youn et al.55
•f
investigated the influence o f activation
-■ -P L
-•-E L
temperature on the optical performance o f
InGaN/GaN M QW LED structure using PL,
EL, and I - V measurements. Figure 3.10
presents EL and PL peak intensities as a
function o f Mg activation temperature. As
E
can
be
seen, when
the activation
3
temperature
increased,
the
optical
performance o f the LED tended to degrade.
750
800
850
900
950
The authors concluded that p-G aN layer
Annealing Temperature (°C)
activation should be carried out at the
lowest possible temperature to obtain the
Fig. 3.10. The peak intensities o f the PL and EL
o f InGaN/GaN MQW LED structures activated at
best optical properties o f the InGaN/GaN
various Mg activation temperatures.
MQWs.
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A ctiv a tio n in oxid izin g am b ien ts
A promising method to reduce the thermal damage is annealing in an oxygen
containing ambient. Koide et al.56 studied the effects o f annealing in oxygen and nitrogen
m ixed ambients on Au-based Ohmic contacts to p -type GaN. They first observed that the
addition o f oxygen to the nitrogen gas reduced both contact resistances and resistivity o f
the p-G aN epilayers after annealing at temperatures o f 500 - 600 °C. Several further
groups 5 7 , 5 8 , 5 ’ 6 0 have reported that Mg activation in oxidizing ambients occurs at lower
temperatures compared to pure N 2 or vacuum conditions. Oxygen is one o f the most
important residual impurities in GaN, and is generally believed to be responsible for the ntype conductivity o f unintentionally doped m aterial . 61 The source o f the residual oxygen is
generally an impurity in NH 3 used as a precursor for metal organic chemical vapor
deposition (MOCVD). It was shown that intentional oxygen doping during MOCVD
growth produces a donor level at E c-78 meV, with banding occurring at high
concentrations . 6 2 Autodoping can also occur in situations such as epitaxial lateral
overgrowth (ELOG) with a Si 0 2 mask, or during annealing with Si0 2 encapsulant layers.
However, no oxygen diffusion into GaN films was detected after the therm al annealing in
an O 2 am bient . 6 3 This implies that the role o f oxygen during the annealing is to enhance the
surface reaction for the removal o f hydrogen in the film, but not to activate the acceptors in
the GaN bulk.
Hull et al. performed annealing o f M OCVD GaN:M g layers from 5 to 90 min at a
temperature o f 600 - 900 °C in the following ambients: ultrahigh purity (UHP) N 2 with an
O 2 gettering apparatus, UHP N 2 without an O 2 gettering apparatus, 99.5% UHP N 2 / 0 .5 %
UHP 0 2, and 90% UHP N 2 /10% UHP 0 2. Figure 3.11 shows the resistivity o f GaN:M g
layers annealed for 20 min in different ambients as a function o f activation temperature. It
is clear that for samples activated in O 2 containing ambients the resistivity was
considerably lower at any given temperature than that for samples activated in the gettered
N 2 . Even samples activated in UHP N 2 without gettering apparatus showed lower
resistivity, suggesting the unintentional incorporation o f O 2 during the processing o f pGaN. The Hall measurements also confirmed the increase in hole concentration and the
decrease in mobility in the samples activated in O 2 . Figure 3.12 presents the hydrogen
concentration SIMS depth profile for the samples annealed at 700 °C. The hydrogen
concentration was greater than 1 x 1 0 19 cm ' 3 when activated in gettered N 2 , while it
decreased to 4 -5 x 10 18 cm ' 3 when activated in 10% 02/90% N 2 . Thereby, the authors
proposed that the lower resistivity o f the GaN:M g following activation in the presence o f
O 2 was related to the enhanced removal o f hydrogen from the layers. Figure 3.13 shows
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Fig. 3.11. Resistivity o f GaN:Mg films annealed for
20 min in different ambients as a function o f
activation temperature.
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Fig. 3.12. H concentration SIMS depth profile in
GaN:Mg films annealed at 700 °C in different
ambients.

36

Chapter 3. P-type GaN activation
4.5
4.0
§

J.5

L

S 3 .0 L
'c2.5 -

1.0

100
Activation Time (min)

Fig. 3.13. Resistivity o f GaN:Mg films annealed
at 700 °C in 10% O2/90% N2 as a function of
activation time.
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Fig. 3.14. Resistivity o f GaN:Mg films annealed
for 25 min in different ambients as a function o f
activation temperature.

the resistivity o f /?-GaN as a function o f
activation time at 700 °C in 10% 02/90%
N 2 . As can be seen, the resistivity increased
slightly after longer activation times. It was
attributed to either the penetration o f
oxygen into the surface o f /?-GaN or defect
oxidation. However, the reason could also
be the thermal dissociation o f GaN for long
annealing times.
Kuo et al. compared the thermal
activation o f MOCVD grown GaN:Mg
performed for 25 min in pure N 2 , pure O 2 ,
and air ambient. Figure 3.14 shows the
resistivity o f the samples annealed in
different ambients as a function o f
annealing temperature. As can be seen,
annealing in O 2 resulted in low resistive
films at a temperature as low as 400 °C
whereas the same resistivity was only
achieved at 600 °C in air or N 2 . The authors
suggested that O 2 enhanced the Mg-H
dissociation through the formation o f H 2 O.
They also proposed that the small amount
o f oxygen in air could promote the
activation at lower temperatures compared
to the annealing in pure N 2 ambient.

Takeya et al. proposed using low- temperature long activation time annealing to
reduce the thermal damage in the active layers o f LED and LD structures even more.
M OCVD grown GaN: Mg layers were
(x101#)
annealed in air at 385, 415, and 485 °C and
1.2
characterized using Hall measurements.
1.0
OO
Figure 3.15 shows hole concentration as a
function
o f the square root o f annealing
'485*0
0.8
415*C
time. As can be seen, the hole concentration
385 *C
increased in proportion to the square root o f
0.6
annealing
time. Thereby, the authors
-2.5
assumed that Mg activation was related to
0.4
6 .0
hydrogen diffusion. Arrhenius analysis o f
7.5
0.2
the activation rate for three different
temperatures yielded an activation energy o f
0
~1.7
eV (Fig. 3.15, inset). The hole
0
10 20 30 40 50 60 70 80
concentration reached approxim ately - 1 0
Square root of annealing time (min)1*
cm ' 3 after 80 h at 385 °C. The authors
F ig .
3.15. Relationship
between
hole
stated that this was the1 0 first 1time that a hole
concentration and annealing time for lowconcentration
of - 1 0
cm ' was achieved
temperature long-time annealing in air.
by thermal activation below 400 °C.
-

-
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Activation with a S i02 capping layer
The thermal activation o f GaN:Mg capped with a S i0 2 layer may have two
opposite effects. On the one hand, results similar to annealing in 0 2 -containing ambients
can be expected due to the possible interaction between oxygen diffused from the S i0 2 and
hydrogen dissociated in GaN. Additionally, the S i0 2 capping layer can also be useful to
prevent GaN thermal dissociation at high annealing temperatures. On the other hand, this
layer can hinder desorption o f hydrogen from the GaN surface. Furthermore, oxygen
diffused from S i0 2 into GaN during annealing can compensate the hole concentration.
Pearton et al. investigated the oxygen diffusion from a S i0 2 capping layer to MBE grown
/ 7-type GaN:Mg layers and found that the O concentration and depth o f incorporation in
GaN showed clear increases after annealing at temperatures higher than 700 °C. Thereby,
the authors suggested that the use o f S i0 2 as a mask for ELOG o f GaN and as a capping
layer could produce «-type autodoping o f the material by oxygen incorporation. However,
they could not measure any change in the carrier concentration after annealing using Hall
measurements.
Lee et al.64 performed thermal activation o f MOCVD grown GaN:Mg layers coated
with sputtered S i0 2 (~0.5 pm thick). The annealing was conducted at temperatures o f 850,
900, and 950 °C in a N 2 ambient for 30 min. The control samples without a S i0 2 capping
layer were also annealed at the same conditions. Figure 3.16 shows the hole concentrations
in Mg-doped GaN layers annealed with and without a S i0 2 capping layer. The hole
concentration o f the GaN:Mg layers capped with S i0 2 after annealing was much higher
than that o f samples annealed without S i0 2 at all temperatures. More specifically, the
concentration changes with the variation o f annealing temperature were fairly similar. The
authors speculated that the cracking o f Mg-H complexes and the out-diffusion o f hydrogen
increased with the increase o f the annealing
10’
temperature from 850 to 950 °C. The
decrease o f the hole concentration above
With S»z Capping
900 °C was attributed to the increase o f out-VWfcMWO, Capping
diffusion o f Mg at this temperature.
Thereby, the authors concluded that the S i0 2
cap layer plays an important role in
preventing the out-diffusion o f cracked Mg
during activation annealing. However, the
other possible explanation can be the
enhanced hydrogen removal from GaN
induced by the oxygen diffused from the
capping layer. The decrease in hole
concentration above 900 °C for the samples
with the S i0 2 capping layer could be caused
by the higher diffusion o f oxygen
introducing shallow donor levels in GaN.
800
850
800
850
1000
For samples annealed without a capping
Ann. Temperature(t))
layer this decrease was probably related to
the thermal dissociation o f GaN. Thereby,
Fig. 3.16. Hole concentrations in GaN:M g layers
the S i0 2 capping layer can also be useful to
annealed with and without the S i0 2 capping layer
prevent
GaN degradation at high annealing
as a function o f annealing temperature.
temperatures.
Figure 3.17 shows the relative intensities o f the photoluminescence (PL) spectra
measured at room temperature (RT) o f the GaN layers annealed with and without the S i0 2
layer. The intensity o f the samples annealed with S i0 2 increased with the annealing
temperature from 850 °C to 900 °C, and slightly decreased at 950 °C, similar to the data
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Fig. 3.17. PL intensity o f GaN:Mg layers
annealed with and without the S i0 2 capping layer
as a function o f annealing temperature.

for hole concentration. In contrast, the
intensities o f the layers annealed without a
capping layer decreased continuously with
the annealing temperature. Furthermore, for
the samples annealed with SiC>2 the intensity
peak was at 435 nm at all given
temperatures. This was attributed to the
emission o f the donor-acceptor pair (DAP)
transition. However, the peak o f intensity
for the samples annealed without SiC>2 was
found to shift from 435 nm, to 423 and 415
nm for the temperatures o f 850, 900 and 950
°C respectively. The authors suggested that
this shift resulted from the change o f Mg
energy level due to the thermal effect
caused by higher temperatures o f 900 °C
and 950 °C. Thereby, the SiC>2 capping layer
can also be useful to prevent the degradation
o f GaN optical properties at high annealing
temperatures.

Activation with Ni and Pd thin films
Waki et al. reported that activation also occurs at lower temperatures if the GaN
surface is coated either with a N i or with a Pd65 film. It is known that N i and Pd are widely
used in hydrogen storage alloys to increase the hydrogen desorption rate.66 The authors
suggested that Ni and Pd films could also facilitate the removal o f H from GaN during
annealing, similar to the effect o f 0 2 -containing ambients. A N i (Pd) film with a thickness
o f approximately 1.5 nm was deposited on GaN:Mg layers grown by MOCVD.
Subsequently the samples were annealed in N 2 ambient for 10 min at a temperature from
200 to 800 °C and cleaned in boiling aqua-regia to remove the metal. Figure 3.18 shows
the hole concentration and Fig. 3. 19 shows the resistivity as a function o f the annealing
temperature for samples activated with a Ni and with a Pd film respectively. For samples
annealed without the metal films, p -type conduction was obtained by annealing above 600
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Fig. 3.18. Hole concentration in GaN:Mg films
annealed (a) with Ni and (b) without Ni film in N2
ambient for 10 min as a function o f annealing
temperature.
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Fig. 3.19. Resistivity o f GaN:Mg films annealed
(a) with Pd and (b) without Pd film in N2 ambient
for 10 min as a function o f annealing temperature.
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°C. On the other hand, p-type conduction was obtained at a temperature as low as 200 °C
for the sample annealed either with the Ni or with the Pd film. It was stated that this
annealing temperature was the lowest ever reported for obtaining MOCVD grown p-G aN
by thermal annealing. Figure 3.20 shows the SIMS H profiles o f the samples annealed
under various conditions. One can see the
reduction in the H concentration after the
annealing. In the case o f the samples
before annealing
annealed with the Ni film, the H
concentration reduction after annealing was
300°C with
o
more evident at the same temperatures.
80CTC without Ni
Thereby, the present authors concluded that
I
3
the Ni and Pd films on the GaN surface
I
dramatically enhance the removal o f
8
C
hydrogen, which results in the activation o f
800°C with Ni
8
M g-doped GaN at very low temperatures.
x
Nevertheless,
these
data
cannot be
considered as completely correct. For the
Hall effect measurements the authors
:
deposited Ni electrodes and annealed them
at 550 °C in N 2 ambient for 10 min to obtain
Depth (pm)
Ohmic contacts. Although they found that
the annealing at 550 °C without Ni film did
Fig. 3.20. SIMS profiles o f H concentration for
GaN.Mg films annealed with and without a Ni
not activate acceptors in GaN, this contact
film in N2 ambient for 10 min.
treatment could affect the final results.
A n n ea lin g u n d er U V irra d ia tio n
Kamiura et al. reported that the activation temperature can also be reduced by
ultraviolet (UV) irradiation during annealing. GaN samples were annealed for an hour in a
nitrogen ambient with and without the irradiation o f UV light with a peak wavelength
around 350 nm. Without UV irradiation, the resistivity and mobility decreased, and the
hole concentration increased simultaneously at around 550 °C. These results are consistent
with those previously reported. This temperature was reduced to 450 °C by the UV
radiation. The effect o f UV irradiation was explained by the enhancement o f the
dissociation o f Mg-H complexes. The authors speculated that electronic excitation reduced
the thermal stability o f the Mg-H complexes in GaN.
T h eo ry o f th erm a l activ a tio n
The most complete study o f thermal activation o f wurtzite Mg-doped GaN has been
performed by the group from Sandia National Laboratories, New M exico.51, 52, 67, 6 8 C -V
measurements on a GaN p in diode revealed the activation energy o f 1.76 eV for the
dissociation o f Mg-H complex, corresponding to a sum o f the H+ diffusion activation
energy and the M g-H binding energy. This value is in a good agreement with calculated
1.62 eV using GGA density-functional theory (the diffusion activation energy o f H+ for
wurtzite GaN in c axis direction is 1.0 eV; the binding energy o f the most stable Mg-H
state (N ± AB j _ ,M g ) with respect to Mg and H+ in wurtzite GaN lattice is 0.62 e V 50). This
barrier is low enough to overcome at modest annealing temperatures (around 300 °C). It is
consistent with experimental results which showed that H becomes mobile in GaN:M g at
temperature above 350 °C.36, 4 8 However, much higher temperatures are required to
activate M g-doped p-G aN . It is obvious that the released H needs to be either removed
from layers or neutralized. Otherwise it continues to compensate Mg when the sample is
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cooled down again. Neugebauer and Van de W alle first proposed that there may be an
activation barrier for the removal o f hydrogen from the layer through desorption from the
surface. This barrier results in much higher temperatures required for the activation o f p GaN.
M yer et al. performed theoretical modeling to estimate the diffusion and thermal
release o f hydrogen from GaN:M g under vacuum and compared it with experimental
results. The annealing at 900 °C for 1 h at a vacuum o f -1 0 7 Torr was used to remove the
grown-in hydrogen from GaN:M g grown by MOCVD. SIMS measurements showed a
residual H concentration o f - 1 0 17 atom s/cm 3. The deuterium, employed for the
experiments, was subsequently introduced by heating in D 2 gas at 700 °C for 4 h under a
pressure o f 0.88 bar. This treatment increased the resistivity o f the material from 2.6 to 1.4
x 104 O-cm, indicating a nearly complete neutralization o f the Mg acceptors. Thermal
release o f the D was then investigated during sequences o f isothermal anneals carried out at
700 - 900 °C in a vacuum o f ~1(T 7 Torr. The concentration o f D was determined by
nuclear-reaction analysis using the 3 He-induced reaction D( 3 He, /?)4 He . 6 9
Figure 3.21 shows the retained fraction o f D in the films after the annealing in
vacuum at 700, 800, and 900 °C (filled circles) as a function o f annealing time. The open
circle presents a datum for the release o f
grow n-in 'H during the annealing in RTA
soo°c
system for 7 sec at 1000 °C in flowing N 2
gas. The obtained release rates were far
smaller than it was expected for diffusionlimited flow to the surface followed by
110 (TC
prompt desorption. The authors related it to
1000
a surface permeation barrier. The rates were
estimated to be proportional to the square o f
EXPERIMENT
the remaining concentration o f D. Thereby
0 0 1 *THEORY^ ^
the
authors
suggested
that
D2
recom
bination
is
the
rate-determining
step
10 ' 1 0 d 10 *
1QU 1 0 1 10 ^ 10
during the thermal release o f deuterium in
TIME (8)
vacuum. Figure 3.22 shows the SIMS depth
profile o f D measured after annealing at
Fig. 3.21. Measured release o f gas-charged D ( •
700 °C in vacuum for 64 h. As can be seen,
) or grown-in 'H( O ) during isothermal annealing
and predictions o f the fitted theoretical model.
the profile was clearly inconsistent with a
representative diffusion-controlled profile
from the theoretical model. It also supports
700°C ,
that the recom bination step is rate
determining, rather than the movement o f H
from solution onto the surface. The solid
0 02 s e c o n d s
curves in Fig. 3.21 present the theoretical
(64 ho
results corrected for the barrier energy o f 2.47 eV. As can be seen, the corrected
theoretical model is very consistent with
THEORY
experimental
results
at
all
given
(NO S U RF A C E BARRIER)
temperatures.
Figure
3.23
shows
0.4
0.8
theoretically predicted increase in roomDEP TH (pm]
temperature hole concentration resulting
from isothermal release o f D in vacuum.
Fig. 3.22. Measured depth profiles o f D and Mg in
the specimen after annealing at 700 °C in vacuum
for 64 h compared with a representative theoretical
diffusion profile obtained assuming no surface
barrier.

W am pler and Myers investigated
the influence o f surface impurities on the
thermal release o f D in vacuum. The
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Fig. 3.23. Theoretically predicted increase in
room-temperature hole concentration resulting
from isothermal release o f D in vacuum.

authors removed surface contamination by
sputtering with nitrogen from an ion gun
with 2 kV acceleration voltage. Thermal
release was carried out in ultra-high vacuum
o f ~10_1° Torr. It was found that D release
rates were proportional to the square o f the
D concentration implying that molecular
recombination was a rate-determining step
in the release o f deuterium. These rates
were not significantly faster than their
previously measured under high vacuum
(1(T 7 Torr) conditions from samples without
in-vacuum surface cleaning. Thereby, the
authors concluded that surface impurities do
not significantly hinder the thermal release
o f hydrogen.

The following processes were proposed to be involved in the thermal release o f H
from GaN:Mg in vacuum:
° the dissociation o f Mg-H into Mg- and H+
° the diffusion o f H+ to the surface
° the formation o f neutral H surface state
° the molecular recombination and desorption o f H 2 from the surface
The authors stated that high temperatures forH release result from both the high stability o f
Mg-H relative to H on the surface (the formation energy o f Mg-H was calculated to be 1.1
eV/atom below that o f H in the surface state) and the high barrier for the recombinative
desorption o f H from the surface. The first cause results in very low surface coverage o f H
during thermal release. This low surface coverage and the high desorption barrier cause the
flux o f H from the surface to be small compared to it from the bulk to the surface. Thus, it
was concluded that the release o f H is limited by a surface permeation barrier and is not
limited by the diffusion o f H to the surface.
It was illustrated above that activation occurs at lower temperatures if GaN surface
is coated with N i (Pd) films, 5 or i f annealing is conducted in oxidizing ambients. ’ ’ ’
60 The authors suggested that N i (Pd) films or 0 2 -containing ambient could facilitate the
removal o f H from the GaN surface either through enhancing recombinative desorption
rate or by the removal o f H from the surface through the formation o f volatile products.
Myers et a l. continued their study to investigate the influence o f ambient on hydrogen
release from p-type GaN:Mg. MOCVD grown GaN:Mg layers were annealed at 900 °C for
1 h in vacuum to remove the grown-in hydrogen. The deuterium, employed for the
experiments, was subsequently introduced by heating in D 2 gas at 700 °C for 4 h under a
pressure o f 0.87 bar. Thermal release o f deuterium was carried out in vacuum o f - 1 0 '7
Torr, and O2 or in ultra-high-purity N 2 ambients. The D concentration was quantitatively
determined using the 3He-induced nuclear reaction D ( 3He,p)4He.
Figure 3.24 shows the retained D fraction as a function o f annealing time at 800
and 700 °C in a vacuum o f ~1(T 7 Torr, ultrahigh vacuum (UHV ~1(T 10 Torr), and in C>2 gas
at a low pressure o f -0 .0 8 Torr. As can be seen, the release rates were virtually the same
for all the ambients. Figure 3.25 shows the reciprocal o f retained D fraction as a function o f
annealing time in a vacuum at 800 °C. The presented format produces a straight-line plot
when the release rate is proportional to the square o f the D concentration. A s can be seen,
in the range o f 0<[D fraction]_1<10, it was almost linear. These data were attributed to
second-order recombinative D-D desorption being rate-limiting in the release. In this case
the release rate is proportional to the square o f D surface coverage. The dashed curve in
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Fig. 3.24(a) shows the calculated effect o f
the second-order process acting alone.
However, the full plot (Fig. 3.25) was far
from linearity in the range 10<[D fraction]^
‘< 1 0 0 , corresponding to the last 1 0 % o f the
D release. The authors suggested that such
release might involve the desorption o f N D species as the release proceeded and
surface coverage o f D became smaller. In
this case, the D release rate was proposed to
be proportional to the surface coverage o f
D, corresponding to the first-order surface
process. The solid curves in Fig. 3.24 and
3.25 were plotted from the fitted model with
both first- and second-order processes.

Figure 3.26 shows the retained D fraction as a function o f annealing time at 800 °C
in N 2 gas at a pressure o f 87 kPa (0.87 bar). The vacuum results were included for
comparison. The data were plotted in a semilog format to produce a straight line when the
release rate is proportional to the surface
coverage o f D (the first-order surface
process). As can be seen, as the fraction o f
D became small, the data approached a
High v a cu u m
straight-line variation for both ambients.
0.1
The impact o f the N 2 was small initially but
increased later compared to vacuum
N , a t 87 kPa
annealing. The fitted theoretical coefficient
o
f the first-order surface process was
0.01
Model
estimated to be 5.7 times larger in the
4
8
0
16
12
presence o f N 2 . The authors suggested that
Tim e (104 s)
the N 2 gas accelerated the thermal release o f
D from the surface by promoting the
Fig. 3.26. Retained D fraction as a function o f
formation o f volatile N -D species, resulting
annealing time at 800 °C in vacuum and in N2.
in a first-order surface process.
Figure 3.27 shows the retained D fraction as a function o f annealing time at 700 °C
in a vacuum and in O 2 gas at pressures o f 80 and 800 Pa (0.0008 and 0.008 bar). The
oxygen penetration into p-G aN was found to be negligible at the study conditions and was
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proposed not to introduce significant number o f donors in the structure. The release rates in
O 2 ambients were found to be proportional to D surface coverage, suggesting that the firstorder surface process was the dominant. The abrupt slowing o f D release in O 2 ambients at
the retained fraction o f about 0.3 was ascribed to oxidation o f the GaN surface. It is
important to note that the similar abrupt
slowing was observed during the annealing
1.0
in O 2 at 800 °C and it also occurred at about
0.8
0.3 retained fraction o f D. The solid curve
0.6
in Fig. 3.27 presents the theoretical model
matching well the experimental data until
the process was interrupted by oxidation.
o
The authors suggested that the O 2 gas
0.2
accelerated the D release from the surface
through the formation and desorption o f
volatile O -D species such as D 2 O. This
105
104
10*
106
enhancement was much stronger compared
Time (s)
to N 2 impact, regardless o f the smaller
Fig. 3.27. Retained D fraction as a function o f
pressures o f O 2 . It was explained by the
annealing time at 700 °C in vacuum and in 0 2.
easier dissociation o f O 2 .
Myers et al.61 also exposed as-grown GaN:M g samples, containing the grown-in
'H , to electron-cyclotron-resonance (ECR) N 2 plasmas (2 x 1(T4 Torr pressure, 250 W
microwave power, ion mean energy -2 0 eV) at 600 and 700 °C for lh. Fourier-transform
infrared spectroscopy showed that the absorption peak associated with Mg-H complex
(3125 c m 1) was unchangeable after the 600 °C exposure and was slightly reduced after the
700 °C exposure. The authors concluded that plasm a exposure did not greatly enhance the
release o f H from p -type materials compared to the thermal release in vacuum at the same
conditions. Recently Myers and Seager also reported that the release o f protium ('H ) or
deuterium (D) was increased by several orders o f magnitude in an ambient containing H 2
gas o f the other isotope. Itwas suggested that the release was accelerated by modifying the
surface conditions in H-reactive ambients. The authors concluded that it supports a picture
o f the release in which recombinative desorption from the surface is rate limiting.

3.4.2 LEEBI (Low-Energy Electron Beam Irradiation) activation
The first p -type conductivity in M OCVD grown M g-doped GaN was
unintentionally obtained by Amano et al. using low-energy electron beam irradiation
(LEEBI). They were studying cathodoluminescence (CL) o f M g-doped GaN and observed
that electron irradiation increased the efficiency o f the luminescence by up to 2 orders o f
magnitude and caused the samples to become conducting and p - type. The obtained hole
concentration was estimated to be ~2 x 10 16 cm ' 3 and the m obility ~ 8 cm 2 /V s . In 1989
they realized the first p-n junction GaN LED using LEEBI treatment. Although the thermal
annealing at the present time is the most common method to activate p-type GaN grown by
M OCVD, the LEEBI activation may have some potential advantages for certain
applications. In the case o f LEEBI treatment, the region showing p-type conductivity is
restricted to the irradiation area. Thereby, LEEBI treatment is expected to be effective in
realization o f a current confinement structure, which can be directly patterned in any
desired form. Very small structures such as quantum-size devices, microscopic light
emitters, and blue lasers can be fabricated. However, as it is shown below, the reversal o f
the activation at fairly low temperatures (below 200 °C) may be problematic for the
application o f LEEBI in GaN devices.
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Nakam ura et al. measured resistivity o f GaN films after LEEBI treatment as a
function o f etching depth and found that the activation depth in GaN films is restricted by
the penetration depth o f incident electons.
D
The penetration depth as a function o f
accelerating voltage for the incident
(j) ,5 : ACCELERATI NG
electrons is presented in Fig. 3.28. The
VOLTAGE(KV)
impact o f irradiation time was estimated by
Inamori et a l . 7 0 M OCVD grown GaN:M g
Ix l
samples were exposed by LEEBI with
accelerating voltage o f 15 kV (electron
beam diameter was about 1 pm). Figure
3.29 shows resistivity o f the samples as a
LU
function o f irradiation time. The obtained
hole concentration was reported to be as
high as 2 x 10 18 cm ' 3 at room temperature. It
1
50
2
is important to note that the irradiation time
D EPT H BELOW SURFACE ( p i n )
probably depends on the parameters o f
Fig. 3.28. Estimated change o f the energy loss o f
LEEBI treatment such as accelerating
incident electrons in GaN as a function o f
voltage, electron beam spot size, and
accelerating voltage.
emission current o f the electrons. The
temperature rise o f the samples due to
250
LEEBI treatment was estimated to be about
70 K, which is too low to cause p -type
R o o m temp.
200
conversion by the thermal effect.
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Fig. 3.29. Resistivity o f LEEBI-treated GaN:Mg
films as a function o f irradiation time.
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Fig. 3.30. Room-temperature CL spectra as a
function o f irradiation time.

$00

The confirmation o f athermal nature
o f LEEBI activation comes from a study o f
Li
and
C olem an . 71
They
used
cathodoluminescence (CL) spectroscopy to
estimate the effect o f LEEBI o f MOCVD
grown GaN:M g (0.7 pm thick) as a function
o f irradiation time at both room and liquid
helium
temperature. The acceleration
voltage was 15 kV, which corresponds to a
penetration depth o f 0.7 pm. The
m easurement emission current o f electrons
was one order o f magnitude lower than that
for the irradiation. Figure 3.30 shows the
CL spectra taken at room temperature as a
function o f irradiation time. As can be seen,
the luminescence intensity significantly
increased after the annealing and was
saturated at about 50 msec. A peak at 370
nm for the as-grown sample was attributed
to band-edge emission, whereas a peak at
385 nm appearing after the treatment was
related to M g-related levels. To examine
w hether LEEBI annealing is thermal or
electronic process, LEEBI treatment was
performed at liquid helium temperature. The
shape and total enhancement in CL
spectrum were found to be very similar to
the spectrum taken after the LEEBI

45

Chapter 3. P-type GaN activation

treatment at room temperature. Thereby, the authors concluded that LEEBI annealing is an
athermal process and occurs through the generation o f free electrons and holes. The
generated carriers in their turn stim ulate the breaking o f Mg-H complexes and change the
charge state o f hydrogen.
The group from Sandia N ational Laboratories expanded their study o f hydrogen
behavior in GaN to investigate the LEEBI-related p-type activation . 3 1 , 3 2 MOCVD grown
GaN:M g layers were exposed to LEEBI. One group o f samples was used in the as-grown
state, while the other group was annealed at 900 °C in vacuum followed by 4 h, 700 °C
annealing in either D 2 or H 2 . The irradiations w ere carried out with electron energy o f 25
keV sufficient to activate 1.5-pm -thick
p-type layer. The beam
current was fixed at2 uA.
Postirradiation annealing was carried out in N 2 gas for 1 h to estimate the thermally
activated restoration. The effect o f LEEBI treatm ent on the stability o f Mg-H complexes in
GaN was studied by infrared optical spectroscopy. It was shown before that the absorption
peak corresponding to M g-H com plex is located at 3125 cm ' 1 . 4 7 , 5 3 , 5 4 This value is in a
good agreement with theoretically predicted
(3137
c m 1). The
absorption
peak
corresponding
Mg-D
complex
was
experim entally found to be different and
located at 2321 cm '1. DFT theory was used
to examine intermediate and final states
during the irradiation-induced dissociation.
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Fig. 3.31. Evolution o f the M g-H(D) LVM peak
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Figure 3.31 shows the evolution o f
the M g-H (D ) LVM peak heights as a
function o f total LEEBI dose. As can be
seen, the changes o f the as-grown and Hreloaded samples were similar, while for Dloaded sample the initial rate o f loss o f M g D pairs was significantly slower. The curves
w ere saturated at peak heights - 1 / 2 their
initial values. It was found that additional
exposures o f 40 mC/cm 2 with a more deeply
penetrating beam o f 30 keV electrons still
left one half o f the hydrogen-acceptor pairs
intact. Figure 3.32 shows the effect o f
postirradiation annealing in N 2 for 1 h on
M g-H (D ) absorption peak heights. As can
be
seen,
the
restoration
occurred
predom inantly in the temperature range o f
150 - 200 °C. These results imply that the
room -tem perature LEEBI treatments did not
rem ove the H from the specimen. The
authors previously found before that
isolated H in p-type GaN material can
m ainly exist as H+. However, they stated
that it did not exist in this state after the
LEEBI exposure due to its positive charge
would compensate the M g acceptors and
prevent electrical activation. The authors
also previously found that the presence o f
H in M g-doped GaN more likely leads to
the reformation o f the Mg—H center at room
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tem perature . 4 5 , 5 0 Thereby, the conversion o f hydrogen to a metastable neutral state was
suggested to take place under LEEBI exposure.
The mechanism for LEEBI activation was proposed as following. The stable M g-H
complex (Fig. 3.33(a)) is dissociated by the im pinging energetic electrons. The resultant
detached H+ migrates into the vicinity o f another M g-H complex (Fig. 3.33(b)) and
captures an electron (Fig. 3.33(c)). The final electron capture enables the formation o f MgH 2 complex (Fig. 3.33(d)), where H 2
molecule is located in the immediate
vicinity o f the Mg acceptor. This
complex is a shallow acceptor like
isolated Mg. The binding energy was
calculated to be 1.51 eV relative to
isolated H+, H“, and Mg“. It is sufficient
for the state to persist at room
temperature. However, it was calculated
that M g-H 2 complex is the subject to
electron-beam dissociation as well as the
M g-H center. It finally results in the
Fig. 3.33. Atomic configurations relating to LEEBI
balance between the opposing reactions
from density-functional theory.
under LEEBI exposure and the number
o f neutral M g-H centers remaining.
The reverse process o f the M g-H 2 complex conversion to the more stable M g-H
center during postirradiation annealing in the absence o f electron injection was proposed as
following. The H 2 molecule adjacent to the Mg is therm ally dissociated with the formation
o f H 4 and H (Fig. 3.33(e)). The dissociated H+ moves through a saddle point (Fig. 3.33(e))
to a local energy minimum (Fig. 3.33(f)). Subsequently the remaining H” captures holes
forming H° and then the more stable H+. Finally, one o f H 4 atoms forms M g-H with the
nearby acceptor, while the other diffuses away to react with another, unattached Mg. The
activation energy for the dissociation o f the M g -H 2 complex was predicted to be 1.8 eV
com pared to H+ diffusion barrier o f 1.2 eV. Thereby the authors concluded that the thermal
repassivation rate is mainly controlled by the dissociation o f the metastable state.

3.4.3 Minority-carrier-enhanced activation
Pearton et al. cited that in Si and GaAs material the injection o f minority carriers
either by forward biasing o f a diode structure or by illumination with above band-gap light
produces dissociation o f neutral acceptor-hydrogen or donor-hydrogen complexes at
temperatures at which they are normally thermally stable. The reactions for an acceptorhydrogen complex was described as following:
(A H f o A ' + H +
H ++e~ < ^ H °
The neutral hydrogen was suggested to form diatomic or large clusters with other neutral
or charged hydrogen species. It results in the activation o f dopants passivated with
hydrogen before the injection. The similar activation mechanism can be expected in IIInitride materials.
In 1996 Pearton et al. first reported that m inority-carrier injection by forward
biasing o f a diode structure can also activate the Mg acceptors in GaN. The authors
performed the annealing under NH 3 for 30 min at 500 °C for MOCVD grown p -n structure
to introduce additional amount o f hydrogen. M esa p -n junction diodes were formed by
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etching. Ti/Al and Ni/Au were deposited as n- and p-contact respectively. The authors
conducted capacitance-voltage (C-V) measurements at 10 kHz at room temperature to
obtain the carrier profiles in the p-type layer. Annealing was carried at 175 °C under opencircuit configuration and under forward current o f 9 mA to inject electrons into the p-type.
Figure 3.34 shows a series o f acceptor concentration profiles o f p-n junction sample, after
annealing at 175 °C under forward bias
conditions. After 1 h, the majority o f these
acceptors were reactivated. The Mg
^
15*?
activation depended on depth into the p-type
E
layer, which was related to the diffusion
—• — t=0 min.
/ / /
5
12distance
o f the injected electrons prior to
—
t=10
min
/ /
—A— t=20 min
/J
recombination. If the annealing was carried
(0
T t=30 min
c
♦
t=60 min
in the open-circuit configuration, no change
®
9 H
if
in
the carrier profile was observed after up
d>
*c
L.
to 20 h at 175 °C. It was concluded
CO
O
therefore, that the injection o f electrons has
a dramatic influence on the stability o f the
0.00
0.05
0.10
0.15
0.20
0.25
Mg-H complexes through the conversion o f
d e p t h (p in )
H+ into the neutral state and then into the
final hydrogen complexes.
Fig. 3.34. Carrier concentration profiles in
hydrogenerated GaN:Mg after annealing
various times at 175 °C under forward bias.

for

Miyachi
et
al.12
performed
secondary ion mass spectrom etry (SIMS)
measurements to examine the hydrogen concentration profile in the samples. Minoritycarrier injection into M g-doped
layers during thermal annealing was conducted by
applying forward bias on p-n junction diodes. All annealing treatments were performed
under N 2 ambient for 30 min. The first annealing was conducted under forward bias, the
second annealing was in the open-circuit configuration, and the other was the annealing
without any coating (p- and w-contacts). The differential resistance at a forward voltage o f
10 V was taken to evaluate the activation o f the Mg acceptors. Figure 3.35 shows the
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Fig. 3.35. Differential resistance at 10 V o f the
diodes as a function o f annealing temperature
under forward bias o f 10 V (solid squares) and in
open-circuit configuration (open squares).
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Fig. 3.36. SIMS profiles o f hydrogen in
GaN:Mg/GaN:Si diodes: as-grown (solid line);
annealed under 10 V forward bias at 400 °C
(dashed
line);
annealed
in
open-circuit
configuration at 800 °C (dotted line).

differential resistance o f the diodes annealed under 1 0 V forward bias (solid squares) and
in the open-circuit configuration (open squares) as a function o f the annealing temperature.
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The samples annealed in open-circuit configuration were still semi-insulating after
annealing at 600 °C, whereas Nakamura reported the activation o f /?-GaN at temperatures
higher than 500 °C. It was attributed to a fact that these samples had metal pads on the
surface. Therefore, hydrogen could not desorb out o f the layers. However, for annealing
under bias, the differential resistance began to decrease at -3 0 0 °C, and saturated at five
orders o f magnitude smaller above 400 °C. SIMS analysis results are shown in Fig. 3.36.
A s can be seen, after annealing under bias at 400 °C, the hydrogen concentration was
almost the same as the as-grown sample where the Mg acceptor was completely passivated
by hydrogen. It indicates that hydrogen existed in a certain state in the sample annealed
under bias where hydrogen did not passivate the Mg acceptor. On the contrary, the
hydrogen concentration was significantly decreased after the conventional thermal
annealing at 800 °C with no metal pads. It implies different activation mechanism o f these
techniques. The authors concluded that injected current changes the state o f dissociated
thermally H+ into a certain one where hydrogen does not passivate the Mg acceptor.
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Fig. 3.37. Differential resistance o f the diodes
annealed under bias at 400 °C (solid squares) or
annealed in open-circuit configuration at 800 °C
(open squares) as a function o f the temperature of
additional annealing without bias.

The
remaining
H
introduces
interesting characteristics o f the samples.
Figure 3.37 presents the results o f an
additional thermal annealing in the opencircuit configuration o f the samples
activated by annealing under bias, and the
samples
activated
by
conventional
annealing. For the samples activated by
annealing under bias, in spite o f the N 2
ambient,
the
differential
resistance
dramatically increases at a temperature
above 350 °C, whereas it was unaffected for
the samples activated by conventional
annealing. This phenomenon was explained
as the reionization o f the remaining
hydrogen and the repassivation o f Mg
acceptors. It was noticed that these
repassivated
Mg
acceptors
can
be
reactivated again by further annealing under
bias.

The fact that dissociated H+ does not compensate Mg- acceptors implies that some
additional process or processes alters the charge o f the hydrogen. Pearton et al. proposed
that the final result o f the forward-bias treatment is the formation o f neutral H2 in the
lattice. The group from Sandia National Laboratories also suggested that interstitial H 2
results from Mg activation under forward bias. Both H° and FT were previously found to
have much larger formation energies than H 2 in p -type material. The model for the
activation o f H-passivated Mg acceptors by minority-carrier injection in forward-biased p n junctions was proposed as following:
M gH —> M g ' + H + (thermal dissociation)
H + + e~* —» H °

(hot-electron capture)

H ° + e~* -> H~

(hot-electron capture)

H ++ H ~ ^ > H 2
A forward voltage applied to p-n junction causes electrons to be injected into the p -type
region. The injected electrons are readily captured by H+ that has been thermally
dissociated from Mg-H, producing H°. The resulting neutral atoms react to form interstitial
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H 2 before hole capture can restore the ionized state. Additionally, some o f the H° captures
a second electron to form H“, which may combine with H+ to form more H2 . It results in
the progressive activation o f the M g acceptors. The model describing the repassivation
process under open-circuit annealing was proposed as following:
H 2 - + H + + H~

(thermal dissociation)

H~ + h + -» H°

(hole capture)

M g - + H + -+ M g H
M g° + H ° -+ M g H
Density functional theory (DFT) was used to calculate the conversion rates o f H2 to
M g-H during open-circuit annealing for / 7-GaN previously activated by minority-carrier
injection (Fig. 3.38). These results are
consistent
with
experimental
results
1.0
obtained by Miyachi et al. A s can be seen
the interstitial H2 persists for thousands o f
hours at temperatures as high as 200 °C,
suggesting a thermal stability sufficient for
3S0#C
some device applications.
The unintentional minority-carrier
activation
caused
by
residual
after
0.2
processing hydrogen can affect the
performance o f some GaN-based devices. In
0.0
a heterojunction bipolar transistor the lower
Time t»)
level o f injected minority carriers can
Fig. 3.38. Predicted conversion o f H2 to M g-H
reactivate passivated Mg in the base layer,
during open-circuit annealing for /7-GaN
leading to an apparent time-dependent
previously activated by m inority-carrier injection.
decrease in gain as the device is operated.
For current confined structures realized by
LEEBI treatment, it can enlarge the current spreading through the activation o f adjacent
passivated regions. It may also change the material resistivity in Hall measurements due to
minority carrier reactivation o f passivated acceptors.
CM

X

'

Pearton et al. suggested that in a laser structure the high level o f carrier injection
would rapidly dissociate any remaining Mg-H complexes and thus would be forgiving o f
incomplete removal o f hydrogen during the post-growth annealing treatment. Miyachi et
a l P performed the annealing at low temperatures under minority-carrier injection instead
o f conventional thermal annealing to activate p -type o f GaN-based MQW-SCH laser
structure. The produced laser stripes were subjected to forward current injection at
temperatures above 350 °C in N 2 ambient. Besides samples treated by conventional
thermal annealing at 950 °C for 5 min were fabricated for comparison. Both types o f laser
stripes showed similar current-voltage (I-V) characteristics indicating almost the same hole
concentration. The pulse laser operation was achieved at a current density o f 13.8 kA/cm 2
and 16.9 kA/cm 2 for forward-bias annealed and conventionally annealed lasers
respectively. The forward-bias annealed samples were subsequently passivated by the
annealing at 350 °C in open-curcuit configuration and then reactivated under forward-bias
annealing again. The threshold current density was left almost the same after four cycles.
However, it seems to be arguable that electrons could penetrate to bulk p -type due to they
are expected to recombinate in MQW region o f the laser structure. The activation effect
can be related to Ni/Au contact deposited on the top o f / 7-layer before the forward-bias
annealing. It was reported that / 7-type was thermally activated at temperatures as low as
200 °C when N i was deposited on top. A lso there was no information if the deposited
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Ni/Au contact was subsequently annealed after the deposition (the usual annealing is -5 0 0
°C).

3.4.4 Novel activation methods
Recently two new activation methods (microwave treatment and RF treatm ent)
have been reported to be successful for Mg-doped GaN. These techniques were found to be
effective even at room temperature. However, the mechanism or these activations is not
established yet.
Chang et al. exposed MOCVD grown GaN:M g layers to a 2.45 GHz, 560 W
microwave treatment with different process time. Thermal activation was also perform ed at
730 °C for 20 min for comparison. Photoluminescence spectra o f the samples activated
with a 5 min microwave treatment and with a 20 min thermal treatment at 730 °C are
shown in Fig. 3.39. As can be seen, the changes after both activation techniques are very
similar. Figure 3.40 shows the resistivity o f samples treated with different amount o f
microwave time. As can be seen, the resistivity was almost independent o f the time,
demonstrating a very fast activation process. The sample activated with the thermal
annealing at 730 °C for 20 min showed the resistivity o f 3.2 fT cm and the hole
concentration o f 6.58 x 10 17 cm '3. The authors proposed that the dissociation o f Mg-H
complexes was caused by the absorption o f microwave energy. It was also shown that the
hole concentration remained almost the same after removing a 1 pm -thick layer by
chemical wet etching. It implies that the activation depth is probably not limited by near
surface area.
3

a■

E
V

*
>

‘5
•t7
1

J
i
£
4000

6000

7000

Fig. 3.39. PL spectra o f GaN:Mg films: (a) asgrown; (b) with microwave treatment; (c) with
thermal annealing.
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Fig. 3.40. Resistivity o f GaN:Mg films with
different microwave treatment time.

Takeya and Ikeda exposed MOCVD grown GaN:M g layers, placed between RF
electrodes, to strong RF electric field (13.56 MHz). Background air pressure was
maintained below 10' 5 Torr in order to prevent the generation o f plasma. Figure 3.41
presents the hole concentration as a function o f the product o f RF time and the magnitude
o f the RF electric field for a room temperature treatment (solid circles) and a 300 °C
treatment (open circles). As can be seen, the hole concentration increased with increasing
the RF product and saturated at the product o f -1 5 0 0 for 300 °C treatment. Figure 3.42
shows the time dependency o f the hole concentration at the constant RF electric field o f
-21 kV/cm at 300 °C. The hole concentration reached - 1 0 18 cm ' 3 after -7 0 s o f the RF
treatment. The authors proposed two possible mechanisms for the activation process. The
first mechanism is due to the accelerated electron attack by the RF electric field to Mg-H
bonds and/or energy absorption o f polarized Mg-H complex. The other mechanism is due
to the acceleration o f out-diffusion o f ionized hydrogen by the RF electric field.
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3.5 Optimization of/;-GaN thermal activation in air with and
without a S i02 capping layer
3.5.1 Introduction
As it is shown above, annealing in oxygen containing ambients is a very promising
activation method to decrease activation temperatures and, as a result, to reduce thermal
damage o f InGaN layers in multiple quantum w ell (MQW) structures.56, 57, 58, 59, 60
Annealing in pure O2 was reported to result in low resistive films at temperature as low as
400 °C whereas the same resistivity was only achieved at 600 °C in N 2 . Small amount o f
oxygen in air can also promote the activation at lower temperatures compared to annealing
7 7 57 5 0
in pure N 2 ambient. ’ ’ The mechanism o f thermal activation in oxidizing ambients is
considered above in this chapter. The similar results could be expected during the
annealing o f GaN films capped with SiC>2 layers due to possible interaction between
oxygen diffused from SiC>2 and hydrogen dissociated in GaN. The SiC>2 capping layer can
also be useful to prevent GaN thermal dissociation at high annealing temperatures.
However, on the other hand, this layer can hinder desorption o f hydrogen from GaN
surface and even reduce effective hole concentration due to 72-type autodoping o f the
material by oxygen incorporation. The reported data do not give the low-down on
activation mechanism o f Mg acceptors in GaN capped with SiC>2 layer. This section
presents the results o f thermal annealing in air for Mg-doped GaN layers covered with
SiC>2 as w ell as without SiC>2 . Both temperature and annealing time were varied to obtain
the most detailed picture o f thermal activation mechanism. This study has also been
recently submitted for publication in “Applied Physics Letters” journal.

3.5.2 Experimental
The Mg-doped GaN epitaxial layer used in this study was grown on 2-in c-face
(0001) sapphire substrate using metalorganic chemical vapor deposition (MOCVD) system
AIXTRON operating at low pressure. Trimethylgallium (TMGa) and ammonia (NH 3 ) were
used as the source material o f Ga and N, respectively. Biscyclopentadienylmagnesium
(Cp2Mg) was used as the p-type dopant source. TMGa and Cp2 Mg were transported using
hydrogen carrier gas. Prior to the growth o f epitaxial layers, a 25 nm-thick GaN buffer
layer was deposited onto the substrate at a low temperature o f 500 °C. Subsequently, the
reactor temperature was raised to 1050 °C to grown a 2 pm-thick undoped GaN layer,
followed by a 0.7 pm-thick highly isolating (compensated) Zn-doped GaN and a 1 pmthick Mg-doped GaN. A 5 nm-thick InGaN layer with gradual composition o f In from 0 to
20% was grown on the top as a contact layer. After the growth, the wafer was cooled down
in the MOCVD reactor to temperature o f 500 °C in H N 3 +N 2 flow during about 2 min, and
from 500 °C to room temperature in pure N 2 flow during approximately 10 min. As a
result, as-grown M g-doped layer was partly activated. Resistivity o f as-grown p-GaN
measured at room temperature (RT) was around 9 Q-cm.
After the growth, the wafer was divided into 7 x 7 mm2 size samples using a
diamond scriber. N i/A u (20 nm/600 nm) metal dots o f approximately 1 mm in diameter
were evaporated in the four comers to obtain electrical contacts in Van der Pauw
geometry. The first set o f samples was used for annealing experiments without a SiC>2
capping layer, whereas samples from the second set were capped with 440 nm-thick SiC>2
layers using plasma enhanced chemical vapor deposition (PECVD) process. Deposition
pressure and temperature were fixed at 900 mTorr and 300 °C respectively. A gas mixture
o f nitrogen and SiH 4 (2%) was used as the source material o f silicon; nitrous oxide (N 2O)
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was used as the source o f oxygen. RF power density applied for the deposition was fixed at
500 W/m2. Access to the contact dots for electrical measurements was produced using
conventional photolithography technique and reactive ion etching (RIE) o f SiC>2 in CHF3
plasma. RT resistivity o f /?-GaN after PECVD deposition was around 16 Q-cm. The third
set o f samples was used to verify the role o f PECVD deposited SiC>2 during annealing. The
samples were activated in air at 600 °C for 2 min, capped with 440 nm-thick SiC>2, and
patterned using above-mentioned procedure. RT resistivity o f previously activated /?-GaN
after PECVD deposition was around 1.2 Q cm.
The samples were annealed under air in a rapid thermal annealing (RTA) system
equipped with halogen-tungsten lamps. During the annealing, the samples were located
between two 6-in Si wafers and temperature was measured with a calibrated thermocouple
located near a sample. Annealing temperature ranged from 200 to 900 °C for the uncoated
samples and from 300 to 1100 °C for the samples with a SiC>2 capping layer. The annealing
and measurements were conducted in consecutive order to obtain resistivity changes for
the same sample during the annealing from 0 to around 3000 sec at the fixed temperature.
Annealing time at high temperatures was restricted by the thermal damage o f contact dots.
Resistivity of/?-GaN was measured using the four-point probe Van der Pauw technique.

3.5.3 Results and discussion
Resistivity o f uncoated /?-GaN samples activated in air at different temperatures as
a function o f annealing time is shown in Fig. 3.43. Each sample was annealed at the fixed
temperature a number o f times with different time intervals and measured after each
annealing step. As can be seen, the resistivity rapidly increased from 9 to 13 Q cm during
annealing at 200 and 300 °C and remained unchangeable up to 1 hr annealing. Initial
degradation is also obvious for annealing at 400 and 450 °C, although subsequently the
resistivity was gradually decreasing after about 30 sec annealing. This degradation is not
noticeable for annealing at temperatures higher than 500 °C, probably because o f rapid
activation at these conditions. The reason for the initial resistivity raise is not clear yet and
requires further investigations. It could be caused by low-temperature oxidation o f surface
conductive defects, such as Ga-vacancies acting as acceptors in GaN, while a cooldown
step in a MOCVD reactor was conducted in N 2 ambient and prevented oxygen reaction
with the surface. To check if this degradation is restored, a sample activated at 500 °C for
30 min (p = 1.14 Q-cm) was subsequently annealed at 300 °C for 2 min. It showed no
resistivity change confirming the oxidation hypothesis and implying a minor impact o f this
degradation on resistivity o f activated jo-GaN.
Resistivity o f /?-GaN samples with a SiC>2 capping layer activated in air at different
temperatures as a function o f annealing time is shown in Fig. 3.44. Resistivity o f as-grown
samples increased from 9 to 16 Q-cm as a result o f the PECVD deposition, which took
place at temperature o f 300 °C. The samples, thereby, were shortly exposed to air at this
temperature during loading to a process chamber and before pumping down to process
pressure. Post-deposition annealing at 300 °C did not have an effect on the resistivity, as
shown in Fig. 3.44. It is consistent with the results o f annealing o f the uncoated samples at
this temperature. Slightly higher resistivity (16 Q-cm vs. 13 Q-cm) could be caused by
hydrogen incorporation into /?-GaN material during the deposition, which occurred in
silane discharge containing hydrogen.33, 34, 36, 40 More importantly, the resistivity was
gradually increasing during annealing at 400 °C and reached a value o f 53 Q-cm after 1 hr
annealing. Annealing at 500 and 600 °C rapidly enhanced the resistivity to undetectable
level (more than 500 Q-cm for current measurements). Following activation was only
detected after about 6 min at 600 °C. Initial resistivity raise was also observed at 700 °C
with following activation during the annealing. Annealing at temperatures more than 800
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Fig. 3.43. Resistivity o f uncoated GaN:Mg samples activated in air at different temperatures as a
function o f annealing time.

°C resulted in the decrease o f the resistivity without noticeable initial degradation. The
reason could be fairly fast activation at these conditions. However, this activation is
extremely slow compared to activation o f / 7 -GaN without a SiC>2 capping layer in any
ambient (vacuum, nitrogen, air, oxygen) at these temperatures. It is not consistent with the
results reported by Lee et al. for GaN:M g layers activated at temperature from 850 to 950
°C. The stated that resistivity o f layers capped with Si 0 2 was lower than that o f layers
without SiC>2 after activation at the same annealing time and temperatures.
Our systematic study gives the detailed picture o f thermal activation in air for
GaN:Mg layers both uncoated and coated with PECVD deposited Si 0 2 . We believe that a
PECVD Si 0 2 capping layer hinders desorption o f hydrogen from GaN and also causes
addition passivation o f Mg acceptors during annealing. It results in extremely slow
activation and in resistivity increase at annealing temperatures from 400 to 700 °C as the
passivation initially overcomes slow activation. In all probability, this passivation comes
from residual hydrogen incorporated in a SiC>2 film during PECVD deposition. The
hydrogen diffuses into / 7-GaN material at temperatures higher than 400 °C and that results
in passivation o f Mg acceptors when the material is cooled down to room temperature.
Activation probably occurs through diffusion o f hydrogen from / 7 -GaN into the SiC>2 film
and hydrogen desorption from SiC>2 surface. Thus two opposite processes, passivation with
hydrogen from SiC>2 and activation through hydrogen removal from both / 7 -GaN and SiC>2 ,
are believed to take place under thermal annealing with PECVD deposited SiC>2 . The
passivation is not restored after high temperature activation that was confirm ed by
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Fig. 3.44. Resistivity o f GaN:Mg samples with a S i0 2 capping layer activated in air at different
temperatures as a function o f annealing time.

annealing o f a sample previously activated at 800 °C for 50 min (p = 5.14 Q-cm). No
resistivity change was detected after annealing at 600 °C for 30 sec implying that hydrogen
was removed from both / 7 -GaN and the S i0 2 capping layer.
This mechanism is supported by experiments with / 7-GaN samples previously
activated in air at 600 °C for 2 min {p = 1.1-1.3 G em ). The samples were subsequently
capped with PECVD S i0 2 and annealed in air. The results o f the annealing are presented in
Fig. 3.45. As can be seen, resistivity o f / 7-GaN was unaffected during annealing at 500 °C,
whereas it was gradually increasing during annealing at 600 °C and reached a value o f 6.53
G em after 1 hr annealing. Annealing at higher temperatures also caused initial resistivity
raise following by slow decrease with the lapse o f time. Thus, the passivation effect o f
PECVD deposited PECVD S i0 2 is obvious, even though this passivation occurred at
temperatures higher than 600 °C com pared to 400 °C for as-grown material. It is obvious
that previous activation in air left surface o f the samples heavily oxidized, while as-grown
samples were only shortly exposed to air at 300 °C before PECVD deposition (a loading
step). It is very likely that a thin oxide layer act as a barrier for hydrogen diffusion from
S i0 2 into GaN. This barrier should be higher for the heavily oxidized samples, which
could finally result in higher temperatures required for hydrogen exchange between S i0 2
and activated /?-GaN. The passivation is not restored after reactivation as it was confirmed
by annealing o f a sample previously annealed at 900 °C for 8 min (p = 1.35 Q-cm). No
resistivity change was detected after subsequent annealing at 700 °C for 5 min implying
that hydrogen was removed from both / 7 -GaN and the S i0 2 capping layer.
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Fig. 3.45. Resistivity o f activated GaN:Mg samples capped with S i0 2 layer and activated in air at
different temperatures as a function o f annealing time.

On the other hand, the observed resistivity raise could be caused by oxygen
diffusion from Si0 2 into p-G aN material during annealing at elevated temperatures. The
intentional oxygen doping could produce a donor level com pensating Mg acceptors.
However, it contradicts annealing experiments with a p-G aN sample activated at 600 °C
for 2 min (p = 1.13 O-cm) and subsequently capped with a hydrogen-free Si 0 2 layer
deposited by ion beam sputtering. The results o f annealing at 600 °C are presented in Fig.
3.45 as a reference. As can be seen, resistivity o f p-G aN was unchanged during the
annealing implying no significant oxygen incorporation from Si 0 2 . Thus, the most
probable reason for the passivation observed during annealing with a PECVD Si0 2
capping layer is hydrogen unintentionally incorporated in SiC>2 during PECVD deposition.
A nother indirect confirmation o f it comes from additional experiments with p-G aN
samples partly passivated during annealing with a PECVD SiC>2 layer. These samples were
readily activated back, after the capping layer was removed, during annealing in air at 600
°C for 2 min. It also confirms hydrogen role for passivation observed during annealing
with a PECVD SiC>2 capping layer.

3.5.4 Conclusion
Thermal activation in air for MOCVD grown GaN:M g layers both uncoated and
coated with PECVD deposited Si0 2 has been systematically studied. It was found that a
PECVD Si 0 2 capping layer hinders desorption o f hydrogen from GaN and also causes
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addition passivation o f Mg acceptors during annealing. It finally results in extremely slow
activation and in resistivity increase at annealing temperatures from 400 to 700 °C. The
PECVD SiC>2 capping layer has also catastrophic effect on previously activated p-GaN
layers during annealing at temperatures higher than 600 °C. It was shown that this layer
induces significant passivation o f Mg acceptors. We believe that this passivation comes
from residual hydrogen incorporated in the SiC>2 film during PECVD deposition. The
hydrogen diffuses into p-GaN material at elevated temperatures and that results in
passivation o f Mg acceptors when the material is cooled down to room temperature.
Activation occurs through diffusion o f hydrogen from p-GaN into the SiC>2 film and
hydrogen desorption from SiC>2 surface. Thus two opposite processes, passivation with
hydrogen from SiC>2 and activation through hydrogen removal from both p-GaN and Si0 2 ,
are believed to take place under thermal annealing o f p-GaN capped with the PECVD SiC>2
layer. It restricts the use o f this capping layer for activation o f Mg acceptors in GaN. This
phenomenon should also be taken in account during processing involving high temperature
annealing o f p-type GaN layers covered with PECVD deposited Si 0 2 .
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4 ICP etching of GaN
4.1 Introduction
The group o f III-nitrides is typically resistant to etching in common compound
semiconductor wet chemical etchants due to the inert chemical nature and high bond
energies. GaN has a bond energy o f 8.92 eV/atom, InN 7.72 eV/atom, and AIN 11.52
eV/atom . 1 Therefore, almost all device patterning is accomplished by using plasma etching
technology. Four main dry techniques are employed to etch nitride materials: RIE (reactive
ion etching), ECR-RIE (electron cyclotron resonance etching), CAIBE (chemically
assisted ion beam etching), and ICP (inductively coupled plasma etching). High-density
plasma etch systems show enhanced etch results for the group III-nitrides as compared to
RIE due to the tw o-four times higher plasma density and the effective decoupling o f ion
energy and ion density. In recent years the majority o f high-density plasma etching o f IIInitrides was performed using the inductively coupled plasma etching systems due to their
superior uniformity, control, and relatively low cost.
The major development o f plasma etching o f III-nitrides is directed toward
photonic devices where high etch rate, anisotropic profile with smooth sidewalls, and
nonselective etching are required. Highly anisotropic and smooth sidewall etching is
especially important in the fabrication o f optoelectronic devices such as laser facets,
turning mirrors, and gratings. In these devices the etch depth is typically 2^1 pm and
requires high etching rates to minimize processing time. They also require low etch
selectivity between different layers so that the etching rate is not significantly affected by
any particular layer. At the same time, they require high etch selectivity between a mask
and a structure. Low selectivity may result in degradation o f anisotropy and sidewall
smoothness o f the etched facet due to the thick mask .2 In addition, the etched surfaces and
sidewalls must be free o f virtually all contamination and defects, in order to obtain ohmic
contacts with low contact resistivity.
This chapter provides an up-to-date review o f ICP etching o f III-nitrides in Clbased plasmas along with a theory associated with this etching technique. The results o f
our group on ICP etching o f Al-containing layers and a laser diode (LD) structure with
C V A r plasma are also presented and discussed. The initial aim o f the experiments was to
optimized etching conditions for laser diode fabrication. Etching o f Al-containing layers
and super-lattice (SL) GaN/AlGaN structures, even with very low A l content, had always
resulted in extremely slow etching rates and very rough etched surface and sidewalls. It
seriously hindered progress in laser diode development due to the difficulty o f forming any
proper contacts to the etched surface and due to an excessively thick mask required for
sufficient etching depth. During the experiments it was revealed that the coverplate
cathode material has a great influence on the etching o f Al-containing layers. The impact
o f different coverplates is considered and explained in section 4.5 o f this chapter. This
study has also been recently published [“Influence o f cathode material and SiCU gas on
inductively coupled plasma etching o f AlGaN layers with C^/Ar plasma” E. Zhirnov, S.
Stepanov, W. N. Wang, Y. G. Shreter, D. V. Takhin, and N. I. Bochkareva, J. Vac. Sci.
Technol. A 22, 2336 (2004).]. The results suggest that a Si wafer, located on the top o f a
quartz coverplate, greatly improves etching o f Al-containing layers in a Ch/Ar plasma and
can be recommended for laser diode fabrication. Section 4.6 o f this chapter presents the
influence o f different process parameters for this configuration, such as pressure, RF and
ICP power, on the etching o f GaN, Alo.1Gao.9N , LD structure, and selectivity o f the LD
structure to SiC>2 . The obtained data provide a wide range o f parameters where smooth
anisotropic etch profile, smooth etch surface, and high selectivity over a SiC>2 etching mask
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are easily achieved. This study has also been recently accepted for publication [“ICP
etching
of
III-nitride
based
laser
structure
with
CVAr
plasma assisted by Si coverplate material” E. Zhirnov, S. Stepanov, W. N. Wang, A. Gott,
Y. G. Shreter, D. V. Takhin, and N. I. Bochkareva, J. Vac. Sci. Technol. A 23, XXX
(2005).]. In addition, section 4.4 o f this chapter presents a study o f selective etching o f
Si 0 2 over a photoresist mask using RIE CH F 3 plasma. The aim o f these experiments was
to develop a process for fabrication o f a smooth anisotropic mask profile required for
etching o f a GaN-based laser structure.

4.2 ICP-RIE theory
Etching is the most crucial step in a lithography process. Isotropic etching involves
neutral species and generally proceeds to etch laterally and vertically in regions defined by
mask. Thus, the dimensions o f desired features can be significantly changed. Furthermore,
this etching cannot be applied for some processes, such as laser facets formation, where
anisotropic profile o f sidewalls is required. On the other hand, anisotropic directional
etching involves charged species and can achieve almost perfect reproduction o f the mask
with nearly anisotropic sidewalls. There are two main types o f the etching used in
lithography processing. W et etching is a typical isotropic process em ploying a purely
chemical mechanism. This etching tends to be highly selective for the correct choice o f
etchants and produces low damage o f the etch surface. In contrast, plasm a etching can
produce an almost anisotropic profile. The disadvantages o f the plasm a etching are low
selectivity, increased mask erosion, radiation damage, and poor control over process
parameters such as ion flux, which affect etch process reproducibility . 3
A plasma may be described as a conductive ‘g as’ with equal densities o f
positively and negatively charged particles. It can be created by generating a strong electric
field between oppositely charged plates induced by coupling, through an impedance
matching network, RF power to a gas at very low pressure. There is always a possibility o f
ionization o f some gas atoms and molecules between the plates caused by cosmic rays, yrays and the like. The electrons arising from this ionization can be accelerated to high
enough energies within an electric field to strip electrons from neutral atoms and molecules
by collusions. At high frequencies, the electrons oscillate rapidly causing frequent
collisions and converting most o f the energy received into kinetic energy . 4 As a result, both
neutral reactive radicals and ions are generated in the excited gas. However plasm a radical
etching generally produces isotropic features. Placing the electrodes inside the discharge in
a parallel configuration provides ion directionality and etch anisotropy. Generally, wafers
are located on a lower electrode (Fig. 4.1).
In this configuration, the wafers are exposed
RF
to low energy (100-400 eV) ions and free
radical
bombardment.
Additionally,
photons, electrons, and X-rays also strike
the wafers. In a plasma etcher, low
pressures are necessary to prevent ion and
radical
collisional
deactivation.
For
instance, the lifetime o f F* radicals at low
pressure is as long as 1 sec and the mean
free path is a few centimeters which is
sufficient to diffuse to the wafers. Although
the lifetime for CF 3 + ions is only - 1 0 psec,
Fig. 4.1. Planar reactor with a wafer on the lower
these ions are accelerated to strike the
electrode.
wafers by electric fields.
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If ions are not chemically reactive, such as argon, only physical sputtering or ion
beam dam age occurs (ion milling or sputter etching). This sputtering occurs through the
formation o f volatile or sublimed products w ithout change in the chemical structure o f the
film. If the ions are chemically reactive, such as chlorine-based or fluorine-based, the
sputtering takes place via the formation o f new chemical compounds under the influence o f
gaseous ion bombardm ent (reactive ion etching (RIE), reactive sputter etching, reactive ion
beam etching). Chemically reactive ions, physical ions, and neutral reactive radicals
contribute to the etching in this case. Thus, etch rates in RIE are orders o f magnitude
greater than sputter etch rates. It may also lead to the increased selectivity to mask material
(photoresist, Si3 N 4, SiC>2 , etc.) if these materials are inert to plasm a chemistry.

4.2.1 RIE system
A simplified RIE reactor is presented in Fig. 4.2. The average speed o f electrons in
a generated plasma is enormous compared to that o f ions due to both the high temperature
and low mass o f the electrons. This results in the slight positive charge o f the plasma due
to the loss o f electrons
to the chamber sidewalls and cathode. The potential o f the plasma
( Vp)
with respect to the cham ber
(grounded electrode) depends on the chamber
construction and the etching conditions and
is typically equal to +(10-30) V. The
induced electric field attracts the electrons
back to the plasma. The lack o f electrons in
the space between the plasma and the
cii:
cham ber and cathode leads to the decrease
o f excitation, followed by relaxation and
RF
photon emission, and results in “a dark
g e n e ra to r
Matching
region”. This region is referred to as an ion
sheath. The thickness o f the ion sheath is a
w
— 2!-------function o f the ion density in the plasma and
o f the voltage applied between the cathode
and a grounded electrode. However, large
Fig. 4.2. The simplified RIE reactor.
variations in the applied voltage do not
change the ion sheath significantly.
In the equivalent circuit model the ion sheath may be replaced by a capacitor . 5
Thus, two main capacitors are presented in the circuit (C\ - sheath between the plasma and
the cathode, and Ci - sheath between the plasma and the grounded electrode). As can be
seen in Fig. 4.2, the area o f the cathode is much less than that o f the grounded electrode.
This results in C\ being much less than C2 '.
c =

£0

S
d

£ ‘S

[4.1]

dielectric constant o f the sheath (so - for vacuum)
the area o f the sheath (*S'/<*S^)
sheath thickness

-

Thus, the applied RF voltage is capacitively divided between the two sheaths (V\ - voltage
on the plasm a-cathode sheath, and V2 - voltage on the plasm a-grounded electrode sheath):
V, _ C 2 _
c,

S,

[4.2]
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The space-charge-limited current density determined by Child-Langm uir’s law without
collisions is expressed by Eq. 4.3 below. The ion current density is also described by Eq.
4.4 based on the Bohm criterion . 6 Accordingly, assuming that these values are equal at a
sheath boundary, the d value may be obtained using Eq. 4.5 below . 5

[4.3]

9 °l

[4.4]

J* =0.61eM

[4.5]
(e k T J
e
M
N
k
Te

-

electric charge o f an electron
ion mass
electron density
Boltzm ann’s constant
electron temperature o f plasma

Combining Eq. 4.2 and Eq. 4.5 gives Eq. 4.6:
[4.6]
\ S\ J
Thus, almost all the RF voltage drops in the cathode sheath. The cathode is
capacitively separated from the RF generator through a matching network. The purpose o f
this network is to increase the pow er dissipation in a discharge by adjusting the actual
impedance to the output impedance o f a RF generator (usually 50 f2), and, hence, to
protect the generator. W hen the RF voltage is applied between the cathode and grounded
electrode, and discharge is initiated, the cathode (and wafers on the top o f it accordingly)
collects a net negative charge during the first RF cycles due to the much higher speed o f
electrons. The collected negative charge repels the plasma electrons from the surface, i.e.,
the electron current during each following RF cycle is lower than the previous one. On the
other hand, this charge attracts ions and there is an increased ion current. After 2 -3 ps 7 o f
discharge the electron current to the cathode becomes equal to the ion current during one
RF cycle.The established negative potential o f the cathode (dc-bias Vdc) is shown in Fig.
4.3. As can be seen, the RF potential o f the cathode ( V r f ) is only positive in section (1-2),
which corresponds to the electron current to
the surface. In section (2 -3 ) it is negative
and corresponds to the ion current. The dcbias voltage is usually either measured
directly or inferred from the RF voltage
amplitude. The potential o f the plasm a (V r)
Vdc
is also schematically shown in Fig. 4.3. As
Vrf
can be seen, it correlates with the cathode
RF voltage. It is higher at the positive
potential o f the cathode due to the loss o f
the electrons from the plasma. Accordingly,
Fig. 4.3. Cathode voltage waveform with respect
it is low er at the negative potential due to
to the grounded electrode (chamber).
the preferential loss o f ions.
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The frequency o f the RF signal has a very important meaning for the ion energy
distribution. If the ion transit time through the plasma sheath is large com pared to the time
o f one RF cycle (high RF frequency), the majority o f the ions entering this sheath arrive at
the sample surface with energy corresponding to the plasm a potential minus the dc-bias.
Elon= e(VP - V ocy

[4.7]

If the ion transit time is short with respect to one RF cycle (low RF frequency), each ion
arrives at the surface with its own energy corresponding to the sheath potential at the
moment when the ion enters the sheath. It results in the wide distribution o f the ion energy.
The frequency corresponding to the uniform distribution o f the ions depends on etching
conditions and cham ber geometry. However, the results obtained by Sobolewski et al.
may be taken as a basis. They found that the ion energy distribution at around 1 M Hz was
wide, while at 1 0 MHz the ions bom barded the surface with energies close to e(Vp -V o c )•
In a plasma reactor, the etching rate is controlled by three factors: neutral atom
(molecule) and free radical concentration, ion concentration, and energy o f ions. The ion
and radical concentration control the reaction rate, while the ion energy provides the
necessary activation and controls the degree o f anisotropy. The neutrals (the radicals and
the neutral atoms (molecules)) strike the surface at random angles at pressures o f > 1
mTorr. If an anisotropic profile is required, positive ions must be created at low pressure
(<10 mTorr) to strike the surface at normal incidence [Fig. 4.4(a)]. Higher pressures (>10
mTorr) result in a shortened mean free path o f the ions and lead to an isotropic profile due
to collisions o f the ions and the neutrals in the sheath region [Fig. 4.4(b)].
The applied RF power is dissipated in RIE system by several m echanism s : 9 by
stochastic electron heating, where the electrons are accelerated by reflection from the
sheath; by ion acceleration across the sheath; and by the acceleration o f secondary
electrons emitted from the cathode surface. The latter is small if the energy o f ions is less
than 200 eV. The dominant mechanism in capacitive RIE discharges is the stochastic
heating. The plasma density for RIE systems is in the range o f 1014—10 15 m '3. It results in
the ion flux to the cathode in the range o f 0.1-1 A m '2.

P

P

0

©

0

J®

J®

a)

b)

Fig. 4.4. (a) Positive charged ions strike surface at normal incidence at <10 mTorr pressures,
(b) Neutrals and ions start to collide at >10 mTorr pressures.

4.2.2 ICP-RIE system
The ICP-RIE etching system, generally called an ICP system, has been introduced
for plasma processing fairly recently (1991-1995). The main advantages o f this technique
compared to conventional RIE systems are the independent control o f the ion energy and
plasm a density (concentration o f ions, electrons, and reactive radicals) and a much higher
plasm a density (1016—10 17 m ' 3 com pared to 1014—1015 m ' 3 for RIE). It results in higher
etching rates, improved profile control, improved uniformity, greatly increased selectivity,
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and low radiation damage o f the etch surface. The ICP system combines both the
capacitive (RIE) and inductive components (ICP plasma source) o f the RF energy coupling
mechanism. The inductive coupling via a strong magnetic field causes a high degree o f
ionization w ithin the plasma. However, if the degree o f ionization (ICP power) is not high
enough, this mechanism is limited and the majority o f the energy is transferred via a
capacitive m echanism . 10 It is only when the plasm a becom es highly inductively coupled
that the density o f the plasma is mainly defined by the ICP source power and relatively
independent o f the RIE power.
ICP systems can be classified according to the coupling o f an ICP plasma source to
a process chamber: with a remote ICP source, with a plasm a transport ICP source, and with
a close-coupled ICP source. The remote ICP source [Fig. 4.5(b)] is characterized by it
having sufficient time and space to thermalize the species by mutual collisions after the
initial excitation. The etching process is mainly prom oted by long-lived radicals and
energetic metastables from the remote source. Both the ion density near the cathode sheath
and the ion energy are determined by the RIE power. The plasma transport ICP source also
has a physical separation between a high density plasma and a workplace. However, it is
designed to bring charged particles (ions and electrons) to the workplace. The closecoupled ICP source [Fig. 4.5(a)] maximizes the fraction o f the charged particles which can
arrive to the wafer. Thus, the ion density near the cathode sheath is mainly defined by the
ICP power, while the RIE power controls the ion energy. The ICP source chambers tend to
be squat cylinders, to make the curved wall a small part o f the total surface. However, this
construction results in poor uniformity o f the ion flux. For instance, the zone with ±5%
etching uniform ity for a 180 mm ICP source is only equal to 100 mm. It may be improved
by spacing the source further away, but this results in a loss o f ion species. The closecoupled ICP is probably the most promising system due to the independent control o f the
ion density and ion energy. The plasma source increases the ion flux to the surface to
around 10 A m ' 2 compared to 0.1-1 A m ' 2 in the RIE system. Thus, the majority o f the RIE
pow er is dissipated by positive ion bombardm ent (Eq. 4.8) and an increase o f the ICP
power (ion density) leads to a fall in dc-bias at fixed RIE power.
RIE pow er = (Ion flu x to substrate) x (Ion energy)

[4.8]
RF
generator

RF
generator

Matching
network

Matching
network

RF
generator

RF
generator
Matching
network

a)

Matching
network

b)

Fig. 4.5. ICP-RIE systems with (a) close-coupled ICP source and with (b) remote ICP source.

In a conventional RIE system the plasm a density is limited by the capacitive
method o f RF energy coupling. The efficiency o f this coupling becom es especially low at
reduced pressures. Thus, the plasma density and etching rates also become lower. In
contrast, the inductive coupling method utilized in the ICP plasma source becomes more
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effective at lower pressures due to much higher ionization efficiency. A higher pressure in
an ICP source leads to a lower plasma density due to increased ion and radical collisional
deactivation. Thus, low pressure (1 -1 0 mTorr) may be used in the ICP systems. This also
results in longer mean free path o f ions and more anisotropic etching.

4.3 A review of ICP etching of III-nitrides in Cl-based plasmas
Cl-based plasmas are commonly used for
dry etching o f III-nitride semiconductors due to
low etch damage, high etch rate and superior
uniformity. For Ga- and Al-containing films,
chlorine-based plasmas typically yield fast rates
with anisotropic, smooth etch profiles due to the
high volatility o f possible etch products. The
boiling points for III-nitride etch products in
different plasma chemistries are presented in Table
4-1. As can be seen, the chlorine-based plasmas
form GaCb, AICI3, and NCI3, which are volatile at
201, 183, and 71 °C, respectively. For Incontaining layers, etching rates obtained at room
temperature tend to be slow with a rough surface
due to the low volatility o f InCb etch products (600
°C) and the preferential loss o f group-V species . 11
However, under high plasma flux conditions, the
InCb etch products are sputtered away before they
can passivate the surface resulting in improved etch
rates and surface morphology . 12 Also, at elevated
substrate temperatures (>130 °C), the volatility o f
the InCh etch products increases thus improving
etching results. 1 ’ 1 4 ,1 5 ,16

T able 4-1. Boiling points for possible etch
products o f III-nitrides etched in halogenor CHVth-based plasmas.
Boiling Points
(°C)

E tch p roducts

183
na
360
263
126
201
1000
sublimates 345
279
56
600
>1200
na
sublimates
134
<71
-129
na
explodes
-33
-196
-33

AIClj
A1F3
a ii3
AlBr3
(CH3)3A1
GaCl3
GaF3
Gal3
GaBr3
(CH3)3Ga
InCl3
InF3
Inl3
InBr3
(CH3)3In
NC13
n f3
NBr3
n i3
nh3
n2
(CH3)3N

4.3.1 Cl2/Ar plasma
Cl2/Ar mixing ratio, gas flow
Cl2/Ar plasma is the most commonly used plasma chemistry. Typically Ar is added
to a gas flow to facilitate plasma ignition 17
and to enhance the physical components o f
etching . 18 Shul et a l } 9 reported GaN, AIN,
and InN etching rates as a function o f %Ar
in ICP-generated Cl2/Ar plasma. As can be
seen in Fig. 4.6, GaN and AIN etching rates
decreased with increasing Ar concentration,
which was attributed to less available
1000
reactive Cl. A similar tendency for GaN
etching rates was also reported by Kim et
al. and Shul et al. On the contrary, the
& Ar Concentration in CL/Ar Plasma
_ .. T
, •
,
. , .
T
InN etching rate increased with increasing

Fig. 4.6. GaN, InN, and AIN etch rates as a
function o f %Ar in Cl2/A r ICP plasma (25 seem
total gas flow, 25 °C temperature, 2 m Torr
pressure, 500 W ICP power, -250 V dc-bias),
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.

.•

•
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•

.,
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,

,

the Ar concentration implying that physical
sputtering was a major contributor to the
etching mechanism. It is probably a
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consequence o f the low volatility o f InC^ etch products formed at room temperature as
mentioned above. A t the same time Smith et al.22 and Khan et al. observed that a gas
mixture composition with 40-100% o f CI2 in a CL/Ar plasma and a total gas flow rate
within 10-60 seem had no significant impact on the etching rates o f GaN, AlGaN, and AIN
at a fixed dc-bias o f -150 V, ICP power o f 500 W, and 5 mTorr process pressure. The
conflicting results o f these groups could be caused by different methods o f dc-bias
measurements or by different constructions o f the process chamber.
The ion current density and relative Cl radical intensity as a function o f Ar
concentration in ICP-generated CE/Ar plasma were monitored by Kim et al. using
Langmuir probe measurements and optical emission spectroscopy (OES), respectively. As
can be seen in Fig. 4.7, the addition o f Ar to CI2 plasma monotonically increased the ion
density. The reason is probably thelower ionization energy o f Ar in comparison with that
o f CI2.23 On theother hand, therelative Cl radical intensity gradually decreased as %Ar
increased from 20 to 100%. These results,
Q
O
■s
in conjunction with the III-nitride etching
to
rates, confirm that a chemical component o f
a
etching plays a significant role for GaN and
19
Al(Ga)N layers, while for InN layers a
•a
physical component is more essential.
B
Hahn et al.24 investigated the
90
4S
influence o f %Cfe in a CE/Ar plasma on
«
surface roughness during ICP etching o f
39
InGaN/GaN multiple-quantum-well (MQW)
0
2D
CD
CO V O
LED structures. The etching rate and RMS
surface roughness as a function o f CI2
Ar/fAr+Cy (%)
concentration are presented in Fig. 4.8. As
Fig. 4.7. Ion current density and relative Cl
can be seen, the etching rate increased with
radical intensity in Cl2/A r ICP plasm a as a
function o f %Ar (10 m Torr pressure, 400 W ICP
increasing CI2 concentration because o f the
power, 25 °C temperature, -120 V dc-bias).
increased number o f chlorine radicals,
which is consistent with the abovementioned data. The etched surface o f GaN
5000
E
showed the worst roughening under low
chlorine percentage conditions (<25% CI2),
4 jg
S
but was relatively insensitive to plasma
700 W ICP, -140 V dc bias
I
chemistry up to 75%, and slightly increased
10 mTorr
3000
a
at >75%. Cho et al.25 reported similar
w
results and attributed them to the
2000
preferential
sputtering o f N atoms in Ar-rich
100
discharges. The improved morphology in
a 2(%)
Cl2-rich plasma was suggested to be due to
Fig. 4.8. Effect o f %C12 in Cl2/A r ICP plasma on
the formation o f volatile group III-chlorides
etch rate and surface roughness o f InGaN/GaN
that led to less disparate rate removal o f Ga
M QW LED (700 W ICP power, -140 V dc-bias,
and N from the surface.
10 mTorr pressure, 40 seem total gas flow).

J

Process pressure
Khan et al. investigated GaN and Alo.1Gao.9N etching rates as a function o f
chamber pressure in CL/Ar ICP-generated plasma. The optimal process pressure,
corresponding to the highest etching rates, was found to be dependent on both ICP power
and cathode dc-bias voltage. Keeping the ICP power at 500 W, as the dc-bias voltage was
decreased from -150 to -300 V, the optimal pressure increased from 3 to 5 mTorr, as

69

Chapter 4. ICP etching of GaN
room
300 ■
400 -150 V

■
t£
a

GaN

UJ

* Wo

GaN

% u P lu p

6

4

2

(a)

a

12

10

Chamber Pressure (mT)

4

(b)

6

e

10

Chamber Pressure (mT)

Fig. 4.9. (a) Etch rates as a function o f chamber pressure for dc-bias voltage o f -150 and -300 V (500 W
ICP power, 25/5 seem Cl2/A r gas flow rate), (b) Etch rates as a function o f chamber pressure for ICP
power o f 500 and 700 W (-300 V dc-bias voltage, 25/5 seem Cl2/A r gas flow rate).

shown in Fig. 4.9(a). Similarly, keeping the dc-bias voltage value at -300 V, as ICP power
was increased from 500 to 700 W, the optimal etching pressure increased from 5 to 7
mTorr, as shown in Fig. 4.9(b). The drop in the etching rates at high pressures was
probably caused by the increased collision frequency o f ions, resulting in a decrease o f
plasm a density. The drop in the etching rates at low pressures for the higher ICP pow er and
the higher dc-bias voltage could be due to a reactant limited regime at these etching
conditions.
The im pact o f process pressure on the density o f an ICP-generated plasma can be
26
understood from the study o f Sheu et al. The authors fixed the RF power at 100 W
instead o f the dc-bias and observed an
300
5500
enhancement in the voltage with increasing
5000
pressure, as shown in Fig. 4.10. At the fixed
250
.£
RF pow er this behavior suggests a decrease
4500
in the plasm a density, probably due to
200
increased collisional recombination at
| 4000
higher
pressures. The etching rate o f GaN
150
le 3500
increased with increasing pressure from 2 to
7
mTorr, due to both higher ion
100
3000
bombardm ent energies (higher dc-bias) and
a reactant limited regime at low pressures.
2500
0
2
4
6
8
10 12
The etching rate reached a maximum at 7
Pressure ( mtorr)
m Torr and subsequently decreased at
Fig. 4.10. Etch rate o f GaN and dc-bias in Cl2/Ar
pressures higher than 10 mTorr, which was
plasma as a function o f pressure (600 W ICP
attributed to lowering plasma density and
power, 100 W RF power; 12/8 seem Cl2 /Ar).
increasing polym er deposition. It could also
5000
15
be caused by a reduced mean free path o f
ions in the sheath region and the removal o f
-E 4000active chlorine species from the surface at
10
higher dc-bias voltage before they could
SD
Z!
« 3000'
1,27
react.
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Fig. 4.11. Effect o f process pressure on etch rate
and surface roughness o f InGaN/GaN MQW LED
(700 W ICP power, -140 V dc-bias voltage, 20/20
seem CL/Ar gas flow rate).

Hahn et al. investigated the effect o f
process pressure on etching rate and RMS
roughness
during
ICP
etching
of
InGaN/GaN M QW LED structures in
C b/A r plasma. Significant roughening o f
the surface was observed at pressures
higher than 20 mTorr, as shown in Fig.
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4.11. The reason could be polymer deposition and the poor desorption o f etch products at
high pressures. The etching rate behavior is consistent with the above-mentioned
dependences.

DC-bias/RF power
Figure 4.12(a) presents GaN and Al^Ga^N etching rates as a function o f dc-bias
voltage, defined by RF power in ICP systems. A s can be seen, the etching rates o f all
layers increased monotonically with increasing dc-bias due to enhanced ion bombardment.
A similar dependence was reported for In-containing layers and was attributed to efficient
sputter desorption o f low volatile InCb
g products prior to passivation o f the etched
surface .28 However, the rise in etching rates
600
was found to decline gradually and to
600 <
saturate at some point. These findings are
400«
consistent with the results reported by other
01 0Q
research groups. ’
Smith et al. reported
^ 300that a plateau occurred for all materials at a
|
dc-bias value higher than 250 V. This
® 100 behavior was ascribed to the ion-enhanced
removal o f active chlorine species from the
0
50
100 1S0 200 250 300
semiconductor surface before they could
(a)
Bias Voltag* (-V)
react. The particular value o f saturating ion
energy probably depends on the ion flux to
000
the surface. As can be seen in Fig. 4.12(b),
500
the etching rates decreased as the value o f x
•250 V
c
increased from GaN to AIN. This behavior
400.
-150 V
was attributed to an increase in bond energy
o f A l/jai-xN with increasing x value (8.92
-100 V
eV/atom for GaN and 11.52 eW atom for
AIN). The threshold ion energies, below
which etching rates are negligible, were also
0.2
0.4
0.0
0.6
0.6
1.0
found to increase with A l content. Similar
<b)
Fraction of x In AI^Ga^N
results were reported by Smith et al. The
authors estimated the threshold dc-bias
Fig. 4.12. (a) Etch rates as a function o f dc-bias
voltages to be less than -20 V for GaN, less
voltage, (b) Etch rate as a function o f x in AlxGai_
than -40 V for Alo.28Gao.72N, and between XN (500 W ICP power, 5 mTorr pressure, 25/5
50 and -150 V for AIN.
seem Cl2/A r gas flow rate ) . 2
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700 WICF, 10 mTorr
20 Ar/20 Cl,
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Fig. 4.13. Effect o f dc-bias on etch rate and
surface roughness o f InGaN/GaN M QW LED
(700 W ICP, 10 m Torr pressure, 20/20 seem
Cl2/Ar).

Hahn et a l investigated the effect
o f dc-bias on etching rate and RMS
roughness
during
ICP
etching
of
InGaN/GaN MQW LED structures. The
etching rate and the surface roughness
increased with increasing ion energy as
shown in Fig. 4.13. SEM analysis showed
that etch depth profile became more
anisotropic as the dc-bias increased due to
the perpendicular nature o f incident ion
energies. Similar results were observed for
TO
GaN by Cho et a l and Cho et a l and were
attributed to the preferential sputtering o f
nitrogen above a threshold ion energy.
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IC P p ow er
Figure 4.14 presents GaN, Alo.2sGao.72N, and A IN etching rates as a function o f ICP
power. As can be seen, the etching rates increased rapidly from 100 to 500 W due to
increasing ion flux and chlorine radical density. Above 500 W the rate o f increase was
slightly attenuated, although no maximum was reached. This was probably caused by ionassisted desorption o f the reactive species from the surface prior to etch reactions. A
similar dependence was reported for In-containing layers and was attributed to the efficient
sputtering o f low volatile InCb etch products, which normally retard further etching. As
can also be seen in Fig. 4.14, the etching rates o f Al-containing layers were low er than that
o f GaN. Khan et al. investigated AhGaj.^N
AIN
etching rates as a function o f x for ICP
AIGaN
~^~GaN
powers o f 300, 500, and 800 W (Fig. 4.15).
*
As in the case o f dc-bias, the etching rates
I
were found to be reduced as the value o f x
increased from GaN to AIN. This was also
1
attributed to the increase in bond energy o f
JS
u■i:
AfGai-xN layers with higher Al content.
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Fig. 4.14. Etch rates o f GaN, Alo.2 8 Gao.7 2 N, and
AIN as a function o f ICP power (-150 V dc-bias, 5
mTorr pressure, 20/5 seem Cl2/Ar gas flow rate).
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Fig. 4.15. Etch rate as a function o f fraction o f x
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Fig. 4.16. Effect o f ICP power on etch rate and
surface roughness o f InGaN/GaN MQW LED (140 V dc-bias, 10 mTorr pressure, 20/20 seem
CL/Ar gas flow rate).

The III-nitride etching rate behavior
as a function o f ICP pow er is fairly
different at fixed RF power instead o f dcbias. Several research groups have observed
an initial increase in the etching rates with
increasing ICP power, followed by a
plateau and a subsequent decrease at source
pow er higher than 500-600 W.21' 26' 28> 2 9 ' 3 0
It is well known that an increase in ion
current density, defined by the ICP power
in close-coupled systems, results in a
decrease in dc-bias voltage at fixed RF
power. As a result, the dc-bias is gradually
reduced with increasing ICP power. The
observed behavior suggests that the etching
was reaction limited for low ICP power,
i.e., the etching rates increased with
increasing ion density, irrespective o f the
decrease o f ion energy. However, for ICP
pow er above 500-600 W, the etching
behavior appeared to no longer be reaction
limited and the etching rates decreased due
to reduced ion bombardment. Furthermore,
high ion flux could induce desorption o f
reactive species from the surface prior to
etch reactions.
Hahn et al. investigated the effect o f
ICP pow er on etching rate and RMS
roughness
during
ICP
etching
of
InGaN/GaN MQW LED structures. The
etching rates and the surface roughness
increased with increasing ICP power, as
shown in Fig. 4.16.
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BC1 3 a d d itio n
Figure 4.17 shows GaN, AIN, InN etching rates, and dc-bias voltage as a function
o f CI2 concentration in B C ^/C h/A r ICP-generated plasma. As can be seen, the dc-bias
initially increased as CI2 was added to the B C b/A r plasma and then decreased at higher CI2
concentrations. At fixed RF and ICP power, this behavior suggests a higher ion density
generated in C ^-based plasmas compared to BCb-based plasmas. Optical emission
spectroscopy (OES) analysis revealed that Cl+ and Cl° emission intensities were maximal
at 80% CI2 . Higher intensities compared to pure CE/Ar plasma were probably caused by a
catalytic role o f BCI3 on CI2 dissociation under plasm a discharge. M alyshev et a l } ] found
that small am ount o f BCI3 , added to CI2 ICP plasma, increased the percent dissociation o f
CI2 due to a passivation o f process chamber walls by absorbed BC1Xand, hence, a lowering
o f 2C1—>Cl2 recom bination rate on the walls. Similar to plasma density, the GaN etching
rate increased with increasing CI2 concentration up to 80% due to increasing a number o f
ions and reactive Cl radicals, regardless the decreasing ion energy. Alternatively, the InN
and AIN etching rates were found to be less dependent on the CI2 concentration and were
fairly com parable in CI2 - and BCh-rich plasmas. The InN etching rate initially increased
with the CI2 concentration and then decreased above 2 0 % CI2 , similar to dc-bias voltage.
The AIN etching rate increased up to 40% CI2 concentration and then remained relatively
constant. Slower AIN and InN etching rates at CI2 concentration higher than 50%,
compared to GaN, were attributed to
320
stronger bond energy for AIN and the low
volatility
of
InC b
etch
products,
300
GaN
respectively. In B C h-rich plasmas the
1
etching rates were relatively equal. A
260
similar impact o f BCI 3 addition to Cfe/Ar
2
InN
ICP plasma for GaN etching was reported in
the review o f Pearton et al. The fastest GaN
220
etching rate was observed at 80% CI2 where
the ion current density and Cl radical
0
20
40
100
80
density were the greatest as measured by
%CL concentration in BCI./CI, Plasma
OES and a Langm uir probe. It was also
mentioned that InN and AIN etching rates
Fig. 4.17. GaN, InN, and AIN etch rates as a
showed much less dependence on plasma
function o f %C12 in BCl 3 /Cl2/Ar ICP plasma (2
chemistry
and were fairly comparable in
mTorr pressure, 40 seem (BC13 +C12), 5 seem Ar,
CI2 - and B C b-based plasmas. Remashan et
500 W ICP power, 125 W RF power, 25°C
cathode temperature).
a l} 2 also observed a sim ilar trend for GaN
in BCI3 /CI2 ICP-generated plasma.
The addition o f BCI 3 to CI2 plasma is also useful for the etching o f Al-containing
layers due to ability o f BCI 3 to scavenge oxygen in a process cham ber and prevent it from
interfering with AlGaN etching with the formation o f aluminum oxides . 3 3 Furthermore,
BCI3 can improve the sputter desorption o f etch products due to its heavy ions. Wu et al.
investigated the influence o f BCI3 added to CI2 ICP plasm a on the etching o f
Alo.2 8 Gao.7 2 N /G aN heterostructure films. The etch conditions were: 15 seem H 2 / 6 O seem
CI2 , 15 seem Ar/60 seem CI2 , and 36 seem BCI3 / 6 seem CI2 , all at a cham ber pressure o f 20
mTorr. The RF pow er was adjusted in the range from 80 to 120 W to maintain a constant
dc-bias o f -350 V. Auger electron spectroscopy (AES) analysis was employed to
investigate surface stoichiometry modifications and to give a depth profile o f the etched
AlGaN/GaN heterostructure. The results are presented in Fig. 4.18. As can be seen, the
atomic fraction o f oxygen at the surface o f the sample etched in BCI 3 /CI 2 plasmas was
13%, which is significantly lower than 32% and 24% for the samples etched in H 2 /CI2 and
A r/Cb plasmas, respectively. Furthermore, atomic force microscope (AFM) analysis
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revealed that, for BCI3 /CI2 etched samples, ultra-smooth etched surface was achieved
(RM S roughness o f 0.851 nm). On the contrary, H 2 /CI 2 and A r/C h plasmas produced
significant surface roughening (26.904 nm and 22.705 nm, respectively). The predominant
factor affecting the etching was suggested to
35
' T ' 11
t
1
— 1— r - ' ■
be the selfmasking effect o f in-situ—■— a Ich ed un d er HJC\2
2 - 30
— 0— 0Ic h e d u n d er Ar/CI2
produced aluminum oxides on the surface o f
* 0Ic h e d u n d er BCI^CIj
25
the top AlGaN layer. The decrease in both
RMS roughness and oxygen fraction at the
20
surface using B CI3/CI2 plasma probably
implies that oxygen preferably reacted with
V
1 15
3 10
\ 4
B C I3 to form B3CI3O3 trimers, a chemically
inert gas which can be easily pumped out
from
the system . 3 4 Thus, the authors
2
4
6
8
10
12
14
16
concluded
that B CI3/CI2 plasmas eliminate
Sputter Depth (nm)
the formation o f aluminum oxides by
Fig. 4.18. Depth profiles o f oxygen atomic
scavenging oxygen with BCI3 and, hence,
fraction by AES analysis in AlGaN/GaN
remove
A1
more
effectively
and
heterostructures after 30-nm etching using H 2 /CI 2 ,
significantly
improve
the
etched
surface
Ar/Cl 2 and BCI3 /CI 2 plasmas.
morphology.

K
V

The pressure dependence o f GaN etching rate in B C ^/C h/A r ICP-generated plasma
is sim ilar to that in C ^/A r plasm as . 1 , 32 SEM analysis showed that the GaN etching profile
was anisotropic and smooth at pressures up to 10 mTorr, and was undercut and poorly
defined at higher pressures due to a low mean free path, collisional scattering o f the ions
and the increased lateral etching o f GaN. The behavior o f III-nitride etching rates in
BC^/Cfe/Ar ICP plasmas as a function o f either RF power (dc-bias) or ICP power is also
very sim ilar to that in C ^/A r plasmas. ' • 1 3 5
H 2 a d d itio n
The inclusion o f H 2 to C h-based plasmas is expected to increase etching rates and
also to improve surface morphology due to the removal o f nitrogen through the formation
o f more volatile N H 3 products (boiling point o f -33 °C) instead o f N CI3 (71 °C).1, 1 6 , 3 6
However, for GaAs and GaP semiconductors the addition o f H 2 to chlorine-based plasmas
typically results in reduced etching rates since H 2 acts as a scavenger o f reactive Cl,
forming HC1. Quadrupole mass spectrometry (QMS) measurements employed for ECRgenerated C h/H 2 /A r discharge showed that
the Cl concentration (indicated by m/e=2>5
peak
intensity) decreased as more than 1 0 %
4000
H 2 was added and the HC1 concentration
subsequently increased. Lee et al. also
3000
reported that OES emission o f Cl radicals
and Cl2+ ions was considerably decreased
2000
when H 2 was added to ICP-generated C h
1000
plasm a and the GaN etching rate was
slightly reduced. The authors also suggested
0
that H 2 scavenged reactive species such as
0
20
40
60
80
Cl, Cl+, and Cl 2 +. Additionally, atomic
%H, Concentration in C l,/H , Plasma
hydrogen produced in a plasma discharge
Fig 4.19. GaN, InN, and AIN etch rates as a
can diffuse into GaN and deactivate both
function o f %H 2 in Cl 2 /H2/A r ICP plasma (25
donor and acceptor shallow levels causing a
seem total gas flow, 5 seem Ar, 25 °C cathode
temperature, 2 mTorr pressure, 500 W ICP power,
lowering
of
the
free
carrier
39 40
-250 V dc-bias).
concentrations. ’
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Shul et al. investigated the influence o f H2 added to Cl2/A r ICP-generated plasma
on the etching rates o f GaN, AIN, and InN. As can be seen in Fig. 4.19, the etching rates
slightly increased as H2 was initially added and then decreased at higher concentrations.
This decrease was especially evident for GaN. Shul et al.4] also reported that the etching
rate o f GaN was maximal at the maximal concentration o f Cl2 within the range o f 10-60%
H2. Similar results for GaN were presented in the review o f Pearton et al. (maximal
etching rate at 10% H2 and a decrease at higher concentrations). Reduced rates at higher H2
concentrations were attributed to the consumption o f reactive Cl species by hydrogen. In
all probability, the InN and AIN etching rates were less dependent on the H2 concentration
due to their low er dependence on reactive Cl concentration in the plasma. The behavior o f
the GaN etching rate as a function o f pressure, RF power, or ICP pow er in Cl2/A r/H 2 ICPgenerated plasm a was found to be similar to that in C l2/A r plasmas. The authors observed
significant roughening o f the etched surface (RMS roughness o f 67 nm) at 750 W ICP
pow er and attributed it to the preferential sputtering o f N under high plasma density.
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Fig. 4.20. GaN and InN etch rates as a function of
temperature for Cl 2 /H2/Ar plasmas (22.5 seem
Cl2, 2.5 seem H2, 5 seem Ar, 500 W ICP source
power, -250 V dc-bias, 2 mTorr pressure).

The substrate temperature can affect
the desorption rates o f etch products, gassurface reaction kinetics, and the surface
m obility o f reactants. The temperature
dependence o f GaN and InN etching rates in
ICP-generated Cl2/H 2/A r plasma was
presented in the review o f Pearton et al. . As
can be seen in Fig. 4.20, the GaN etching
rate was much faster than that o f InN due to
the higher volatility o f G aC f etch products
(201 °C) compared to InCb (600 °C) and
showed little dependence on temperature. In
contrast, the InN etching rate increased at
150 °C due to the enhanced volatility o f
In C f at higher temperatures.

N 2 a d d itio n
Figure 4.21 shows the influence o f N 2 added to Cl2/A r ICP-generated plasma on the
etching rates o f GaN, AIN, and InN. As can be seen, the GaN etching rate decreased with
increasing N 2 concentration, which was attributed to less reactive Cl being available. The
InN and AIN etching rates were less dependent on reactive Cl concentration and remained
relatively constant. Similar results for GaN
5000
were presented in the review o f Pearton et
4000
al. Sheu et al. investigated and compared
ICP etching o f GaN with Cl2/A r and Cl2/N 2
plasmas at the same conditions. They found
o
that A r or N2 added to Cl2 plasma produced
*
2000
different chlorine ion densities, inducing a
1000
significant difference in the dc-bias voltage.
The authors suggested that the addition o f
0
40
20
60
80
Ar or N2 gases to a Cl2-based plasma result
9fcN, Concentration in Cl}/N, P lasm a
in the different degree o f dissociation for
Cl2, with lower plasm a density generated in
Fig. 4.21. GaN, InN, and AIN etch rates as a
Cl2/N
2. A s a result, a very different behavior
function o f %N 2 in Cl2 /N2/Ar ICP plasma (25
o f GaN etching rate as a function o f gas
seem total gas flow, 5 seem Ar, 25 °C electrode
temperature, 2 mTorr pressure, 500 W ICP
mixing ratio, pressure, RF and ICP power
power. -250 V dc-bias).
was observed in Cl2/A r and Cl2/N 2.
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O? a d d itio n
Lee et al.42 reported GaN, Ino.12 Gao.8 8 N, Alo.1Gao.9 N, and Alo.0 5 Gao.9 5 N etching rates
as a function o f O 2 added to ICP-generated CL/Ar plasma. It was found that O 2 addition
played a significant role in the enhancement o f (In)GaN/AlGaN etch selectivity. X-Ray
Photoelectron Spectroscopy (XPS) analysis showed that oxide layers were formed on the
surface as a result o f oxygen inclusion to the plasma chemistry. As can be seen in Fig.
4.22, the etching rates for all materials monotonically decreased with increasing O 2 flow
rate due to the bond strengths o f the oxides being larger than those o f the nitrides. The
enhanced selectivity o f (In)GaN over
- Y - InQaN (In*12%)
AlGaN was attributed to a fact that the bond
-B -U n d o p e d GaN
strength difference between A l- 0 (21.2
~ 0 ~ AlGaN (AI-5%)
eV/atom)
and G a-O (14.7 eV/atom) is
- A - AlGaN (Al*10%)
much larger than the difference between
ICP 1000 W. RF 100 W
A l-N (11.5 eV/atom) and G a-N (8.9
CyAr = 30/10 seem fixed
eV/atom). Lee et al. also investigated the
selectivity o f GaN and Ino.12 Gao.8 8 N over
AljcGai.jcN as a function o f RF power. As the
RF power (or dc-bias) increased, the etching
0 ? flow r a t e (s e e m )
rates also increased due to enhanced
Fig. 4.22. Etch rate o f GaN, Ino.1 2 Gao.8 8 N,
physical sputtering. As a result, the
Alo.0 5 Gao.9 5 N, and Alo.1Gao.9 N as a function o f 0 2
selectivity o f (In)GaN over A fG ai^N
flow rate in Cl2 /A r/0 2 ICP plasma (30/10 seem
subsequently decreased due to an increase
Cl2 /Ar, 10 mTorr pressure, 1000 W ICP power,
in bond breaking efficiency for A l-O .
20 °C temperature, 100 W RF power).
C H 4 a d d itio n
CFI4 is expected to increase Ill-nitride etching rates due to the formation o f more

volatile products with Ga, In, and Al compared to C ^-based plasmas (the boiling point o f
(CH3)3Ga is 55.7 °C, (CH 3)3In is 134 °C, and (CH 3 ) 3 A1 is 126 °C). But other factors such
as polym er deposition on the plasmaCl Intensity (637.5 nm)
exposed surface may reduce the final
eri
etching rate .4 3 In addition, atomic hydrogen
produced in the plasm a discharge can
diffuse into GaN and deactivate dopants.
Basak et a l 44 investigated the influence o f
CFI4 added to a C ^ /A r plasm a in a
CH intensity (431.4 nm)
a
conventional RIE system. The GaN etching
S.
rate slightly increased at 4 % C H 4 and
subsequently decreased with increasing C H 4
concentration, Alo.1 5 Gao.8 5 N etching rate
was
maximal at 10% C H 4 and then also
3000
Etoh rate of InOaN
decreased.
This was attributed to a
2600
competition between CI2 and CH4. In all
2000
probability, similar results can be expected
1600
1000
using the ICP technique.
Ul
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Fig. 4.23. Emission intensity o f (a)Cl and (b)CH,
(c) etch rate o f Ino.1 2 Gao.8 8 N as a function o f
%CH 4 (30/8/16 seem Cl2/H 2/Ar, 1000 W ICP
power, 100 W RF power, 10 mTorr pressure).

Lee et al. added CH 4 to a Cl2 /H2/Ar
ICP-generated plasm a in order to improve
etching o f In-containing compounds. Cl
radicals react with In to form nonvolatile
InCl3 products (600 °C), which often results
in a rough etched surface for structures
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containing InGaN layers. In contrast, CH-based species react with In forming volatile
(CH 3) 3ln products (134 °C). Figure 4.23 shows the plasma emission intensity o f atomic Cl
(a), CH (b), and etching rate o f Ino.12Gao.88N (c) as a function o f CH4 concentration. As can
be seen, the Cl emission intensity gradually decreased with increasing CH4 concentration,
which was attributed to reduced CI2 concentration along with the reaction o f chlorine with
atomic hydrogen derived from CH4 . On the other hand, the CH emission intensity
increased for up to 20% o f CH4 and then slightly decreased, which was attributed to
polymer formation at higher concentrations. The etching rate was closely related to the CH
intensity and was considerably enhanced at 20% CH 4 . Thereby, the authors suggested that
etching o f In-based compounds can be significantly improved by the addition o f CH4 to
Cl-based plasmas. A C V C R ^ V A r ICP-generated plasma was successfully employed for
the etching o f a GaN/InGaN MQW structure by Lee at. al.45 The authors reported that the
morphology o f the etched surface was severely degraded by residues when the structure
was etched in the absence o f CH4 . This was attributed to the micromasking effect o f InGaN
layers whereas a smooth etched surface was obtained using CH4 in the plasma chemistry.

SF6 addition
Fluorine may play an important role in the dry etching o f III-nitrides due to it
reacting with nitrogen and producing a very volatile product NF 3 with a boiling point o f 129 °C, while that o f NCI3 is 71 °C .1, 16, 6 Shul et a l investigated the influence o f SF 6
added to a CL/Ar ICP-generated plasma on the etching rates o f GaN, AIN, and InN. As can
be seen in Fig. 4.24, the GaN and InN etching rates decreased as SF 6 was added. The
authors mentioned that the reactive Cl concentration in ECR-generated CL/SF^Ar plasmas
was decreased compared to Ch/Ar plasmas
and formation o f SCI was observed. It was
suggested that a similar trend takes place in
4000
ICP systems as well. Thereby the slower
etching rates were attributed to the
consumption o f reactive Cl radicals with S.
3000
In contrast, the AIN etching rate increased
with the addition o f SF6 and reached a
1000
maximum at 20% SF6 . These results are
surprising since F is expected to react with
e
20
40
80
Al forming AIF3, which has low volatility
Concentration in CI2/SPft Plasm*
and should result in slow etching rates. The
authors attributed this phenomenon to a
Fig. 4.24. GaN, InN, and AIN etch rates as a
function o f %SF 6 in Cb/SFg/Ar ICP plasma (25
high ion flux in the ICP system. They
seem total gas flow, 5 seem Ar, 25 °C electrode
suggested that sputter desorption o f AIF3
temperature, 2 m Torr pressure, 500 W ICP power,
occurred
prior to passivation o f the surface.
-250 V dc-biasl.

4.3.2 BCI3 plasma
When boron trichloride (BCI3) is substituted for CI2 in a dry etching process, GaN
etching rates typically decrease due to the generation o f less reactive Cl, while anisotropy
increases due toincreased sputter desorption efficiency. Shul et al. observed this trend in
BCL/Ar andBCb/TH/ArICP-generated plasmas where the GaN etching rates were nearly
six times slower compared to Ck-based plasmas. In contrast, InN and AIN etching rates
were fairly comparable in both CI2 and BCI3 plasmas implying that a chemical component
o f etching was less significant for these compounds. Furthermore, BCI3 was found to be a
strong reducer o f native surface oxides on AlGaN and o f residual oxidizing agents in a
process chamber, preventing any “etch delay” effects during the etching o f these layers .47
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As a result, the etching rates o f all structure layers are nearly equal in BCI3 plasmas. This
makes BCb-based plasmas very promising for laser facet processing where low etch
selectivity between different layers is required.
A r ad d ition
Figure 4.25 shows the III-nitride etching rates and dc-bias as a function o f % BCl 3
in a ICP-generated B C h/A r plasm a . 4 8 As can be seen, the dc-bias voltage increased with
increasing BCI3 concentration, indicating a decrease in ion current density at these
conditions. Thereby, A r probably has a
8000
210
lower ionization energy than BCI3 . The InN
AIN
- • - C «N
etching rate significantly decreased at high
- A - la.N
boron trichloride concentration and was
—
UAI N
—O—dt Bit!
attributed to the build-up o f a nonvolatile
InCl3 layer under Ar-deficient conditions. A
similar behavior was observed for the other
a 2000 ■
materials at more than 15% BCI3 . However,
etching in pure Ar plasmas also produced
extremely slow etching rates due to the
220
absence o f a chemical etching component.
2(1
80
0
The behavior o f III-nitride etching rates in
P ercen t BCI 3
B C b/A r ICP plasmas as a function o f
Fig. 4.25. III-nitride etch rates and dc-bias as a
function o f %BC13 in BCl3/Ar ICP plasma (5
pressure, RF pow er (dc-bias), and ICP
mTorr pressure, 750 W ICP power, 250 W RF
pow er was found to be very similar to that
power).
in C h/A r plasm as . 4 8 , 4 9
N? ad d ition
Shul et al. investigated the influence o f N 2 added to a B C ^/A r ICP-generated
plasma on etching rates o f GaN, AIN, and InN. As can be seen in Fig. 4.26, the etching
rates increased as N 2 was added up to 40% and then decreased at higher concentrations. It
was suggested that N 2 enhanced the dissociation o f BCI3 resulting in higher concentrations
o f reactive Cl radicals and C l+ ions and,
4000
hence, in higher etching rates. A similar
3500
trend was reported by Ren et al . 5 0 , 51 during
3000
ECR etching o f In-containing materials.
They
observed peak etching rates at 25% N 2
5
2500
in BCI3 /N 2 plasmas. Optical emission
v 2000
spectroscopy also showed the maximum
jj
1500
emission intensity for atomic and molecular
iS 1000
Cl at 25% N 2 . Correspondingly, the BC1
500
intensity decreased and a BN emission line
appeared. A sim ilar dependence for the
0
20
60
80
GaN etching rate was recently reported by
%N2 Concentration in BCf/Nj Plasma
Oh et al.52 The authors also observed an
increase in the Cl radical emission with the
Fig. 4.26. GaN, InN, and AIN etch rates as a
addition o f 40% N 2 . However, they
function o f %N 2 in BCl3 /N2/Ar ICP plasma (25
seem total gas flow, 5 seem Ar, 25 °C electrode
attributed this increase to the reduction o f
temperature, 2 mTorr pressure, 500 W ICP
the recom bination probability between B
power, -250 V dc-bias).
and Cl rather than BN formation.
S F 6 ad d itio n
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Shul et al. investigated the influence o f SF 6 added to a B C V A r ICP-generated
plasma on the etching rates o f GaN, AIN, and InN. As can be seen in Fig. 4.27, the etching
rates increased by up to 2 0 % SF 6 and then
decreased sharply at higher concentrations.
Quadrupole mass spectroscopy showed that
the reactive Cl concentration (m!e= 35)
initially increased as SF 6 was added to the
plasma and then decreased at SF 6
concentrations higher than 20%. Thus the
authors suggested that SF 6 enhanced the
dissociation o f BCI3 resulting in higher
concentrations o f reactive Cl and, hence,
20
0
40
faster etching rates. However, at more than
100
%SF Concentration in BC1./SF
Plasma
20% SF6, S probably consumed Cl radicals,
3
6
as indicated by the formation o f SCI, which
Fig. 4.27. GaN, InN, and AIN etch as a function
resulted
in a decrease o f the etching rates.
o f %SF6 in B C h/SF^A r ICP plasma (25 seem
Oh et al. also reported maximal etching rate
total gas flow, 5 seem Ar, 25 °C electrode
temperature, 2 mTorr pressure, 500 W ICP
for GaN at 20% SF 6 accompanied by an
power, -250 V dc-bias).
increase in Cl radical intensity.

4

<»

C H 4 ad d ition
Lee et al.53 investigated the influence o f CH 4 added to a B C V ^ / A r ICP-generated
plasma on GaN etching rate and etched sidewall verticality. As can be seen in Fig. 4.28,
the etching rate continuously decreased. On
the contrary, the mesa sidewall angle
200
increased with the addition o f up to 1 0 %
C H 4. This was attributed to the erosion o f
m
the Ni mask edges with no C H 4 due to
*Sr 60strong physical sputtering and deposition o f
05
5
polymerized C - H species with C H 4, which
protected the mask. The authors also
Antf*.
Etch r a b («OWJOOV>
100
noticed that the etched surface became grey
colored after the etching with CH 4 and
recovered its original color after an O 2
Fig. 4.28. Effects o f C H4 addition on GaN etch
plasma ashing process. This was attributed
rate and sidewall verticality in B C lj/tty C fV A r
to polymerized C -H species forming on the
ICP plasma (900 W ICP power, -300 V dc-bias, 4
surface under a plasm a discharge, and their
mTorr, 60% BC13; and 800 W ICP power, -200 V
removal by O 2 plasma treatment.
dc-bias, 4 mTorr, 60% BC13).

4.3.3 SiCl4 plasma
SiCl4-based plasmas are widely used for etching GaAs-based materials. However,
for III-nitrides there have been only a few reports and none o f them, in our knowledge,
about ICP etching. Zhang et al.54 reported electron cyclotron resonance (ECR) etching o f
GaN using a SiCU/Ar plasma. Adesida et al.55 were the first to report reactive ion etching
(RIE) o f GaN in SiCl4-based plasmas. Similar to BCI3 plasmas, SiCl4 is expected to reduce
residual oxidizing agents in the process chamber and to increase the sputter desorption
efficiency due to heavy ions (the most reactive is SiCl3+(m=133)56). However, Lin et al.51
reported that the etching rate o f GaN in a SiCl4 RIE plasma was slower than that in BCI3
under the same conditions (RF power, pressure, gas flow). Furthermore, under the same
RF power, the induced cathode dc-bias voltage was observed to be low er in SiCl4
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discharge than that in BCI3. This implies that SiCU generated a higher plasma density
compared to BCI3. Thus SiCL* may be a similar or even more efficient etchant than BCI3
under the same dc-bias voltage.

SF6 addition
As considered above, fluorine may play an important role in the dry etching o f IIInitrides due to it reacting with nitrogen and producing a very volatile product N F 3 (boiling
point o f -129°C ).1, 16, 6 Besides, 20% SF6 addition to BCI3 plasmas was reported to
significantly increase GaN etching rate because o f SF 6 enhanced the dissociation o f BCI3
resulting in higherconcentrations o f reactive CL Adesida et al.55 compared RIE etching o f
GaN in
a
S iC l 4 ( 1 0 seem)plasma with a SiCU/SF^lO/lO seem) plasma at the same
conditions. It was observed that the etching rates were essentially identical. However, these
results were obtained at a fairly high concentration o f SF4(50%) where consumption o f
reactive Cl by S might take place. In contrast, Karouta et al.4 ’ 58 significantly increased the
GaN etching rate by adding 3 seem SF 6 to a SiCl4/A r( 1 0 / 1 0 seem) RIE plasma (Fig. 4.29).
This was attributed to fluorine reacting with nitrogen and producing volatile NF 3 products.
A decrease in the etching rate at higher SF 6
105 W^OmTorr.SiCl^ArO 0:10 scorn)
flow (>3 seem) was ascribed to more
125
electrons subjected to collisions, which did
IlMi
not result in active species. However, this
explanation seems to be arguable. Another
reason could be the same as in the case o f a
1
BCI3 plasma, where SF 6 enhanced the
dissociation o f BCI3, resulting in higher
concentrations o f reactive Cl. The decrease
6
in the etching rate may also be attributed to
?
0
1
2
4
SF4
(gocaii)
the consumption o f the reactive Cl radicals
Fig. 4.29. Effect o f SF 6 flow on etch rate o f GaN
by S at higher SF6 concentration. In all
in SiCiySFg/Ar RIE plasma (105 W RF power, 40
probability, similar results may be expected
mTorr pressure, 10/10 seem S iC yA r).
for ICP processing.

4.3.4 ICP-induced damage and its recovery
Plasma-induced damage caused by dry etching may seriously degrade the electrical
and optical properties o f III-nitride devices. The forms o f the damage may be categorized
including:1, ’ ,5 9 ,6 0 ,6 1 ,62
□

Deposition o f polymers due to the use o f plasma chemistries containing CHX
radicals or due to the reaction o f a photoresist mask with plasma.
□ Implantation o f hydrogen into the etched material and the resulting passivation o f
shallow dopants up to a depth o f several thousand angstroms due to either the use
o f hydrogen in the plasma chemistry, residual water vapor in a process chamber, or
erosion o f a photoresist mask.
□ Creation o f non-stoichiometric surfaces up to a depth o f 100 A due to either
preferential sputter desorption o f lighter elements in films or large differences in
the volatility o f the etch products.
□ Creation o f near-surface lattice defects or dislocations, which can diffuse into
material up to a depth o f 1000 A. These defects often act as deep level states and
produce compensation, trapping, and recombination in the material.
A3
Cao et al. ' exposed «-GaN to either pure N 2 or H 2 ICP discharges. They found
that N 2 ions led to more serious degradation o f the surface than H2 ions o f similar energy.
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It was suggested that a physical etching component [ion mass ( N 2 , H 2 )] is more
important in influencing the electrical properties o f the surface than a chemical effect,
since hydrogen would preferably remove nitrogen from GaN as NH3. Rearton et al. and
Cao et al.64 also reported that heavy Ar ions created more damage in /?-GaN compared to
light H2 ions under the same etching conditions. Furthermore, Ping et al.65 reported that
plasmas with a strong chemical component (SiCU) produced less degradation than purely
physical etching (Ar). The plasma damage in GaN was found to accumulate in a near
surface region even after a very short exposure time (~4 sec). Cao et al.61' 63’ 64 estimated
the damage depth to be approximately 400-600 A by using wet etching to remove different
amounts o f plasma-exposed GaN.

Damage in /i-GaN
Improved characteristics for Ohmic contacts to plasma exposed «-type GaN have
AA f\l AR AQ 7 ft 71
been reported by several groups. • • • * » This behavior is w ell established to be due
to the preferential removal o f nitrogen under energetic ion bombardment, which leaves an
excess o f metallic gallium on the etched-surface. The nitrogen vacancies, acting as shallow
donors,72, 73 are sufficient to generate about a 100 A thick layer with a doping
concentration as high as 10 19—1020 cm '3.74 As a result, the tunneling probability for
electrons through a metal/w-GaN interface is greatly enhanced and the contact resistivity is
significantly reduced. A mechanism o f Ohmic contact formation to plasma treated «-type
GaN is considered in detail in Chapter 6 .
Unfortunately, the effective sheet resistance o f w-GaN underneath the highly
conductive near-surface area has been found to increase after plasma exposure. It was
attributed to deep compensating levels created by ion bombardment.60,75,76, 7*78 The depth
and thickness o f the damaged region was estimated by Cao et a l They used
photoelectrochemical w et etching to remove different amounts o f plasma-exposed w-GaN,
followed by depositing Pt/Au contacts. The highest series resistance corresponded to an
etching depth from 260 to 600 A o f GaN. Chua et al.19 ascribed the highly resistive region
to deep levels associated with Ga-vacancies forming a complex with oxygen species,
namely Voa-ON and VGa-(ON)2 acting as deep double and single acceptors ,80 respectively. It
was suggested that these complexes partly compensate the electron concentration in «-GaN
and, hence, result in the increased series resistance. However, this suggestion seems to be
arguable and requires further investigations.
Both the increased near-surface electron concentration and the highly resistive
region underneath, however, seriously
degrade the performance o f «-GaN Schottky
5
control
diodes.1, 45, 61, 63, 65, 81 Generally speaking,
4
Schottky contacts become Ohmic due to the
significantly increased tunneling current
s 3
through
the
metal/w-GaN
interface.
2
Annealing is the most common method to
remove plasma-induced damage and to
1
recover
current-voltage
(/- V)
300
500
700
900
characteristics. 1 ,4 5 ,6 1 ,6 3 ,6 5 ,8 1 ,82 Cao et a l 6 '
Annealing Temperature (°C)
63 investigated the effect o f annealing in N 2
Fig. 4.30. Reverse breakdow n voltage (VB) as a
ambient on the reverse breakdown voltage
function o f annealing tem perature in N2 after N 2
( Vb) o f Schottky contacts deposited on nICP plasm a exposure (500 W ICP power, -220 V
GaN exposed with a N 2 ICP plasma. A s can
dc-bias, 5 mTorr pressure).61,63
be seen in Fig. 4.30, increasing the
annealing temperature up to 750 °C led to substantial improvement in Vb. The small
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degradation observed at temperatures higher than 850 °C is consistent with the temperature
at which nitrogen begins leaving the surface. A stable encapsulating layer, such as AIN,
can be used to prevent high-temperature loss o f nitrogen.83 The recovery o f «-GaN
Schottky diodes after annealing at 700-800 °C has been reported by several groups.1,45,65,
81,82 However, the annealing only partially restores the surface. Full recovery can only be
achieved with additional w et chemical etching to remove the damaged material. Thus, a
combination o f annealing and a wet etch clean-up step may be practical for «-GaN
Schottky diode processing. It is also important to notice that acceptable improvement
cannot be realized if annealing is conducted after contact deposition.63, 81 The surface
damage was suggested to enhance interfacial reactions between the contacts and GaN
hindering surface recovery.

Damage in p -GaN
Plasma exposure has a great effect on the surface characteristics o f p -type GaN.
The net concentration o f acceptors can be significantly reduced in the near-surface region
due to the large number o f N-vacancies produced under energetic ion bombardment. At a
high ion flux or a high ion energy, even surface conversion to «-type conductivity may
take place. Pearton et al. and Cao et al. reported damage depth in /?-GaN to be in the range
o f 400-500 A. This makes it extremely difficult to fabricate Ohmic contacts with low
Ad. fiA
or 07
resistivity to the etched /?-GaN surface. ’ ’ ’ ’ Chang et a l employed annealing in a
N 2 ambient to restore surface conditions after dry etching and to improve final Ohmic
contacts. The authors found that heat treatment at 700 °C improved the contacts although
they did not become Ohmic completely. XPS analysis showed that annealing at 500 °C
reduced the surface nitrogen content even more because nitrogen bonds were destroyed
and the surface structure became very loose under plasma treatment. After annealing at 700
°C, however, the surface nitrogen and oxygen contents nearly recovered to their native
amounts. And after annealing at 900 °C the GaN surface started to decompose and gallium
oxide tended to form due to residual oxygen in the annealing ambient. These results are
slightly different from those presented by Cao et al. and Pearton et al. for Schottky
contacts to plasma exposed /?-GaN. These authors reported that post-etch annealing in
nitrogen ambient restored the initial breakdown voltage at 900 °C. This discrepancy can be
caused by different quality o f material and different measurement techniques employed
(Ohmic vs. Schottky contacts). Nonetheless, annealing did not entirely restore the surface
and complete recovery was only achieved after the removal o f the damaged material.1,64

Damage in a (p-n) junction
Damage to a p-n junction may occur through the degradation o f sidewalls under
1
strong plasma conditions. ’ At a high ion flux or a high ion energy, the more energetic
ions scattering from the surface strike the sidewalls with significant momentum. The
damage probably takes a form o f point defects, such as nitrogen vacancies, increasing the
«-type conductivity o f the sidewalls. Additionally, redeposition o f etch products on the
sidewalls may also degrade the electrical properties o f the p-n junction.
Shul et al. investigated the influence o f dc-bias voltage on the reverse junction
current o f GaN-based LEDs during mesa etching in a BCL/Cb/Ar ICP-generated plasma.
The authors observed that the reverse leakage current increased rapidly above -250 V dcbias, accompanied by serious degradation o f the mesa sidewalls due to erosion o f the
photoresist mask edges. Thus, the increase in the current was attributed to sidewall
damage. Hahn et al. investigated the influence o f dc-bias voltage on forward turn-on (Vf)
and reverse breakdown ( V b ) voltage o f InGaN/GaN MQW LEDs during mesa etching in a
Cb/Ar ICP-generated plasma. A s the dc-bias increased from -180 to -245 V, Vf and Vb
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were increased and decreased, respectively. The authors also observed sidewall
contamination, which became worse at higher dc-bias voltage. It was ascribed to
redeposition o f etch products on the sidewalls. Thus, the deterioration in the forward and
reverse voltage was also attributed to damage accumulated on the sidewalls due to
energetic ion bombardment.
Shul et a l also studied the effect o f ICP power on the reverse junction current.
There was a minimal effect on the leakage current at the ICP power less than 500 W,
w hilst there was severe degradation at higher ICP power. This was consistent with
degradation in the sidewall profile due to erosion o f the photoresist mask edges. Thus,
sidewall degradation was ascribed to be the main reason for the increase in the leakage
current. Another reason could be an enhanced interaction o f reactive neutrals with the
sidewalls under high plasma density. Hahn et al. investigated the effect o f ICP power on
the forward and reverse voltage. Vf decreased slightly up to 800 W ICP power, showing a
minimal effect on the turn-on voltage, but increased at 1000 W due to plasma-induced
surface damage. In contrast, the breakdown voltage showed severe degradation at ICP
powers lower and higher than 700 W. The authors observed heavy deposition o f the etch
products at lower power (<550 W). The degradation at higher ICP power was attributed to
increased ion scattering and an enhanced interaction o f reactive neutrals with the sidewalls.
Shul et al. also reported that the reverse leakage current was relatively insensitive
to CI2 percentage in a Cfe/BCVAr ICP discharge. This fact emphasizes that a physical
component o f plasma etching is mainly responsible for sidewall damage. Hahn et al. found
that the forward voltage Vf showed a similar trend to surface roughness, but the reverse
voltage Vb demonstrated the worst degradation at 75% CI2 in C^/Ar ICP plasma,
accompanied by the worst sidewall contamination at this mixture. The authors concluded
that the forward turn-on voltage is more sensitive to the surface roughness, while the
reverse breakdown voltage is affected by damage accumulated on the mesa sidewalls.
Shul et al. found that after etching at low-pressure (1 mTorr) the reverse leakage
current was very high. As the pressure was increased to 2 mTorr, the leakage current
considerably decreased and remained relatively constant at higher pressures. The authors
attributed this behavior to the high mean free path o f the ions and more energetic collisions
o f the ions with the sidewalls at lower pressures. However, this explanation seems to be
fairly arguable. A probable reason could be a reactant limited regime at pressures less than
2 mTorr. Hahn et a l reported that the reverse breakdown voltage Vb was relatively
insensitive to process pressure, while the forward turn-on voltage Vf was relatively
independent up to 20 mTorr and showed a sudden increase at higher pressures,
accompanied by roughening o f the surface at these conditions. The results indicate a strong
relationship between the forward voltage and the roughness o f the etched «-GaN surface.
Annealing was employed by Shul et a l to determine if the defects caused by
plasma-induced damage o f the p-n junction could be removed and the low reverse leakage
current recovered. Nonetheless, the reverse current remained essentially constant up to
annealing temperature o f 500 °C and increased by more than an order o f magnitude at 600
°C. In all probability, it was caused by the preferential loss o f nitrogen and an increase o f
w-type conductivity o f the sidewalls after the annealing. These results are similar to those
obtained by Chang et a l for ICP treated p -type GaN. The surface nitrogen content was
found to be further reduced after RTA-treatment at 500 °C due to the nitrogen bonds being
destroyed and the surface structure becoming very loose under plasma treatment. Only
after annealing at 700 °C did the nitrogen content nearly recover to its native amount and
sufficient recovery o f p -type was achieved. Thus, recovery o f a p-n junction at higher
temperature may be expected as well.
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Damage in PL spectra
Plasma etching may generate extra energy states in a semiconductor band gap,
acting as nonradiative recombination centers in a near surface region . 1 , 3 2 , 88 As a result,
band-edge PL intensity from a plasma-exposed surface region is typically less than that
from an unetched region. The nonradiative centers are usually caused by the creation o f
non-stoichiometric surfaces due to the preferential depletion o f one o f elements or by the
creation o f near-surface lattice defects, which can diffuse deeply into the etched material.
During GaN plasma etching, nitrogen depletion commonly occurs, which results in a large
number o f nitrogen vacancies generated at the surface. The resulting Ga-rich surface is
believed to be the main reason for the decrease in band-edge PL emission generally
observed for plasma-exposed GaN. Furthermore, an increase in the ion bombarding energy
may also initiate the formation o f deep acceptor states near the surface. The gallium
vacancy, V ca, is the most favorable native deep acceptor in GaN and this vacancy can
readily form a complex with a neighbour On due to its low formation energy. Thereby, the
presence o f oxygen in the plasma or oxygen donors/impurities in the GaN promotes the
formation o f (VGa-ON) complexes during processing. At the same time, (VGa-Oj^ was
found to play a significant role in yellow luminescence (YL) generation .8 9 ,9 0 ,9 1 ,92 Tripathy
et al. observed a significant enhancement in YL from the etched surface and attributed it to
an increased amount o f (VGa-ON) complexes after etching and related shallow-donordeep-acceptor transitions. Similar YL behavior was observed by Lee et al. In contrast, Han
et al. , Choir et al.93, and Basak et a l .94 have reported that YL intensity was decreased after
plasma etching and was attributed to plasma-induced surface defects acting as nonradiative
recombination centers for the yellow emission. The contradictory results could be caused
by different material quality or different plasma etching conditions.
Lee et al. investigated the influence o f RF power on the band-edge PL intensity o f
w-GaN during etching in a Ch/CFL/W Ar ICP-generated plasma and observed that the
intensity decreased with increasing RF power. Shul et al. also observed a similar trend in
ICP and ECR Ar plasmas. As a function o f ICP power or plasma density, the PL intensity
showed virtually no change at low ICP source power and then decreased as the plasma
density increased. Remashan et al. observed that the band-edge PL intensity was lower at a
higher concentration o f BCI3 in a BCI3/CI2 ICP plasma. This was attributed to the heavier
mass o f ions in the BCI3 plasma compared to that in the CI2 plasma and, hence, more
damage accumulated in the surface. The authors also reported that the PL signal was the
highest after etching at 5 mTorr pressure and the lowest at 20 mTorr. This was attributed to
the higher dc-bias voltage generated at higher pressures due to a decrease in plasma density
at fixed RF and ICP power. Thereby, stronger plasma conditions (ion mass and energy, ion
flux) yield heavier PL degradation o f GaN due to an enhanced disorder in the surface.
Tripathy et al. studied the influence o f annealing on PL performance o f GaN
previously etched in a BCI3/CI2 ICP-generated plasma. It was found that the band-edge PL
intensity was significantly improved after annealing at 900 °C in N 2 ambient, while YL
intensity was reduced. The authors also observed that the heat treatment resulted in an
improved Ga:N ratio indicating the replacements o f (Ga-O) bonds by (G a-N ) at the
surface. Thus, it was deduced that oxygen atoms were the main cause o f the YL. Lee et al.
employed N 2 plasma treatment in a PECVD chamber for «-GaN samples, previously
etched in a C b/C H V ^/A r ICP-generated plasma, in order to remove etch-induced damage.
As a result, band-edge PL characteristics were significantly improved, which was
attributed to recovery o f surface stoichiometry. Auger electron spectroscopy (AES)
confirmed that the N 2 plasma restored the surface nitrogen content o f the etched GaN to its
as-grown value. Thereby, either annealing in nitrogen or N 2 plasma treatment can be
employed to improve the optical properties o f etched GaN surfaces, although complete
recovery can only be achieved using a wet etching step to remove the damaged material.
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4.4 Optimization of S i0 2 etch mask fabrication for laser diode
processing
4.4.1 Introduction
For plasma processing in the fabrication o f GaN-based laser diodes, SiC>2 is
commonly used as an etch mask due to its inertness to Cl-based plasmas and stability
under heavy ion bombardment. Photoresist is not suitable due to excessive erosion under
dry etching, which requires thick mask layers resulting in poor quality inclined sidewalls
o f a laser diode. Metal films are also a bad choice due to redeposition o f ion-sputtered
metal particles on the etched surface and the difficulty in making a metal mask with
smooth edges required for laser facet processing. However, SiC>2 etch mask fabrication also
needs to be optimized for smooth and anisotropic etching o f III-nitrides. Wet etching,
typically used for SiC>2 , is not appropriate for laser processing due to the undercut sidewall
profile found in etched features and losses in the critical dimensions caused by the
isotropic character o f the etching. Thereby, plasma processing is mainly employed for SiC>2
etch mask fabrication with photoresist commonly used as a mask. The etching is usually
conducted in fluorocarbon-containing plasmas, which readily etch SiC>2 and do not
significantly react with the photoresist. However, under strong plasma conditions, the
photoresist also erodes at fairly rapid rates. The erosion o f the photoresist can be
detrimental to the image size control, anisotropic etch profile, smoothness o f sidewalls, and
achievable etching depth in SiCb. Typically, a resist loss o f more than 20% during
processing can lead to significant overcut o f the pattern sidewalls .95 Thereby, the
selectivity o f SiC>2 over photoresist is one o f the determinative parameters o f plasma
etching. This section presents our results on the selective etching o f SiC>2 over Shipley
1813 photoresist in a CHF 3 RIE-generated plasma. The influence o f the RIE parameters,
such as process pressure, RF power, dc-bias, and etching time on SiC>2 etching rate and
selectivity o f the SiC>2 over the photoresist is presented and discussed. The optimized RIE
process resulted in smooth vertical sidewalls and in reproducible etching rates independent
o f processing time.

4.4.2 Literature background on S i0 2 plasma etching
A number o f papers have been published on plasma etching o f SiC>2 in
fluorocarbon-based plasmas.96, 97, 98,
100, 101, 102, 103, 104,
Schaepkens et a l recently
published a review o f SiC>2 etching in ICP fluorocarbon plasmas. It was shown that the
SiC>2 etching is strongly affected by the deposition and etching o f a fluorocarbon film
produced by the plasma discharge. Both the fluorocarbon deposition and etching were
found to be dependent on feed gas chemistry. Briefly, the deposition o f fluorocarbon takes
place under low ion bombarding energy (less than about -35eV, -65eV, -75eV, -125eV for
C2F6, CHF3, C3F6, and C3F6/H2, respectively). At the conditions where the fluorocarbon
etching takes place, substrate materials, such as SiC>2, Si3N 4 , or Si, can also be etched.
Once the fluorocarbon film is thin enough that some o f the ions bombardment energy and
fluorine radical atoms are consumed by etching o f the substrate material instead o f the
fluorocarbon film, the fluorocarbon etching rate is reduced. At this point steady-state
conditions are reached, when the fluorocarbon etching and fluorocarbon deposition rates
are in a balance .98 The thickness o f a steady-state fluorocarbon layer formed on SiC>2 at low
polymerizing conditions is relatively independent o f the process parameters and is less
than 1.5 nm.
Schaepkens et al.99 also found that the fluorocarbon deposition rate strongly
decreased with increasing aspect ratio (ratio o f feature depth to width) in the range o f 0 .8 -
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2.0 in an CHF3 ICP-generated plasma, where photoresist was used as a mask. This was
attributed to the reduction in arrival o f neutral deposition precursor due to shadowing. In
contrast, the etching rate o f SiC>2 was relatively constant. However, when silicon was used
as an etch mask, the SiC>2 etching rate was found to decrease rapidly for an aspect ratio
larger than 2.0. This was attributed to differential charging, which occurred as a result o f
the difference in angular distribution for ions and electrons. The ion angular distribution is
highly anisotropic, whereas the electron angular distribution is nearly isotropic. Thus, the
electrons mainly arrive at the surface near the top o f features and do not reach the bottom,
whereas the ions reach the bottom. As a result, the ion flux to the bottom o f the features is
reduced and the etching rate o f SiC>2 decreases.
Chu et al. investigated the influence o f substrate temperature on the etching rate o f
SiC>2 in a C4Fg/C0 / 0 2 /Ar ICP-generated plasma. The etching rate o f blanket SiC>2 increased
slightly from -20 to +50 °C. This was attributed to a decrease in the steady-state
fluorocarbon film thickness due to the sticking probability o f polymer precursors becoming
lower with temperature. On the other hand, the etching rate in 200 -5 0 0 nm holes decreased
with increasing temperature. Furthermore, the retardation in the etching rate at high
temperature was more severe for smaller diameters. This was attributed to the transport o f
neutral polymer precursors into the holes and their polymerization on the bottom. The
decreased sticking probability on the sidewalls o f the holes leads to an increase in a
number o f polymer precursors, which can reach the bottom o f the holes. Additionally, the
etching rate o f a photoresist mask was found to increase significantly with temperature.
The hydrocarbon decomposed from the resist can also be transferred into the contact holes
and can polymerize on the bottom. The increased thickness o f the polymerized layer in the
holes results in a drop in the SiC>2 etching rate.
Chu et al. proposed several methods to lower the photoresist etching rate and,
hence, to increase the selectivity o f SiC>2 over resist. These methods were designed to
maximize the thickness o f the steady-state fluorocarbon polymer in order to control the
etching rate o f the photoresist. It was found that gas chemistry o f fluorocarbon plasmas has
a significant impact on the selectivity. The authors reported that hydrofluorocarbon (such
as CHF 3 or CH 2F 2) or fluorocarbon gases with high C/F ratio (such as C2F4 or C 3F 6) form
thicker polymeric films on wafers protecting the surface from ion bombardment. However,
it may also lead to a decrease in the etching rate o f SiC>2 for high-aspect ratio features.
Li et al. added Ar to a C4F6 and a C 4F 8 ICP-generated plasma in order to increase
the SiC>2 etching rate. The etching rate o f SiC>2, Si, and photoresist increased up to 60% Ar
and then decreased as the Ar percentage was further increased. This was attributed to a
decrease in the thickness o f a steady-state fluorocarbon layer when Ar was added to the
plasma chemistry. When more than 60% Ar was added to the fluorocarbon gas, the SiC>2
etching rate was apparently limited by a reduced fluorocarbon gas flow. It was also shown
that the etching rates were higher for C4F 8 chemistry compared to C4F 6 at the same etching
conditions due to a higher F/C ratio. However, adding Ar to C4F 6 enabled SiC>2 etching
with a higher selectivity over photoresist or Si in comparison to C 4F 8/AJ*.
Rueger et a l investigated the SiC>2 etching rate in a CHF3 ICP-generated plasma as
a function o f process pressure and ICP power. The etching rate showed an increasing trend
as a function o f the inductive power, even though the oxide etch yield (atoms/ion) was
inversely proportional to the power. Additionally, the etch yield was found to be strongly
dependent on the pressure at ICP powers below 600 W where the plasma takes on the
characteristics o f a conventional capacitively-coupled RIE system. In this regime the
efficiency o f ions significantly decreased with increasing pressure. In contrast, in the
inductively-coupled regime (>600 W), the efficiency was directly proportional to the
pressure.
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Gaboriau et al. studied the SiC>2 etching rate in CF4, C2F6, and C H F 3 ICP-generated
plasm as as a function o f process pressure and ICP power. The etching rate linearly
increased with increasing ICP power and with decreasing pressure. This was attributed to
variations in the ion flux to the surface, as it was confirmed by Langmuir probe
m easurements. The authors also added C H 4 and H2 to C2F6 chemistry in order to improve
the selectivity o f SiC>2 over Si. However, the oxide etching rate slowly decreased, which
was attributed to an increase in the ( C + H )/F ratio on the surface due to atomic hydrogen
scavenging atomic fluorine in the plasm a discharge forming H F . The authors also reported
that the SiC>2 etching rate was the highest for C2F6 and the lowest for a C H F3 plasma at
sim ilar etching conditions.

4.4.3 Experimental
A 1.4 pm -thick SiCb layer was deposited on GaN samples by ion beam sputtering,
and coated with carbon-based Shipley 1813S photoresist o f thickness 1.4 pm. After
photolithography via conventional flood exposure, the SiC>2 was patterned using RIE
etching with a CHF 3 plasma in a O xford PlasmaLab 80 ICP reactor. All samples were
mounted on a graphite coverplate, which covered an anodized aluminium cathode.
Energetic ion bombardm ent was provided by superimposing a RF bias (13.56 MHz) on the
cathode. A fter etching the photoresist was stripped away using Shipley Remover 1165 in a
hot bath at 60 °C. Etching rates were calculated from the depth o f etched features measured
with a stylus profilom eter before and after the photoresist mask was removed. Surface
morphology, anisotropy, and sidewall undercutting were evaluated using a scanning
electron m icroscope (SEM) at an angle o f 30° with the surface.

4.4.4 Results and discussion
The construction o f our ICP system did not allow using an ICP plasma source for
the experiments due to the absence o f proper thermal contact between the water-cooled
cathode and the samples separated with a graphite coverplate. It was previously found that
using the ICP source results in a high
surface temperature that induces the
photoresist to melt and erode very fast.
Figure 4.31 shows a SEM image o f a resist
m ask after 2 min etching at 300 W ICP
power, 30 W RF pow er corresponding to
dc-bias o f -(70-80) V, 10 mTorr pressure,
35 seem /10 seem CHF 3 /A r gas flow, and 10
°C cathode temperature. In all probability,
the reason for the serious mask degradation
was an exothermic reaction between SiC>2
isku x 2 0 . 0 0 0
—
os 1 1 0 0
and fluorine and also heating induced by the
energetic ions. As a result, considerable
Fig. 4.31. SEM image o f a photoresist mask after
heating o f the substrate occurred at a high
etching using an ICP source.
reaction rate and the photoresist melted.
In flu en ce o f p ressu re
The influence o f the process pressure on the etching rates o f SiC>2 and photoresist is
presented in Fig. 4.32. The process param eters used were as follows: 25 seem C H F 3 flow,
100 W RF power, and 20 °C cathode temperature. As can be seen, the dc-bias was almost
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constant during the experiments. Correspondingly, the ion flux to the surface and the ion
energy were independent o f the pressure in this range (2-20 mTorr). However, the etching
rates were significantly higher at pressures lower than 5 mTorr. These results are consistent
with those reported by Rueger et al. They found that in the capacitively-coupled regime
(low ICP power) the efficiency o f ions significantly decreased with increasing pressure
from 6 to 20 mTorr. As a result, the etch yield (atoms/ion) dropped and the SiC>2 etching
rate decreased. The initial slight drop from 4 to 2 mTorr was probably caused by a reactive
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limited regime at low pressures where the active species are pumped away from the surface
before they could react. The selectivity o f SiC>2 over the photoresist as a function o f the
process pressure is presented in Fig. 4.33. As can be seen, the selectivity also decreased
with increasing pressure.
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In flu en ce o f R F p o w er (d c-b ias)
The influence o f RF power on the etching rates o f SiC^ and photoresist is shown in
Fig. 4.34. The process parameters used were as follows: 20 seem C H F3 flow, 3.5 mTorr
pressure, 20 °C cathode temperature. The process pressure was chosen from the first series
o f the experiments and corresponded to the maximal etching rate for SiC>2 . As can be seen,
the etching rates increased with increasing RF power. Figure 4.35 shows that the etching
rates were nearly linearly proportional to the dc-bias voltage. This probably indicates that
the increase in the etching rates for both SiC>2 and the photoresist was mainly caused by an
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increase in the energy o f the ions. However, the dependence for the photoresist was not as
strong as for SiC>2 . This resulted in increased selectivity o f SiC>2 over the resist at higher RF
power as shown in Fig. 4.36. The maximal selectivity was obtained at 200 W RF power
corresponding to -465 V dc-bias.
In flu en ce o f e tch in g tim e
During plasm a processing the temperature o f the etched surface may be increased
due to an exothermic reaction between SiC>2 and fluorine and poor thermal contact with the
water-cooled electrode. This may lead to an increased SiC>2 etching rate with increasing
etching time due to a decrease in the steady-state fluorocarbon film thickness with higher
substrate temperatures. Additionally, the etching rate o f the photoresist mask significantly
increases with the temperature. All this can result in poor reproducibility o f the etching
rates and reduced selectivity o f SiC>2 over the photoresist.
A series o f experiments was conducted to determine the influence o f processing
time on etching o f Si 0 2 and the photoresist. The process param eters used were as follows:
20 seem CHF 3 flow, 3.5 mTorr pressure, 150 W RF pow er corresponding to dc-bias o f (4 0 (M 3 0 ) V, and 20 °C cathode
temperature. The results are presented in
Fig. 4.37. As can be seen from the linearity
o f the data sets, the etching rates o f both
SiC>2 and the photoresist were not affected
by the processing time. This probably
indicates that the substrate temperature was
almost constant during the etching. Figure
4.38 shows a SEM image o f the SiC>2 profile
formed by etching at these conditions. The
etch profile was slightly sloped due to the
sloped profile o f the photoresist mask.
However,
the
etch
sidewalls
were
Fig. 4.38. SEM image o f S i0 2 profile after the
etching.
reasonably smooth and the etch surface was
clean from any contamination.

4 .4 .5 C o n c lu s io n
The influence o f RIE parameters (process pressure, RF power, dc-bias, and etching
time) on the Si ( > 2 etching rate and selectivity o f Si0 2 over Shipley 1813S photoresist in
C H F 3 plasma was investigated. It was found that the SiC>2 etching rate and the selectivity
can be significantly increased by using low pressures and intermediate RF power. The
optimized RIE process resulted in reproducible etching rates regardless o f processing time.
The etch sidewalls were reasonably smooth and vertical and the etch surface was clean
from any residual contamination. Thereby, the developed process can be successfully
employed for the fabrication o f an etch mask suitable for III-nitride laser diode processing.
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4.5 Influence of cathode material and SiCl4 gas on ICP etching
of Al-containing layers with Cl2/Ar plasma
4.5.1 Introduction
C^-based plasmas are commonly used for dry etching III-nitride semiconductors
due to their low etch damage, high etching rates, and superior uniformity. However, rough
morphology o f the surface with grass and nanotips has been observed after etching by
several research groups.38, 106, 107, 108 The mechanism o f GaN whiskers formed during
photoelectrochemical (PEC) wet etching is well-established to be due to threading
dislocations in «-GaN layers.109,110, U 1 ,1 1 2 ,113 However, there are only a few reports on the
formation o f GaN nanotips by plasma etching techniques. Yoshida et a l reported that a
GaN self-organized nanotip structure was formed during RIE etching o f GaN with CI2
plasma. The authors found that the nanotip structure depended on the direction o f ion
injection, implying that nanotip formation was not caused by threading dislocations in GaN
layers. The model o f GaN nanotip formation during RIE etching was proposed as
redeposition o f SiC>2 particles on the GaN surface due to the quartz cathode coverplate.
The nanotips were attributed to nanometer-scale SiC>2 particles with slower etching rates
than GaN. In contrast, a smooth etched surface with no nanotips was obtained when a Si
wafer or a Ge plate were located between the GaN samples and the quartz coverplate. The
authors suggested that Si and Ge are so reactive with CI2 plasma that the masking effect
disappeared. Optical emission spectroscopy (OES) revealed strong optical emission lines
related to SiClx+ and GeClx+ ions with the Si and Ge plates, respectively. It was proposed
that heavy SiClx+ and GeClx+ ions play an important role in obtaining a smooth GaN
etched surface. However, this effect was observed at relatively high pressures (15 -1 5 0
mTorr) where redeposition o f etch products could take place. In our experiments on ICP
etching o f GaN in Cb/Ar plasmas with a quartz cathode coverplate nanotips were observed
at these pressures as well, but at pressure between 3 and 5 mTorr the surface was smooth.
Yu et al. reported similar results and attributed them to the crystalline quality o f epitaxially
grown GaN material and the ability o f the ICP process with Ch-based plasmas to
dissociate GaN bonding. The authors observed an uniform etched surface with no nanotips
at 2.5 mTorr pressure. As the chamber pressure was increased to 10 mTorr, GaN nanotips
appeared. The density o f the nanotips significantly increased, as the chamber pressure was
further increased to 20 and 30 mTorr. The increased density o f the nanotips with increasing
chamber pressure was attributed to degradation o f the ICP dissociation ability at high
process pressures. Nevertheless, it could also be caused by either poor desorption o f GaN
etch products at high pressures or SiCb micromasking effects if the authors used a quartz
coverplate. Lee et a l also observed the formation o f nanotips on the etched GaN surface
after ICP etching with Cb/Ar plasma at 10 mTorr and explained it by a micromasking
effect o f a SiCb mask, which was sputtered by energetic ions.
Slow etching rates and a rough grassy morphology o f the etched surface have been
reported for AlxGai_xN layers by several research groups. Zhu et a l U4 observed slow
unstable etching rates for AIN and AlGaN layers compared to GaN during ICP etching
with Cb/Ar. The authors found that AIN did not etch for the first 45 s, after which a
constant etching rate o f 200 nm/min was established. This delay was attributed to an
aluminum oxide formed on the surface. Buttari et a l.us reported an etch duration
dependence for the etching rate o f AlGaN and also attributed it to the formation o f an
aluminum oxide on the surface. Basak et a l 4 4 ,116 observed selectivity o f 3.0 between GaN
and Alo.15Gao.85N in RIE etching with a Cb/Ar plasma, while the selectivity was decreased
to 1.0 by adding 10% CH4 . Wu et a l.u l observed a rough etched surface after ICP etching
o f a Alo.28Gao.72N/GaN heterostructure with Cb/Ar and CI2/H 2 . In contrast, the surface was
very smooth after etching with a BCI3/CI2 plasma. The different surface morphology was
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explained by different oxide formation levels on AlGaN layers during plasma processing.
AES analysis confirmed that the morphology o f the etched surface was substantially
related to the remaining oxygen on the surface. A decrease in oxygen surface fraction
using the BCI3/CI2 plasma was attributed to a reaction o f oxygen with BCI3 forming
B 3CI3O 3 trimers, a chemically inert gas which can be easily pumped out from a system . 118
Thus, BCI3 scavenges oxygen in a chamber and prevents it from interfering with AlGaN
etching with the formation o f surface aluminum oxides. At the same time, several research
groups have reported that etching rates in CI2 plasmas for Al-containing layers were
comparable to GaN etching rates. ’ 22 Discrepancy o f the published results seems to be
related to different process chamber constructions.
Our initial experiments showed that etching o f Al-containing layers and super
lattice (SL) Ga/AlGaN structures, even with a very low Al content, always resulted in
extremely slow etching rates and very rough etched surfaces and sidewalls. This seriously
hindered progress in laser diode development due to the impossibility o f forming any
proper contacts to the etched surface and due to an excessively thick mask required for
sufficient etching depth. Thereby, the initial aim o f experiments was to optimize the
etching conditions for laser diode fabrication. During the experiments it was revealed that
the coverplate cathode material has a great influence on the etching o f Al-containing
layers. In this section, the impact o f different coverplate materials, such as an anodized
aluminum cathode with no coverplate, quartz coverplate, quartz coverplate covered with a
6 -inch Si wafer, graphite coverplate, and graphite coverplate covered with a 6 -inch Si
wafer on etching rates, etch sidewalls/surface morphology o f GaN, A lxGai_xN (x=0.01 and
0.1) and a laser structure containing SL o f Alo.1Gao.9N/GaN in ICP etching with a Cb/Ar
plasma is considered. The etching rates and sidewalls/surface morphology were also
estimated in the etching with a SiCL/Cb/Ar plasma at different gas mixtures (0-100%
SiCb) in the case o f the quartz coverplate only. This study has also been recently published
[“Influence o f cathode material and SiCb gas on inductively coupled plasma etching o f
AlGaN layers with Cb/Ar plasma” E. Zhimov, S. Stepanov, W. N. Wang, Y. G. Shreter,
D. V. Takhin, and N. I. Bochkareva, J. Vac. Sci. Technol. A 22, 2336 (2004).]. In
summary, it was found that the graphite coverplate and the Si wafer on top o f the quartz
coverplate greatly improved the etching o f Al-containing layers resulting in fast etching
rates, smooth vertical etch sidewalls, a smooth contamination-free surface, and high
selectivity over a SiCb etch mask.

4.5.2 Experimental
Bulk 2 pm-thick GaN, Alo.01Gao.99N, Alo.1Gao.9N , and a laser structure containing
SL o f Alo.1Gao.9N/GaN were grown on AI2O3 substrates by metallorganic chemical vapor
deposition (MOCVD). The mole fraction o f Al in the AlGaN layers was determined by Xray diffraction (XRD) measurements. 300 nm o f SiCb was deposited on samples as a mask
layer by plasma enhanced chemical vapor deposition (PECVD), and coated with carbonbased Shipley 1813S photoresist o f thickness 1.3 pm. After photolithography via
conventional flood exposure, photoresist descumming etching with O 2 plasma was
performed in an ICP system (Oxford PlasmaLab 80) to remove thin residual layers o f the
photoresist and other organic films following resist development and hard bake . 119 All
samples were mounted onto a graphite coverplate, which covered an anodized aluminium
cathode. Energetic ion bombardment was provided by superimposing RF bias (13.56 MHz)
to the samples. ICP process parameters used were as follows: 20 mTorr pressure, 40 seem
O2 flow, 250 W ICP power, 100 W RF power, -(320-330) V dc-bias, 20 °C cathode
temperature, 2 min process time. The thickness o f the photoresist after the descumming
was around 900 nm. A SiCb mask was patterned by RIE etching with CHF 3 plasma in the
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same reactor using a process described in details in section 4.4 o f this chapter. The RIE
process parameters used were: 3.5 mTorr pressure, 20 seem CHF3 flow, 150 W RF power,
-(390—405) V dc-bias, 20 °C cathode temperature, 14 min process time. After etching the
photoresist was stripped away using Shipley Remover 1165 in a hot bath at 60 °C.
H2 S 0 4 :H2 0 2 (1:1) solution was used to remove any organic contamination following the
resist removal. HChFhO (1:1) solution was used for 5 min to remove an oxide layer from
the surface before GaN etching.120
An Oxford PlasmaLab 80 ICP reactor was used for the III-nitride etching
experiments. In the first series o f experiments, samples were mounted onto the 10-inch
anodized aluminum cathode covered with no coverplate and with different coverplates,
such as quartz, graphite, quartz or graphite with a 6-inch Si wafer located between the
coverplates and the samples. All the experiments were conducted after the background
pressure was reduced to less than 7 x 10'6 Torr. The ICP process parameters used were: 4.0
mTorr pressure, 15 seem CI2 flow, 4 seem Ar flow, 450 W ICP power, 150 W RF power,
20 °C cathode temperature. The dc-bias voltage measured at these conditions with no
coverplate was -(3 0 0 -3 4 0 ) V. The etching time was varied from 2 to 5 min depending on
the etching rate o f the SiC>2 mask. In the second series o f experiments, samples were
mounted onto the 10-inch cathode covered with the quartz coverplate only. SiCU was
added to the C^/Ar gas mixture in order to examine its effect on the etching rates and etch
surface morphology. The background pressure reached 9 x 1O'6 Torr prior to the etching
experiments. The ICP parameters used were: 4.0 mTorr pressure, 15 seem (CI2 + SiCU)
flow, 4 seem Ar flow, 450 W ICP power, 150 W RF power, 20 °C cathode temperature, 6
min process time. The dc-bias voltage measured at these conditions with no coverplate was
-(240-260) V, relatively independent o f Ch/SiCL* ratio. The dc-bias voltage and etching
rates were slightly lower than those in the first series o f experiments under the same
process parameters due to a difference in the chamber conditions. Shul et a l also observed
a similar difference after the reconstruction o f the process chamber.
After completion o f plasma etching the SiC>2 mask was stripped away using a
buffered-HF (1:4) solution. The etching rates were calculated from the depth o f etched
features measured with a stylus profilometer before and after the SiC>2 mask was removed.
The surface morphology, anisotropy, and sidewall undercutting were evaluated using a
scanning electron m icroscope (SEM) at an angle o f 30° with the surface. The root-meansquare (RMS) surface roughness was quantified using an atomic force microscope (AFM)
operating in contact mode with Si tips. The RMS roughness for unetched samples is shown
in Table 4-2.

4.5.3 Results and discussion
Influence of coverplate material
The results o f experiments with different coverplate materials are summarized in
Table 4-2. As can be seen, the etching rate and RMS surface roughness for GaN were
relatively independent o f the coverplate used. In contrast, for Al-containing layers the
etching rate and the RMS roughness changed with coverplate material dramatically.
Figure 4.41 demonstrates SEM images o f samples etched with no coverplate for 3
min, whilst AFM surface images are presented in Fig. 4.47. A s can be seen, the GaN etch
surface was relatively smooth except for a small amount o f nanotips, which were probably
caused by redeposition o f A l from the cathode. In contrast, the etched surface o f Alcontaining layers was very grassy. Table 4-2 shows a slight difference in etching rates for
GaN and AlGaN layers w hich is probably related to a difference in bond energies (8.92 eV
for GaN and 11.52 eV for AIN). However, the grassy surface observed for the
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T ab le 4-2. Results o f experiments with coverplate material.
Sam ple

E tching ra te (nm /m in)

RM S roughness (nm )

-

0.355
0.230
0.245
0.417

U netched
GaN
AlGaN (1% Al)
AlGaN (10% Al)
LD
A120

3

-

cathode (no coverplate)

GaN
AlGaN (1% Al)
AlGaN (10% Al)
LD
S i0 2 mask

283
243
227
287
30

0.326
28
18
0.496

280
80
52
80

0.630

Q u a rtz coverplate
GaN
AlGaN (1% Al)
AlGaN (10% Al)
LD
S i0 2 mask

12

7
16

22

Q u a rtz coverplate + 6 -inch Si w afer
GaN
AlGaN (1% Al)
A lGaN (10% Al)
LD
S i0 2 mask

275
300
288
263
37

0.769
1.061
0.583
1.230

230
275
275
250
65

0.398
1.114
0.514
0.458

335
320
320
320
65

1.113
1.581
1.725
0.929

G ra p h ite coverplate
GaN
AlGaN (1% Al)
A lGaN (10% Al)
LD
S i0 2 mask
G ra p h ite coverplate + 6 -inch Si w afer
GaN
A lGaN (1% Al)
A lGaN (10% Al)
LD
S i0 2 mask

Al-containing layers cannot be explained by this factor due to the fact that the largest RMS
roughness was observed for an AlGaN layer containing only 1% Al, which had an etching
rate very close to that o f GaN. In contrast, for a AlGaN layer containing 10% Al the RMS
roughness was less, in spite o f the fact that the etching rate was slower. This cannot be
ascribed to the etch products as well, since Cl-based plasmas form GaCb and AICI3, which
are volatile at 201 °C and 183 °C respectively.1 Presumably the grassy surface observed in
our case was caused by the presence o f water vapors or background oxygen in a process
chamber. Atomic oxygen generated at the beginning o f a plasma discharge could readily
react with III-nitrides forming a thin layer o f oxide on the surface. Unfortunately chlorine
is a very poor etcher o f III-nitride oxides. Once the oxide layer is formed on a surface,
etching is limited before the surface oxide is broken. The bond strength for A l - 0 (21.2
eV/atom) is larger than that for G a -0 (14.7 eV/atom). Thereby the oxide on Al-containing
layers is more resistant to ion bombardment. Furthermore, AlGaN was found to be more
reactive with oxygen compared to GaN forming a thicker oxide layer. It is w ell known that
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a small amount o f oxygen, added to Cl-based plasmas, significantly increases the
selectivity o f GaN over AlGaN due to the aluminum oxide produced.42, 115, 121 The
thickness o f the aluminum oxide layer is probably irregular and initially causes a rough
etched morphology before the surface is completely free from the oxide and stable etching
rate is achieved. Larger RMS roughness in the case o f AlGaN with lower A l content can be
caused by larger variations in surface oxide thickness compared to a thicker and more
uniform oxide layer on AlGaN with higher Al content. This model is supported by the fact
that grass was eliminated in the case o f a laser structure also containing AlGaN layers in
the super-lattices. A GaN contact layer on the top o f the structure probably prevented the
atomic oxygen, produced at the beginning o f a plasma discharge, to react with Alcontaining layers. The nanotips on the LD etched surface could be caused by redeposition
o f Al from the cathode. However, it is not quite clear why the nanotip density was higher
than for the GaN layer.
Wu et al. also observed a very rough surface after etching a AlGaN(28% Al)/GaN
heterostructure with Cb/Ar and CI2/H 2 ICP plasmas. In contrast, the etched surface o f GaN
was very smooth under these conditions. Thereby, roughening o f the etched AlGaN/GaN
heterostructure was attributed to etching o f the top AlGaN layer. The oxidation o f this
layer was suggested to greatly influence subsequent etching o f the AlGaN/GaN
heterostructure resulting in a rough etched surface morphology. AES analysis revealed a
high atomic fraction o f oxygen at the surface after the etching, which was 32% and 24%
for the samples etched in the CI2/H 2 and Cb/Ar plasma, respectively. The authors also
found that the etched surface was very smooth and the fraction o f oxygen was significantly
reduced (13%) when BCI3 gas was added to a CI2 plasma. These results were attributed to
the ability o f BCI3 to scavenge oxygen in a chamber and to prevent it from interfering with
AlGaN etching with the formation o f aluminum oxides. The atomic oxygen reacts with
BCI3 forming BxClyOz trimers, a chemically inert gas which can be easily pumped out from
the system. Juang et a l also noticed that BCI3 reacts with oxygen in a plasma discharge
and oxidizes forming B 2O 3 on chamber sidewalls. They also mentioned that an aluminum
surface oxide can be easily removed in a BCI3 plasma. Similar observations were made by
1
Smolinsky et al.
Buttari et al. used a short exposure to a low power BCI3 plasma at the
beginning o f an etching process in a more effective CI2 plasma to remove residual
oxidizing agents in a process chamber and to reduce native surface oxides. A s a result,
equal etching rates were obtained for GaN and Alo.35Gao.65N layers. It is important to note
that background oxygen in a process chamber can also be significantly reduced by using a
load-lock system.2, 2
Figure 4.42 shows SEM images o f samples etched with a quartz cathode coverplate
for 5 min, whilst AFM surface images are presented in Fig. 4.48. As can be seen, a
significant amount o f nanotips was produced on the GaN etched surface. In all probability
this was caused by redeposition o f nanometer-scale SiCb particles from the coverplate. The
model o f GaN nanotip formation during plasma etching was proposed by Urushido et
a l.106, 107 and is considered above. More importantly, a very rough grassy surface was
observed for the Al-containing layers and for the laser structure. Furthermore, the etching
rates o f these layers, even with a low aluminum content, were much slower than that for
GaN (Table 4-2). The reason for this seems to be the quartz coverplate. Buttari et al. also
observed that AlGaN etching rates were significantly reduced when a SiCb coated
coverplate was employed. The authors attributed this phenomenon to traces o f oxygen
introduced in a plasma discharge as a result o f etching o f coverplate material. Zhu et al.
observed that AIN did not etch for the first 45 s, after which a constant etch rate o f 200
nm/min was established. The authors mounted samples onto a silicon wafer coated on the
processing side with SiCb. Thereby, the delay in etching could also be caused by this SiCb
coating until it was etched away. The influence o f the quartz coverplate on an etching
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process with CI2 plasmas may be understood from the research o f Thomas et a l m ' 1 2 5 , 126
The authors studied the etching o f silicon in C h-based plasmas. Samples were positioned
on a quartz coverplate to prevent backsputtering o f electrode material. Quadrupole mass
spectrometry (QMS) measurements revealed a significant rise in C>2 + during the etching
suggesting that oxygen was liberated from quartz predominantly as molecular O 2 . The
authors concluded that SiC>2 reacted with the CI2 plasm a producing SiClx and O 2 . Thereby
etching in the CI2 plasma with the quartz coverplate causes a constant influx o f oxygen
forming a stable aluminium oxide on AlGaN surface. This oxide significantly reduces the
etching rates as it has been observed for CI2 /O 2 plasm as42, l15, 121 and causes a grassy
surface morphology. This model is supported by the fact that the surface o f the LD
structure was also grassy after the etching and the etching rate was also significantly
reduced. This implies that oxygen was present in the process chamber constantly and not
just at the beginning o f the discharge as in the case when no coverplate was employed.
Figure 4.43 shows SEM images o f samples etched with the quartz coverplate and a
-inch Si wafer on the top o f it for 4 min, whilst AFM surface images are presented in Fig.
4.49. As can be seen, no nanotips were observed on the surface, which was probably
related to the protective role o f the Si wafer for the redeposition o f SiC>2 nano-particles
from the quartz coverplate . 1 0 6 , 107 More importantly, smooth etched surfaces and relatively
equal etching rates were obtained for all the structures. As considered above, the presence
o f the quartz coverplate should result in a constant influx o f oxygen during etching with a
CI2 plasma. Nevertheless, the presence o f the Si wafer eliminated this effect.
6

Urushido et al. employed optical emission spectroscopy (OES) to monitor
emissions from a RIE CI2 plasma in a process cham ber with either a quartz coverplate or
with a Si coverplate. In the case o f the quartz coverplate, as shown in Fig. 4.39, several
broad lines from 195 to 315 nm o f C l+ ions and a weak continuous spectrum from 400 to
650 nm o f both molecular CI2 species and molecular C b + ions were observed. Over 20
intense peaks from Cl radicals were also detected in the range from 720 to 950 nm. The Cl
radicals and Cl+ ions were suggested to be the main constituents in the chemical and
physical components o f plasma etching, respectively. As shown in Fig. 4.40, the emission
spectrum was very different in the case o f the Si coverplate. A number o f lines from 220 to
288 nm o f atomic Si and several strong broadband emissions from 300 to 450 nm, related
to both molecular S iC f species and molecular SiClx+ ions, were detected. In our case a
change in a plasma color from blue without the Si plate to bright violet after several
seconds with the Si plate was visually observed as well. This probably implies a significant
amount o f SiClx species and SiClx+ ions generated in the plasma.
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Fig. 4.39. Optical emission spectrum from the
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Fig. 4.40. Optical emission spectrum from the
Cl2 plasma with the Si coverplate.
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Matsutani et a l '
observed a similar behavior in ICP plasma etching o f InP
with a CI2 plasma and with a Si wafer, located between the samples and a AI2O 3
coverplate. Quadrupole mass spectroscopy (QMS) measurements revealed positive signals
o f Si+, Cl+, and SiClx+ ions originated from the Si wafer, whereas Cb+ signals were
significantly reduced compared to those with the coverplate only. The authors found that
the CI2 plasma with no Si wafer resulted in a grassy etch surface attributed to low volatile
InClx products. In contrast, using a Si wafer resulted in a smooth etch surface which was
ascribed to the InClx products sputtered away by heavy SiClx+ ions. To avoid the effect o f
coverplates, an ECR-RIE process was conducted. A grassy surface was obtained in the
case o f CI2 plasma etching, while a SiCU plasma gave a smooth mirror-like surface. The
authors concluded that heavy SiClx+ ions, either produced in a SiCL- plasma discharge or
generated by a Si wafer in a CI2 plasma, are responsible for smooth etching o f InP.
W e believe that the SiClx reactive radicals and SiClx+ ions, produced in the CI2
plasma due to the presence o f the Si wafer, play the same role as a BCI3 plasma in
scavenging oxygen in the process chamber and preventing it from interfering with the
AlGaN etching. Thereby oxygen liberated from the quartz coverplate is consumed as a
result o f internal reactions in the plasma discharge. This model is supported by findings o f
Ullal et a l } 29 on etching o f Si in a CI2/O 2 plasma. The authors showed that SiClx etch
products, generated during the etching o f Si, readily react with oxygen forming a silicon
oxychloride film on the process chamber walls. In addition, the SiClx+ ions may be very
useful to remove native oxide layers due to their heavy mass, as considered above for low
volatile InClx products. As can be seen in Table 4.2, the etching rate o f a SiC>2 mask was
higher with the Si wafer than for the quartz coverplate alone, which could also be caused
by the heavy ions. It is important to note that the presence o f a thin native oxide layer on
the Si wafer also causes rough grassy etching o f Al-containing layers probably due to
oxygen released from both this oxide and the quartz coverplate, and a low concentration o f
the SiClx radicals and SiClx+ ions until the oxide is removed. A second series o f
experiments with SiCU gas added to the CI2 plasma with the quartz coverplate only was
conducted to avoid the effect o f the Si wafer, which could partially protect the quartz
coverplate from reaction with the plasma.
Figure 4.44 shows SEM images o f samples etched with a graphite coverplate for 4
min, whereas AFM surface images are presented in Fig. 4.50. A s can be seen, ultra smooth
etched surfaces and relatively equal etching rates were obtained for all the structures. The
absence o f quartz in the process and, hence, no oxygen influx during the etching was
probably one o f the reasons. Moreover, the grass observed for the AlGaN layers after
etching with no coverplate was eliminated using the graphite coverplate. Hence it seems to
be reasonable that graphite was effective in reducing water vapor and background oxygen
in the process chamber and/or removing oxide layers on the samples. Additionally, no
nanotips were detected on the surface implying that graphite does not induce redeposition
micromasking as in the case o f the AI2O3 cathode and SiC>2 coverplate. Pits observed after
etching o f the GaN sample were probably related to an exposed sapphire substrate due to
the top GaN epilayer having been etched away.
We believe that the etch products o f graphite etched in a CI2 plasma are CC1X
species. Similarly, Thomas et a l 12 ’ 126 observed high QMS levels o f CCl3+ and CCl2+ ions
during erosion o f carbon-based photoresist in a CI2 plasma. Presumably, these ions were
present during etching with the graphite coverplate as well. The increased etching rate o f a
SiC>2 mask with the graphite coverplate is also evidence o f the CC1X species. Korman130
reported that the etching rate o f SiC>2 was much slower in a pure CI2 discharge compared to
a CI2/CCI4 discharge under the same process conditions. At the same time, the CC1X+ ions
are w ell known to etch aluminum oxides and to scavenge oxygen and water vapors in a
100 iia i'll T'l')
process chamber forming volatile oxycarbons. ’
As a result, extremely smooth

98

Chapter 4. ICP etching o f GaN

surfaces and fast etching rates for the Al-containing layers were obtained. Unfortunately, a
relatively low etch selectivity o f III-nitrides over SiC>2 (about 4:1) with the graphite
coverplate requires a thick etch mask for laser diode fabrication which may result in the
degradation in anisotropy and sidewall smoothness o f etched facets.
Figure 4.45 shows SEM images o f samples etched with the graphite coverplate and
a 6 -inch Si w afer on the top o f it for 2 min, whilst AFM surface images are presented in
Fig. 4.51. In this case the positive effects o f both the graphite coverplate and the Si wafer
were expected. A smooth etched surface and equal etching rates were obtained for all the
structures. The etching rates were maximal for the experiments with the coverplates, and
the relatively low etch selectivity (5:1) o f III-nitrides over SiC>2 is probably related to the
ability o f CC1X+ ions to etch the oxide mask.
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Fig. 4.41. SEM images o f samples etched with no coverplate (after 3 min etch).
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Fig. 4.42. SEM images o f samples etched with a quartz coverplate (after 5 min etch).
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Fig. 4.43. SEM images o f samples etched with a quartz coverplate and a 6-inch Si wafer (after 4 min etch).
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Fig. 4.44. SEM images o f samples etched with a graphite coverplate (after 4 min etch).
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Fig. 4.45. SEM images o f samples etched with a graphite coverplate and a 6 -inch Si wafer (after 2 min etch).
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Fig. 4.46. AFM images o f unetched test samples (scale=20 nm/div).
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Fig. 4.47. AFM images o f samples etched with no coverplate (scale=100 nm/div).
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Fig. 4.48. AFM images o f samples etched with a quartz coverplate (scale=100 nm/div).
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Fig. 4.49. AFM images o f samples etched with a quartz coverplate and a Si wafer (scale=20 nm/div).
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Fig. 4.50. AFM images o f samples etched with a graphite coverplate (scale=20 nm/div).
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Fig. 4.51. AFM images o f samples etched with a graphite coverplate and a Si wafer (scale=20 nm/div).

In flu en ce o f S iC 4 a d d ed to C l2/A r p lasm a
SiCU-based plasm as are widely used for etching GaN m aterial . 5 7 , 4 6 , 5 5 Adesida et
al. were the first to report RIE etching o f GaN in a SiCl4 plasma. However, in our
knowledge, there are no papers on the etching o f Al-containing III-nitrides in a SiCl4
discharge, thus im plying the significance o f these experiments. According to the first series
o f experiments, the etching rates o f AIGaN layers were equal to that o f GaN and the etched
surface was very smooth when a Si wafer was located between the exposed samples and a
quartz coverplate. However, this wafer could partially protect the quartz from reactions
with a CI2 plasma. The results o f these experiments on SiCl4 gas added to a C l2/A r mixture
with the quartz coverplate only clearly show that the SiClx reactive radicals and SiClx+ ions
are responsible for the fast and smooth etching o f AIGaN.
SEM im ages o f samples etched at different flows o f SiCl 4 added to the plasma gas
mixture are presented in Fig. 4.54 - Fig. 4.58, whereas AFM surface images are shown in
Fig. 4.59 - Fig. 4.63. As can be seen, a smooth etch surface was obtained for over 2 seem
SiCl 4 for all the structures. The etching rates o f the structures and the RMS surface
roughness as functions o f SiCl 4 flow are presented in Fig. 4.52 and Fig. 4.53, respectively.
Presumably, the effect o f SiCl4 is related to its ability to scavenge oxygen in a process
chamber. As in the case o f a Si wafer in a Cl2/A r plasma, the SiCV Ch/A r discharge
generated the SiClx reactive radicals and SiClx+ ions along with typical Cl, C l+, Cl2, and
Cl2+ species . 1 2 7 , 133 Thereby oxygen liberated from the quartz coverplate as a result o f the
etching was consum ed in the plasma discharge, resulting in smooth and fast etching o f Alcontaining layers. Furtherm ore, nanotip formation was eliminated which could be caused
by the heavy SiClx+ ions and/or internal reactions in the plasma. As can be seen in Fig.
4.54, 1 seem SiCl 4 flow was probably not enough to scavenge all the oxygen and prevent
the oxidation o f alum inium , but it was enough to reduce the concentration for smooth
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etching o f AIGaN with only 1% Al. Rough sidewalls in this case could be caused by higher
surface oxidation near the SiC>2 etch mask. However, at more than 2 seem SiCU the surface
and sidewalls became very smooth and the etching rates became equal for all the
structures. A further increase in the SiCU flow led to a decrease in the etching rates
probably due to a reduction in the number o f reactive Cl radicals and Cl ions in the
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chamber. The initial drop o f the GaN etching rate at 1 seem SiCU is not clear and requires
further investigations.
Unfortunately, the ICP ceramic tube was heavily contaminated inside after several
minutes in the SiCU/CU/Ar discharge. X-ray analysis revealed mostly Si present in this
deposition. Rahman et al. observed that at very low energies (-5 0 eV) Si+ present in a
SiCU discharge prefers to deposit on a GaAs surface. In all probability, a sim ilar situation
occurred in the ICP tube, which is at a slight negative potential relative to the positively
charged (+10-30 V) plasma. The Si deposited in the tube results in a heavily contaminated
etched surface after long-term processing. This makes SiCU-based plasm as unsuitable for
reliable and reproducible ICP etching.
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Fig. 4.54. SEM images o f samples etched with 1 seem SiCU added.

G aN

A IG aN (1 % A l)

A IG aN (1 0 % A l)

LD

Fig. 4.55. SEM images o f samples etched with 2 seem SiCU added.
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Fig. 4.56. SEM images o f samples etched with 5 seem SiCU added.
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Fig. 4.57. SEM images o f samples etched with 10 seem SiCU added.
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Fig. 4.58. SEM images o f samples etched with 15 seem SiCU added.
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Fig. 4.59. AFM images o f samples etched with 0 seem SiCl4 (scale=20 nm/div).
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Fig. 4.61. AFM images o f samples etched with 2 seem SiCU (scale=20 nm/div).
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Fig. 4.62. AFM images o f samples etched with 5 seem SiCLi (scale=20 nm/div).
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Fig. 4.63. AFM images o f samples etched with 15 seem SiCl4 (scale=20 nm/div).

4.5.4 Conclusion
The influence o f the cathode coverplate material on ICP etching o f GaN, AIGaN
containing 1 and 10% o f Al, and a LD structure with a CU/Ar plasm a was investigated. It
was revealed that the coverplate material has a great impact on the etching o f Alcontaining layers. We suggest that etching in a CI2 plasma with a quartz coverplate
accompanies with a constant influx o f oxygen from Si0 2 , which forms a stable aluminium
oxide on an AIGaN surface and, hence, results in extremely slow etching rates and a rough
grassy surface. Using an anodized aluminium cathode with no coverplate also results in a
grassy surface caused by the presence o f water vapors and/or background oxygen in the
process chamber. These residuals form a thin layer o f oxide on the surface at the beginning
o f a plasm a discharge resulting in a grassy etch surface for Al-containing layers. The
results obtained with a graphite coverplate and with a Si wafer on the top o f the quartz
coverplate indicate that SiClx, CC1X reactive radicals and SiClx+, CC1X+ ions, as the etch
products o f the CI 2 plasm a with coverplate material, are responsible for fast and smooth
etching o f A l-containing layers. We believe that these species scavenge oxygen in the
process cham ber and effectively remove oxide layers on the surface. The experiments with
SiCU gas added to a C h /A r mixture with the quartz coverplate only confirmed the role o f
SiClx species for fast and smooth etching o f AIGaN layers. The obtained data provide the
optimal cham ber configurations suitable for laser diode processing.
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4.6 Optimization of ICP etching of a GaN-based laser structure
with Cl2/Ar plasma assisted by Si coverplate
4.6.1 Introduction
The results presented in the section above suggest that a Si wafer, located on the
top o f a quartz coverplate, greatly improves etching o f Al-containing layers in a Cb/Ar
plasma and can be used for laser diode fabrication. This chamber configuration provides
fast III-nitride etching rates, smooth vertical etch sidewalls, smooth contamination-free
surfaces, and high selectivity over a SiCb etch mask. This section presents a study o f ICP
etching o f GaN, Alo.1Gao.9N , and a laser diode structure with a Cb/Ar plasma assisted by a
Si wafer. The influence o f process pressure, RF and ICP power on etching rates,
surface/sidewalls morphology, and selectivity o f the LD structure over a SiCb mask was
investigated. The obtained data provide a wide range o f parameters where smooth
anisotropic etch profile, smooth etch surface, and a high selectivity over a SiCb etching
mask are easily achieved. Furthermore, the behavior o f an Oxford PlasmaLab 80 ICP
reactor, used for the experiments, was found to be different from that o f conventional ICP
systems. This behavior was also studied and explained to give a fuller understanding o f the
mechanisms involved in the etching. The study has also been recently accepted for
publication [“ICP etching o f III-nitride based laser structure with Cb/Ar
plasma assisted by Si coverplate material” E. Zhirnov, S. Stepanov, W. N . Wang, A. Gott,
Y. G. Shreter, D. V. Takhin, and N. I. Bochkareva, J. Vac. Sci. Technol. A 23, XXX
(2005).].

4.6.2 Experimental
Bulk 2 pm-thick GaN, Alo.1Gao.9N, and a laser structure containing SL o f
Alo.1Gao.9N/GaN were grown on AI2O 3 substrates by metallorganic chemical vapor
deposition (MOCVD). The mole fraction o f Al in the AIGaN layer was determined by Xray diffraction (XRD) measurements. 300 nm o f SiCb was deposited on the samples as a
mask layer by plasma enhanced chemical vapor deposition (PECVD). The mask pattern
was defined and the surface was cleaned prior to GaN etching using the same procedure as
was used for the experiments with the coverplates (section 4.5).
An Oxford PlasmaLab 80 ICP reactor was used for III-nitride etching experiments.
The samples were mounted onto the 10-inch anodized aluminum cathode covered with a
quartz coverplate and a 6 -inch Si wafer located between the coverplate and the samples.
All the experiments were conducted after the background pressure was reduced to less than
6 x 10 ~6 Torr. The ICP process parameters used were as follows: 15 seem CI2 flow, 4 seem
Ar flow, and 20 °C cathode temperature. The dc-bias voltage was measured separately
without the coverplate under all sets o f etching conditions used. The etching time was
varied from 3 to 23 min, depending on the etching rates, to pattern 6 0 0 -1500 nm-deep IIInitride features.
After completion o f plasma etching the SiCb mask was stripped away using a
buffered-HF (1:4) solution. The etching rates were calculated from the depth o f the etched
features measured with a stylus profilometer. Surface morphology, anisotropy, and
sidewall undercutting were evaluated using a scanning electron microscope (SEM) at an
angle o f 30° with the surface.
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4 .6 .3

R e s u lts a n d d is c u s s io n

In flu en ce o f p ressu re
Figure 4.64 shows the influence o f process pressure on cathode dc-bias at fixed 450
W ICP and 150 W RF power. As can be seen, the dc-bias voltage was relatively
independent o f the pressure up to 20 mTorr and was gradually reduced above 20 mTorr. At
fixed RF power this behavior implies that the ion density in the process chamber was
constant at pressures below 20 mTorr whilst it increased at higher pressures:
RF power ~ (Ion flux to substrate) x (dc-bias)
Here, (ion flux to substrate) is the amount o f positive ions crossing the cathode sheath per
second. These results are different from those reported for conventional ICP systems by
Sheu et al. and Shul et al. These authors observed that the dc-bias was significantly
increased with increasing pressure from 1 to 10 mTorr at fixed RF and ICP power. It was
attributed to enhanced collisional recombination with increasing pressure, which
subsequently decreased the plasma density (density o f ions and reactive radicals) generated
by the ICP source and, hence, increased the dc-bias voltage.
The discrepancy with published results is related to the specific design o f the ICP
system used. The ICP PlasmaLab System 80 Plus system employs an ICP65 plasma
source, which is located as a remote plasma source. Generally speaking, the ICP tube is
intentionally spaced away from the cathode to allow active species to diffuse laterally. In
this case, charged particles from the ICP tube do not reach the cathode and the etching
process is mainly promoted by long-lived radicals generated in the source. Thus, the
radical density in the process chamber is essentially defined by the ICP power, while the
ion density near the cathode sheath is relatively independent o f the ICP source.
Accordingly, both the ion density and the dc-bias voltage are defined by the RF power as
in the case o f an RIE-only system. In conventional RIE systems the ion density becomes
higher at higher pressures due to the reduced am ount o f generated ions compared to
320
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Fig. 4.64. Dc-bias voltage as a function o f process pressure.
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conventional ICP systems. The increased frequency o f collisions leads to the increased
density o f ions in the RIE system. In contrast, this leads to increased collisional
recom bination o f ions and to a decrease o f the ion density in the ICP source. Thereby, in
our system the increase in the pressure results in a decreased density o f ions in the ICP
tube and an increased density o f ions in the RIE part o f the chamber near the cathode.
Accordingly, the dc-bias decreases with increasing pressure at fixed RF power. Lin et al.
also reported that the dc-bias was decreased from -231 to -42 V with increasing pressure
from 10 to 100 m Torr in a Plasma-Therm 700 RIE system. The fairly constant dc-bias at
pressures from 3 to 20 m Torr was probably caused by improved ion transport from the ICP
source at lower pressures (increased mean free path o f ions), which compensates the low
ion density generated in the chamber by RF power.
Figure 4.65 presents the etching rates o f GaN, Alo.1Gao.9 N, a LD structure, and a
SiC>2 mask as a function o f the process pressure in the range from 3 to 20 mTorr. This
range corresponds to approxim ately constant dc-bias voltage and ion density near the
cathode sheath, as considered above. As can be seen, the etching rates were equal for all
nitride structures, w hich is consistent with the results presented in the previous section. The
selectivity o f the III-nitrides over the S i0 2 mask was about (9:1) independent o f the
pressure. For all the materials, including the S i0 2 mask, the etching rates significantly
decreased with increasing pressure. This cannot be related to reduced density o f ions or
increased dc-bias (the sputter desorption o f reactive plasma species prior to reactions) as in
the case o f other studies published.2,23, 41 However, increasing the pressure results in a
decrease in the quantity o f both ions and reactive radicals generated in the ICP tube.
Although most o f the ions cannot reach the cathode, the radicals can diffuse into the
cham ber and prom ote a chemical component o f the etching. Thus, the increased pressure
results in a reduced density o f reactive radicals in the cham ber and, hence, in the decreased
etching rates. Additionally, the decrease o f the etching rates with increasing pressure may
also be related to redeposition and/or polymer formation on the surface, reduced mean free
path o f ions, and the collisional scattering o f ions in the sheath region . 1 , 53
260
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Figure 4.66 shows SEM images o f the LD structure etched at different pressures.
As can be seen, the etch profile was anisotropic and smooth for all conditions.
Nonetheless, the etched surface tended to be more contaminated at higher pressures. This
could be related to pre-etch contamination on the surface. Although not shown, the etched
surface and profile were smooth for GaN and Alo.1Gao.9 N layers as well.

3 mTorr

5 mTorr

10 mTorr

20 mTorr

Fig. 4.66. SEM images o f a laser structure etched at different process pressures.

In flu en ce o f R F p o w er
Figure 4.67 shows the influence o f RF pow er on cathode dc-bias at fixed 450 W
ICP pow er and 4 mTorr pressure. As can be seen, the dc-bias was linearly dependent on
the RF power, indicating that the ion density in the cham ber was constant and independent
o f the RF pow er at these conditions. However, the ion density near the cathode sheath in
our ICP system should depend on the RF power, as considered in the previous section.
These unexpected results were possibly related to inefficient impact ionization by the RF
source at low pressures. M ost o f the RF power was wasted in increased ion bombardment
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Fig. 4.67. Dc-bias voltage as a function o f RF power.
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and hot electron creation instead o f contributing to ionization. Consequently, the ion
density saturated and remained unchanged as the RF pow er increases.
Figure 4.68 presents etching rates o f GaN, Alo.1Gao.9 N, the LD structure, and the
Si 0 2 mask as a function o f the RF power. As can be seen, the etching rates for all nitride
materials were equal at RF power higher than 70 W, which is consistent with results
presented in the previous section. However, the etching rate o f GaN was much larger (29
nm/min) than that o f Alo.1Gao.9 N (0 nm/min) and the LD structure (4 nm/min) at 35 W RF
pow er (-4 V dc-bias). It is probably related to different bond energies o f GaN (8.92
eV/atom) and AIN (11.52 eW atom) and, hence, different threshold energy o f ions required
to break the III-V bonds. It is also important to note that the potential o f plasma with
respect to grounded electrode is equal to +(10-30) V. Thereby, the ion im pact energy on
the cathode is equal to the dc-bias voltage minus this potential. The dependence presented
in Fig. 4.68 is very sim ilar to that reported by Smith et al. at fixed ICP power. The authors
also observed that etching rates increased dramatically up to -250 V dc-bias at which point
a plateau occurred. In all probability, this was caused by the sputter desorption o f active
chlorine species from the surface before they could react.
Figure 4.69 presents the selectivity o f the LD structure over the SiC>2 mask as a
function o f RF power. As can be seen, the largest selectivity was obtained at 150 W RF
pow er (-192 V dc-bias). The etching rate o f the LD saturated above this power, as
considered above. In contrast, the etching rate o f SiC>2 was probably dom inated by physical
sputtering rather than by a chemical component and it continued increasing.
Figure 4.70 shows SEM images o f the LD structure etched at different RF power.
As can be seen, etch profile was anisotropic and smooth at all conditions. Nonetheless, the
etch surface was slightly contaminated with pillars at the lowest RF power. The
micromasking effect o f a thin InGaN top contact layer might be the reasons for this due to
the low volatility o f InC h etch products (boiling point o f -6 0 0 °C). Under higher plasma
conditions these etch products were probably sputtered away before they could passivate
the surface. Although not shown, the etched surface and profile were smooth for GaN and
Alo.1Gao.9 N at all conditions.
450
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Fig. 4.70. SEM images o f a laser structure etched at different RF power.

In flu en ce o f I C P p o w er
For these experiments the process pressure and RF pow er were fixed at 4 mTorr
and 150 W, respectively. The cathode dc-bias was found to be nearly constant (about -300
V) and independent o f the ICP power. These results are different from those reported for
conventional ICP systems, where an increasing ICP pow er at fixed RF power results in a
decrease o f the cathode dc-bias due to an increased ion density in the process cham ber . 11 ’
23, 2 8,30, 4 i, 45 j_[owever? thjs js consistent with the findings o f Cooke et al. for the ICP65
source em ployed in the Oxford PlasmaLab 80 ICP reactor. The authors stated that charged
ions from the ICP tube do not reach the cathode due to the remote location o f the source.
Thus, both the density o f ions near the cathode sheath and the dc-bias are determined by
the RF power, which was fixed during these experiments.
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Figure 4.71 presents the etching rates o f GaN, Alo.1Gao.9N, the LD structure, and
the SiC>2 mask as a function o f the ICP power. As can be seen, the etching rates increased
with increasing ICP power. However, the ion density near the cathode sheath and the dcbias were invariable during the experiments, as it was stated above. This behavior is
probably related to an increase in a number o f reactive radicals generated in the ICP tube.
Although ions from the ICP source cannot reach the cathode, the radicals can diffuse into
the cham ber and prom ote a chemical component o f etching. The selectivity o f the LD
structure over the SiC>2 mask as a function o f the ICP pow er is presented in Fig. 4.72.
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As can be seen, the etching rates were equal for all nitride materials above 200 W
ICP power, which is consistent with the results presented in the previous section. However,
below 200 W ICP power the etching rate o f Alo.1Gao.9 N was slower in comparison with
GaN and the LD structure, and the etch surface o f Alo.1Gao.9 N was very grassy, as shown
in Fig. 4.73. The slow etching rate and the grassy etch surface morphology o f Alcontaining layers probably resulted in pillars after etching the LD structure (Fig. 4.74)
containing Alo.1Gao.9 N layers in super-lattices. In contrast, the etched surface o f GaN was
fairly smooth for all conditions, as shown in Fig. 4.75. These results confirm the role o f
SiClx reactive radicals and SiClx+ ions for smooth and fast etching o f AIGaN layers.
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Fig. 4.73. SEM images o f AIq.]Gao.9 N etched at different ICP power.
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Fig. 4.74. SEM images o f a laser structure etched at different ICP power.

ow

to o w

200 w

300 w

Fig. 4.75. SEM images o f GaN etched at different ICP power.
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Low ICP power results in a low density o f reactive radicals in the process chamber and,
hence, in slow etching o f the Si wafer. This leads to a low density o f SiClx etch products in
the chamber. Thus, oxygen liberated from the quartz coverplate cannot be scavenged
completely and it interferes with Alo.1Gao.9N etching by forming aluminium oxides. It
finally results in the slow etching rates and the grassy etch surface for Alo.1Gao.9N and in
the pillars for the LD structure. Roughening o f the Si wafer observed at less than 200 W
ICP power also indicates the presence o f background oxygen in the process chamber.124,
125, 126

It is important to note that under the same base conditions (4 mTorr pressure, 15
seem CI2 , 4 seem Ar, 450 W ICP power, 150 W RF power) the dc-bias voltage and the
etching rates were different during experiments with pressure (-290 V, 250 nm/min), RF
power (-192 V, 285 nm/min), and ICP power (-300 V, 350 nm/min). In all probability, this
was related to differences in the process chamber conditions due the cleaning o f the
chamber between these experiments. Shul et a l also observed a similar difference after the
reconstruction o f a process chamber.

4.6.4 Conclusion
ICP etching o f GaN, Alo.1Gao.9N, and a laser diode structure with a Cb/Ar plasma
assisted by a Si wafer was systematically studied. The influence o f process pressure, RF
and ICP power on the etching rates, surface/sidewalls morphology, and selectivity o f the
LD structure over the SiCb mask was investigated. The experiments confirmed the role o f
SiClx etch products, produced as a result o f etching the Si wafer with the CI2 plasma, for
smooth and fast etching o f Al-containing layers, as considered previously. A smooth
anisotropic etch profile, smooth etch surface, and high selectivity over SiCb were obtained
for the laser diode structure in a wide range o f process parameters. Thereby, the developed
process can be successfully employed for III-nitride laser diode processing. Furthermore, it
was found that the Oxford PlasmaLab 80 reactor, used for the experiments, behaves
differently compared to conventional ICP systems. The ICP65 source employed in the
system does not significantly effect the sheath ion density and cathode dc-bias, due to its
remote location. However, the ICP source generates a large amount o f reactive radicals,
which facilitate fast and smooth etching o f Al-containing layers. At low pressure (4 mTorr)
the plasma density was found to be independent o f both the ICP and RF power, which is
possibly related to inefficient impact ionization by the RF source at low pressures.
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5 Ridge waveguide fabrication
The ridge waveguide fabrication process has been developed to simplify the laser
fabrication procedure and to meet some critical requirements for the best laser
performance. The process includes the fabrication o f a narrow ridge waveguide stripe
(typically 2 -4 pm ), the passivation o f the surface with SiC>2 , and the opening o f a window
on the top o f the stripe for / 7-contact deposition. It is very important to obtain a ridge stripe
with smooth vertical sidewalls and a clean GaN surface with no contamination. The rough
non-vertical sidewalls o f the stripe can result in poor optical confinement in the waveguide
and an increase o f the threshold current for laser generation. The passivation with SiC>2 is
used for the isolation o f the etched surface and the ridge sidewalls during the /?-contact
deposition. The poor surface isolation may result in poor current confinement and leakages
outside the waveguide. The open sidewalls o f the stripe can initiate the loss o f light by
metal coating and an increase o f the threshold current. The opening o f the window on the
top o f the ridge waveguide stripe is used for /?-contact deposition. For standard
photolithography processing this step tends to be a challenge due to the extremely small
dimensions (1-3 pm). It requires precise photolithography equipment for proper alignment
and exposure. A dditionally, the process o f the opening has difficulties such as the serious
damage o f the /?-layer o f GaN after the dry etching o f SiC>2 and the lateral etching o f SiC>2
during wet etching. The developed procedure allows the avoidance o f these problems due
to self-alignment during the process and the protected surface o f the ridge waveguide
during the etching.
A metal Al (500 nm)/Ni (100 nm) mask was selected for the etching o f the
waveguide. Photoresist was found to be not stable during the etching in C h-based ICP
plasma due to low selectivity to GaN and a low melting temperature. The developed ICP
process results in a fairly high temperature o f
GaN during the processing and can cause the
photoresist to be melted and sublim ated from
the surface before the etching is finished. In
contrast, the top Ni layer was found to be very
stable in Ch-based ICP plasma. The bottom
thick Al layer serves as an intermediate layer.
Aluminum is very reactive with C h plasm a that
finally results in very suitable profile for the
following lift-off o f SiCh.
Fig. 5.1. SEM image o f double-layer resist
pattern before metal deposition.

Fig. 5.2. SEM image o f Al/Ni pattern for
ridge waveguide fabrication.

A
double-layer
photolithography
process with L O R -1OB lift-off resist was
selected to obtain the metal mask. This process
results in a high quality metal pattern and
allows obtaining fairly thick (< 1 . 0 pm) and
narrow (> 2 . 0 pm) patterns without problems
with the following lift-off o f the deposited
metal. Figure 5.1 shows an SEM image o f the
resist pattern after development. As can be
seen, the quality o f the top photoresist 1813S
Shipley is quite reasonable. As a result, the
Al/Ni pattern after the lift-off (Fig. 5.2) has
fairly smooth vertical sidewalls suitable for the
vertical etching o f GaN material. The metal is
deposited using an e-beam evaporator. It is
121
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important to note that the deposition conditions
can significantly affect the quality o f the metal
pattern. It was found that Al deposited at low
rates ( < 2 nm/sec) tends to have very rough
surface and sidewalls. Thereby the deposition
rates above 5 nm/sec for Al are preferable.

Fig. 5.3. SEM image Al/Ni mask after ridge
etching.

Fig. 5.4. SEM image o f Al/Ni mask after
cleaning in buffered HF (20:1) solution.

Fig. 5.5. SEM image o f sputtered SiC>2 on the
ridge stripe with Al/Ni mask on the top.

Fig. 5.6. SEM image o f a contact window on
top o f ridge stripe after Al/Ni mask removal.

The Al/Ni mask is used for the etching
o f the ridge waveguide in the laser structure
(typical etch depth is 300-400 nm). The Ni
layer serves as an actual mask to protect the Al
and GaN during the etching. A lum inum is
readily etched by chlorine to form AICI 3 , even
in the absence o f gas plasm a . 1 , 2 The passivating
AICI3 , which remains on the Al sidewalls after
the etching is very hydroscopic and results in
different forms o f aluminum hydroxides when
exposed to air containing w ater vapors . 1 In
addition, HC1 is liberated upon reaction o f
AICI3 with water. W hen a sample is rem oved
from the ICP chamber the formed HC1 proceeds
to corrode aluminum. It results in heavily
infected stripes after CI2 plasm a etching (Fig.
5.3). Fortunately, these products were found to
be easily removed in buffered HF solution
(NH 4 F/HF). Furthermore, the final mask shape
is especially suitable for the following lift-off
process due to the lateral overetch o f Al under
the intact Ni layer (Fig. 5.4). The cleaning in
the buffered HF can also improve the undercut
due to the additional etching o f Al by HF acid.
It is important to note that excessive exposure
to the buffered HF can result in the com plete
removal o f Al. Thereby this step should be
carefully controlled and low concentrated HF
solutions such as 20:1 NH 4 F/HF are preferable.
The SiC>2 passivation layer is deposited
by ion beam sputtering employing A r plasma.
This sputtering takes place at low process
pressures (10 ' 3 - 10' 4 Torr) that results in the
anisotropic deposition o f SiC>2 due to the long
mean free paths o f species in the process
chamber. The quality o f deposition was found
to be sufficient for proper surface isolation. In
contrast, e-beam evaporated SiC>2 , w hich also
has an anisotropic profile, was found to be very
porous and not suitable for proper laser
processing. SiC>2 deposited by plasma enhanced
chemical vapor deposition (PECVD) cannot be
applied for this process due to the isotropic
deposition nature, which hinders the following
lift-off o f SiC>2 to open the contact w indow on
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the top o f the ridge stripe. Figure 5.5 presents the sputtered SiC>2 layer (350 nm thick) on
the ridge stripe with the Al/Ni pattern on the top. As can be seen, the undercut profile o f
the metal mask and the anisotropic deposition result in separated oxides on the GaN
surface and on the top o f the metal. As a result, the following removal o f the metal takes
also away the top oxide, opening the window for /^-contact deposition (Fig. 5.6). It is
im portant to note that the thickness o f sputtered Si0 2 should be the same as the height o f
the ridge w aveguide to cover the ridge sidewalls. Also the thickness o f the Al mask layer
should be at least the same as thickness o f the oxide to prevent the joining o f separated
SiC>2 parts. The removal o f the metal m ask is
perform ed in
aqua-regia
solution
(3:1
F1 C 1/H N 0 3 ). This solution can easily etch both
Al and Ni and results in a very fast reaction
with a large number o f gas bubbles assisting the
removal o f the top oxide layer. The obtained
contact window allows a p-contact to be
deposited without special concern about
alignment.
Figure 5.7 shows the /^-contact
deposited on the ridge waveguide. As can be
seen, the contact can be significantly larger than
Fig. 5.7. SEM image o f /^-contact deposited
th e contact window. This makes the post
in the open contact window.
growth process much simpler and
more
reproducible.

1 W. M. M oreau, Sem iconductor Lithography: Principles, Practices, and Materials, Plenum
Press, New York, 1998.

L. Shon-Roy, A. W iesnoski, R. Zorich (1998). Advanced Semiconductor Fabrication
Handbook. Integrated Circuit Engineering Corporation (ICE).
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6 Ohmic contacts to GaN
6.1 Introduction
Contacts are an integral part o f the fabrication o f semiconductor devices. For
advanced GaN-based optical and electrical devices, it is essential to fabricate high-quality
ohmic contacts, which have low resistance, excellent reliability, and thermal stability. A
high contact resistance at metal/GaN interfaces results in a large voltage drop across the
interface and, thereby, leads to poor device performance and reliability. To avoid excessive
heating resulting in the failure o f a device, a specific contact resistivity in the order o f 10~3
f i cm 2 for light-emitting diodes (LEDs) and 10^ fl-cm 2 for laser diodes is required for both
n- and / 7-contacts to GaN.
Generally, the formation o f low-resistance contacts is a challenging problem for
GaN-based devices, which arises from the wide band gap o f GaN, with a direct band gap
o f 3.4 eV and an electron affinity o f 4.1 eV . 1 It usually results in a large barrier height
when a metal is deposited on the semiconductor material. Ohmic contacts to w-type GaN
are usually achieved by electron tunneling through the barrier thinned by heavy doping on
the semiconductor side. For contacts to / 7-type GaN, however, it entails particular problems
due to the resistive nature o f GaN obtained by standard / 7-type doping techniques.
Nevertheless, significant progress has been made during the last few years. This chapter
provides an up-to-date review o f contact technologies for both p - and w-type GaN along
with a theory associated with contact mechanisms. The results obtained by our group for
the most promising contact systems are also presented and discussed.

6.2 Metal/GaN contact mechanisms
Contacting a metal to a semiconductor layer results in bending o f the valence and
the conduction bands within the semiconductor and an energy barrier for carriers at the
interface. The barrier height for an ideal Schottky contact (<f>B) is equal to the difference
between the work function o f a metal
semiconductor ( x s ) [Fig.

6 . 1 (a)]

and either the electron affinity o f a

for «-type or the sum o f the electron affinity and bandgap

o f a semiconductor ( E g ) [Fig. 6.1(b)] for / 7-type.

V acuum level

V acuum level

7/7/77/7/77777777777,

a)

7 /7 /7 7 7 7 7 /7 7 7 7 7 7 7 7 /

E,

b)

Fig. 6.1. Schematic diagram o f band offsets for a metal on n-type (a) and p-type (b) semiconductor.
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However, this dependence has not been observed for a large number o f
semiconductors, including Si, GaAs etc. It was attributed to the existence o f surface states
within a sem iconductor bandgap, which pin the Fermi level at the interface. As a result, the
barrier height w ould be independent o f the metal work function . 2 W hich contact
mechanism dominates, depends on the semiconductor material and the interface
conditions. A ccording to Kurtin et al? GaN has a large electronegativity difference
between the constituent elements (1.87 eV) and, thereby, the Schottky barrier heights
between metals and GaN should be totally
unaffected by Fermi level pinning type
1.0
• AIN
ZnS •
effects. Figure 6.2 shows the change in the
GaS
OJ
barrier height over the change in the metal
I
work function ( S = d(j)B / d </)m) as a function
I
CdS
S
0.6
GaSc
o f electronegativity difference between the
ZnSc
components o f a compound (AX). As can be
5
0.4
SIC
seen, the Schottky barrier height on GaN
CdSe
w
should directly depend on the work function
o f a metal. The electron affinity and
bandgap o f GaN has been measured to be
2.0 2.2 2.4
4.1 eV and 3.4 eV, respectively. Therefore,
any metal with a work function equal to or
GaN
lower than 4.1 eV should form an ohmic
Fig. 6.2. Dependence o f S = d<j>B/ d<f>m (change in
contact to /7 -type GaN and any metal with a
barrier height over the change in metal work
work function equal to or higher than 7.5
function) on the electronegativity difference
between the components o f a compound.
eV is expected to form an ohmic contact to
//-type GaN.

I

In practice, the agreement with the Schottky rule is not entirely conclusive. On the
one hand, Schottky barrier measurements on /7-type GaN revealed that <j)B does vary with
(j)m i, 4, s, 6 o n the other hand, Mori et al? reported that Schottky barrier heights on p -type
GaN only weakly depend on the w ork function o f a metal, even though they tend to
decrease with an increase in the metal w ork function. They concluded that the metal work
function is not the predom inant factor affecting the Schottky barrier characteristics on pGaN. The reported results are difficult to compare due to the differences in sample carrier
concentration, surface preparation prior to deposition, method o f metal deposition, and in
the techniques used to characterize contacts (current-voltage, capacitance-voltage, internal
photoemission etc.). Furthermore, current-voltage (I-V) and capacitance-voltage (CV)
measurements could be significantly affected by defects at the semiconductor/metal
interface. Recently Rickert et al? determined Schottky barrier heights o f metals to both nand p -type GaN using synchrotron radiation-based x-ray photoemission spectroscopy. The
results obtained for metals deposited on the «-GaN and on the //-GaN are presented in Fig.
6.3(a) and Fig. 6.3(b) respectively. As can be seen, the results yield roughly linear trends,
although the slopes o f linear fits, corresponding to the change in the barrier height over the
change in the metal work function ( S = d(/)B / d(frm), are lower than predicted by Kurtin et
al. A slope with a value o f 0.7 and 0.8 was observed for n- and //-GaN , respectively. The
authors investigated two different Fermi-level pinning behaviors observed over the range
o f metals investigated. They found that for Au, Ti, and Pt, the surface Fermi level lies
about 0.5 eV higher in the gap for /7-type than for p -type GaN. It was suggested that two
pinning positions exist w ithin the bandgap, depending on the carrier type, indicating the
presence o f two types o f surface states. For three other metals, Ni, Al, and Pd, the surface
Fermi level position is independent o f doping, but varies from one metal to the other. It
was concluded that the barrier heights for Ni, Pd, and Al exhibit a m odified Schottky (not
pinned) behavior. Thereby non-ideal behavior o f a metal on GaN appears to result from the
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Fig. 6.3. The measured surface-barrier heights as a function o f the work function o f a metal for w-GaN
(a) and for p-G aN (b). S = d(f)B / d<f)mis the slope o f a linear fit.

presence o f several transport mechanisms, depending on many factors, such as the type o f
metal deposited, carrier type and concentration, stoichiometry and roughness o f GaN
surface, defects present in a film, surface preparation prior to deposition, etc.
There are four main mechanisms for the transport o f carriers over a Schottky
barrier, therm ionic em ission (TE), field emission (FE), thermionic field emission (TFE),
and tunneling through deep levels . 9 For a contact on a low-doped semiconductor, the
thermionic emission, when thermally energetic electrons (holes) pass over the barrier,
dominates the current transport. In this case the specific contact resistivity ( p c) is given by

Pc =

qA T

k
q
A*

exp

-

[ 6 . 1]

Boltzman constant
elementary charge
Richardson constant
barrier height (eV)

T

temperature (K)

For a contact on a high-doped semiconductor, the field emission (tunneling) dominates the
current transport, w hen electrons (holes) pass through very thin barrier. The specific
contact resistivity is given by

Pc =

qA

exp A
v

\- i

7rT

oo y sin (zrc.kT)

exp
C\k

[6.2]

where

E —
^00

N,

4n\m*

[6.3]
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[6.4]

semiconductor permittivity
effective carrier mass
Plank’s constant
effective carrier concentration
position o f the Fermi level, defined as positive above the bottom o f the
conductive band (see Fig. 6.4)

1

Pc =

qA

cosh

+ Ey )E 00

oo

In the case o f thermionic field emission, when both the thermionic and field emission
mechanisms are involved in the transport o f carriers over a Schottky barrier, the specific
contact resistivity is given by

Jcoth

yici) V

( E 00

UrJ

xexp

$b
k

Ef
Eo

E ^
[6.5]
kT )

where
( v
Eo ~ E qq coth

'00

\

[6.6]

\k T )

Field emission becomes dominant for
qEw /k T > 1, thermionic field emission for
qEw IkT »1, and thermionic emission for
qEm IkT < 1, with q lk T « 0.026 eV at 300
K . 10

Metal

n-type semiconductor

Fig. 6.4. Schematic description o f the band
bending at the metal/semiconductor interface.

In addition to the mechanisms illustrated above, the current transport over the Schottky
barrier can also be affected by Fermi level pinning effects, caused by interface states
within the semiconductor bandgap. A large concentration o f deep energy levels at an
energy st (see Fig. 6.4) in the depletion semiconductor layer may significantly enhance
tunneling through the barrier via these levels. The contact resistivity in this case is given
by
2kT
Pc =

q 2N tuwt

exp (a tw( )exp

&B

kT

£t

[6.7]
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where
a ,= -

Nt
v
wt

^ 2

-

m *e,

[6 . 8 ]

concentration o f deep levels
jum p attempt frequency
average distance between states

As can be seen, the contact resistivity at the metal/semiconductor contact depends
only on the Schottky barrier height in the case o f thermionic emission (see Eq. 6.1),
whereas for field emission it directly depends on the Schottky barrier height and inversely
depends on the square root o f the carrier concentration (see Eq. 6.2). Thereby, the
tunneling becomes the dom inant transport
m echanism
for
heavily
doped
semiconductors if the Schottky barrier is
high enough to pass it over at operation
temperatures. The tunneling mechanism can
also be enhanced for moderately doped
semiconductors if the material is heavily
doped
in
the
proxim ity
of
the
T unneling
m etal/semiconductor interface. It leads to
significant band bending o f the conduction
and valence band, as shown in Fig. 6.5. The
semiconductor region at the interface thus
becomes degenerate and very thin, allowing
unhindered flow o f carriers via tunneling.
Heavy doping o f the sem iconductor surface
adjacent to the metal can be achieved by
epitaxial growth, ion implantation and
Fig. 6.5. Schematic diagram o f the band bending
annealing o f the surface, or by the deposition
due to heavy doping o f the semiconductor
and subsequent annealing o f a metallization,
surface,
and
tunneling
through
the
which effectively dopes the surface through
metal/semiconductor interface.
interfacial reactions with the semiconductor.
The mechanism that is predominant in the transport o f carriers over the Schottky
barrier can be verified from the p c(T) dependence. The therm ionic em ission is an
activated process and itresponds significantly to the temperature,
as can be seen from Eq.
6.1. In contrast,
the field emission isnot an activated process, and hence it is weakly
dependent on the temperature (see Eq. 6.2). However, if the effective carrier concentration
depends on the temperature (for deep-level doping materials, such as M g-doped p -G aN
material), the increased concentration at elevated temperatures significantly enhances the
tunneling probability.
M etals with a work function lower than 4.1 eV, required for ohmic contact to nGaN, are not widely available. Metals with a work function higher than 7.5 eV, required
for p-G aN , do not exist at all. Therefore, the possibility o f therm ionic emission as a
mechanism for carrier transport through the contact is low for both «-type and p -type GaN.
Today, it is widely believed that the formation o f good ohmic contacts to «-GaN
necessitates a special transport mechanism, such as tunneling.11, 12 A high doping
concentration at the «-GaN surface can easily be obtained by introducing dopants from
overlay metals through an annealing process, Si-implantation and subsequent activation
annealing, reactive ion etching (RIE), wet chemical treatment, etc. For /?-GaN, a large
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18

Schottky barrier and the low doping level (<10 c m ') achieved by standard p-type doping
techniques, make the tunneling probability very low. It is difficult to increase surface p type doping by implantation in GaN because o f the large ionization levels o f acceptor
species and the «-type character o f residual lattice damage. Furthermore, while a carrier
concentration o f 2 x 10 18 cm '3 is sufficient to raise the Fermi level to the conduction band
in «-type GaN, in p -type GaN a much higher value o f 2 x 10 19 cm '3 is required. It has been
suggested that the surface defects, generated during predeposition chemical treatment13
and/or high temperature contact annealing, can be responsible for carrier transport in a
metal//?-GaN system. They introduce deep energy levels inside the depletion layer, pinning
the Fermi level in /?-GaN. Which specific mechanism is responsible for the current
transport through a metal/GaN contact depends on many factors, such as the type o f metal
deposited, conditions for contact annealing, carrier type and concentration in GaN,
stoichiometry o f GaN surface, surface preparation prior to deposition, etc.

6.3 Methods of contact characterization
Ohmic contacts are usually characterized by measuring the specific contact
resistivity p c between a metal and a semiconductor. The specific contact resistivity is
independent o f the contact area and represents the resistance o f a 1 cm 2 contact. The
commonly used characterization technique is a transmission line method. In this method,
the contact is treated as a transmission line and equations are derived and solved to yield
the specific contact resistivity and related parameters. There are two main modifications o f
this method, with a rectangular and with a circular contact geometry, called a linear
transmission line model (TLM) and a circular transmission line model (CTLM),
respectively. Both o f them are extensively used for characterizing contacts on GaN.
TLM requires the formation o f a contact pattern consisting o f an array o f
rectangular pads o f equal size separated by varying distances [Fig. 6 .6 (a)]. To confine the
current flow only between the contact pads, the model also involves mesa etching to
remove the semiconductor around the TLM pattern. The total resistance Rpp between a pair
o f contacts, obtained as V/I from the I- V curve, can be expressed by
n
A

_ n d + 2Lt
pp

“

iV

r

sh

[6.9]

^

sheet resistance o f a semiconductor layer
spacing between contact pads
length o f a rectangular pad
transfer length

R sh

d
Z
Lt

CTLM eliminates the need for the mesa etching required for the TLM pattern. The CTLM
contact pattern is shown in Fig. 6 .6 (b). The total resistance Rpp between an inner circle and
an adjacent field, evaluated from the I - V curve, can be expressed by

R

”
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n

=-5s» In

lit

f r.'
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\ ro
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+

—

[6.10]

riJ

outer radii o f a circular pattern
inner radii o f a circular pattern
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The transfer length L t is the averaged part o f a contact involved in the current flow. It
depends on the ratio o f the specific contact resistivity pc in fTcm and sheet resistance Rsh
in Q under the contact and can be expressed by

Lr=JpJKl

[6.11]

Both techniques use the difference in the total resistance between pairs o f contacts
separated by different distances. Free parameters Rsh, p c , and L j can be m atched to fit Rpp
values o f different spacings using Eq. 6.9 and 6.10. The validity o f the method depends on
general conditions, such as Lj< W or L f^ n , d or (r0-r,) much larger than the thickness o f the
sem iconductor layer, and a negligible metal sheet resistance. The accuracy o f this method
mainly depends on the spacing error. The accuracy increases with decreasing sheet
resistance and increasing the contact resistivity, which both lead to a higher value o f L t. In
general, contact resistivities down to 1 0 7 H em 2 can be determined fairly accurately using
the transm ission line m ethod.14

a)

b)

Fig. 6.6. A linear transmission line model (TLM) contact pattern (a) and a circular transmission line
model (CTLM) contact pattern (b) (white - metallization, grey - semiconductor, hatched - substrate).
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6.4 A review of ohmic contacts to n -GaN
The first published investigation o f contacts to «-GaN was reported by Foresi and
Moustakas. Contact resistivities o f KT4 and 10'3 fl-cm 2 were realized using Al and Au
metallizations, respectively. They suggested that the Schottky barrier heights are dependent
on the metallic work function and that the surface Fermi level o f GaN is unpinned. We
showed above that the barrier height does vary
with the metal work function, although the
T able 6-1. W ork functions o f some metals.
change in the barrier over the change in the work
W o rk function
function ( S = d(j)B / d(j>m) is lower than that
M etal
Au
Pt
Al
Ti
Pd
Ni
Ag
Pb
Cr
Rh
Re
Ga
Ta
V
Mo
Cu

(eV)
5.1 -5 .2
5 .6 -5 .7
4 .1 - 4 .3
4.0 - 4.3
5.1 -5 .2
5.1 -5 .2
4.3
4.3
4.5
5.0
5.1
4.0
4.3
4.3
4.7
4.5

R eference

, 7, 8 , 15
6 , 7, 8 , 15
8 , 15, 16
6 , 7, 8 , 15, 16
6 , 8 ,1 5 , 16
6 , 7 ,8
6

6
6
6

17
18
16
16
19
11
11

predicted by the Schottky theory. A s a result,
metals with a work function equal to or lower
than the GaN electron affinity (4.1 eV) are
expected to form ohmic contacts to «-type GaN
in the case o f only thermionic emission.
However, it was also shown above that different
transport mechanisms (tunneling, thermionic
emission, Fermi level pinning) can be involved in
a metal/GaN contact depending on the materials
and process factors. Tunneling is believed to be
the main mechanism for metals contacting w-type
it i
GaN. ’ Low work function metals indeed yield
the most promising contacts, which is in
agreement with Eq. 6.2 for field emission
transport. Work functions o f some representative
metals are presented in Table 6-1.

A wide variety o f ohmic contact systems have been employed and reported for ntype GaN. Among them, Ti/Al system has become the conventional widely used contact,
often protected with capping metal layers to reduce contact degradation. However, many
other contact schemes also showed low-resistivity ohmic behavior and reliable
performance. A summary o f the published contacts is presented in Table 6-2.
T ab le 6-2. Characteristics o f published results on ohmic contacts to w-GaN.

M ater.

GaN
GaN
GaN
GaN
GaN
GaN

GaN

C o n tact layers

Al
Al
150 nm
Ti
20 and 250 nm
Ti
3 nm
Ti/Al
2 0 / 1 0 0 nm
Ti/Al
30/200 nm
Ti/Al
35/115 nm

T re a tm e n t
before
p h o to 
lithography

T re a tm e n t
before
m etal
deposition

C o n tact
resistiv.
(Q*cm2)

C a rrie r
density
(cm '3)

~ 10"

3.0 x 1018

no

8.0 x lO"

7.0 x 1017

600°C/5 min
/Ar(4% H2)

20

3.0 x 10"

1.7 x 1017

975 °C /3 0 s

21

8.7 x 10"

6.0 x 1017

700 °C
/40 s/N 2

22

8.0 x 10"

1.0 x 1017

900 °C
/30 s/N2

23

1.3 x 10'3

2.0 x 1017

1120°C/15 s/N 2

no

1.0 x 10"

2.0 x 1017

Si implant. +
1120°C /15 s/N2

no

7.0 x 10"

5.0 x 1017

Aqua-regia
/10 min

Alloying
condition

Ref.

4

24

400 °C
/5 min/Ar

20
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GaN
GaN

GaN
GaN

Ti/Al
30/80 nm
Ti/Al
25/100 nm
Ti/Al
1 0 /1 0 0

nm

GaN

Ti/Al/Ni/Au
25/100/20/80 nm

GaN

Ti/Al/Ni/Au
15/220/40/50 nm

GaN
GaN
AlGaN
AlGaN
AlGaN

GaN

GaN

GaN

Ti/Al/Pt/Au
20/200/40/200 nm
Ti/Al/Pt/Au
25/100/50/200 nm
Ti/Al/Pt/Au
15/100/40/200 nm
Ti/Al/Cu/Au
85/50/80/100 nm
Si/ Ti/Al/Cu/Au
3/85/50/80/100 nm
Ti/Al/Ti/Au
30/100/30/30 nm

Ti/Al/Ti/Au
30/100/30/30 m n

Ti/Al/Ti/Au
30/100/30/30 nm

GaN

Ti/Al/M o/Au
15/60/35/50 nm

GaN

Ti/Al/Pd/Au
25/220/60/200 nm

GaN
GaN
GaN
GaN
GaN
GaN

5.0 x 10 s

6.0 x 10'6

NRtOH
50°C/15 min

600 °C
/I min/N2

25

(NH4)2S x
60°C/20 min

no

26

X

GaN

5.0 x 10"

©

GaN

Ti/Al
40/100 nm
Ti/Al
50/150 nm
Ti/Al
30/100 nm
Ti/Al
30/100 nm

©
iri

GaN

9.4 x 10"

1.2 x 1018

ICP in Cl2
/3 min

HC1:H20
(1:1 )/3 min

no

27

6.8 x 10"

1.0 x 1018

ICP in Cl2
/I min

HC1:H20
(1:1 )/2 min

no

28

4.8 x 10"

3.0 x 1018

3.1 x 10"

3.0 x 1018

1.2 x .10'5

1.1 x

2.0 x lO"4

5.0 x 1018

~ IO'7

5.0 x 1018

1.2 x 10"

1.1 x 1018

3.3 x 10"

4.0 x 1017

RIE

8.9 x 10"

4.0 x 1017

RIE

3.8 x 10'5

9.0 x 1018

7.0 x lO"6

6.7 x 1017

1.6 x 10"

CH3CSNH2/NH
4OH/60 oC /10 m
c h 3c s n h 2/ n h
4OH/60 oC /10 m

no
700 °C
/I min/N2
H20:N H 40 H
(10:1)/10 s

io 18
NH 4OH
/20 min
NR*OH
/20 min

950°C/2 min
/vacuum

0 2 plasma
/20 s
0 2 plasma
/20 s

500 °C
/I min/Ar

H20:N H 40 H
(10:1)/10 s

1100°C/2 m
/vacuum

29

30

no
31

30

no
14
900 °C /3 0 s
675 °C
12 min/Ar

32

850 °C
/5 min/N2

33

1.3 x 1018

850 °C
/5 min/N2

34

3.9 x 10"

5.0 x 1017

800 °C
/30 s/N 2

35

3.8 x 10"

5.0 x 1017

800 °C
/30 s/N 2

35

5.2 x 10"

1.4 x IO20

RIE

no

6.0 x 10‘7

1.4 x IO20

RIE

750 °C /3 0 s

5.1 x 10"

5.2 x io 17

RIE

900 °C /3 0 s

9.8 x 10"

5.0 x 1017

3.0 x 10"

5.0 x 1017

1.2 x 10"

6.0 x 1017

3.6 x 10"

6.0 x 1017

7.0 x 10"

6.0 x 1017

4.7 x 10'7

1.0 x IO18

2.8 x 10"

1.0 x 1019

4.2 x 10"

1.0 x 1019

1.1 x 10"

3.0 x 1018

HC1:H20
(1:10)/3 min

RIE
RIE + Aquaregia/5min
RIE +
K.OH/5 min

HF:HC1:H20
(1:1:10)/30 s
HF:HC1:H20
(1:1:10)/30 s
HF:HC1:H20
(1:1:10)/10 s
HF:HC1:H20
(1:1:10)/10 s
HF:HC1:H20
(1:1:10)/10 s

650 °C
/30 s/Ar
800 °C
/30 s/Ar

37

no
no

38

no
850 °C
/30 s/N2

RIE in SiCl4

36

39

Aqua-regia
/IO min
Aqua-regia
/10 min

500 °C
/8 min/N2

HC1:H20
( 1:4)/25 s

600 °C
/5 min/air

41

no
40

Ti/Al/TiAl 3
35/115/50 nm
Cr
80 nm
Cr/Al
25/120 nm
Cr/Al/Ni/Au
25/120/40/80 nm
Pd/Al
25/125 nm

1.0 x 10"

1.1 x IO18

H20 :NH4 0 H
(10:1)/10 s

800°C/2 min
/vacuum

42

3.8 x 10"

1.1 x 1018

H20 :NH4 0 H
(10:1)/10 s

700°C/2 min
/vacuum

42

2.4 x 10"

1.1 x IO18

H20:N H 40 H
( 10: 1) / 10 s

950°C/2 min
/vacuum

42

6.0 x 10"

7.0 x 1017

HC1:H20
(1:1 )/3 min

600 °C
/30 s/Ar

43

Ti/Au

9.2 x 10"

2.2 x 1016

no

44

H2S 0 4:H3P 0 4:
H20 (1:1:2)/5 s

1150°C/30 s/N 2

132

Chapter 6. Ohmic contacts to GaN

GaN

GaN

GaN
GaN
GaN
GaN

GaN

GaN
GaN
GaN
GaN
GaN
GaN
GaN

3/300 nm

3.6 x IO'8

2.2 x 1016

Ti/Pd/Au
40/40/200 nm

6.4 x 10"

1.0 x 1019

1.0 x 10"

6.0 x 1017

8.0 x IO'7

6.0 x 1017

2.4 x 10'9

1.0 x io20

6.5 x IO'5

Ti/Au/Pd/Au
20/60/40/50 nm
Ti/Ag
15/150 nm
W
50 nm
W
300 nm
W and
50 nm

Si implant. +
1150°C/30 s/N 2

no
Aqua-regia
/1 0 min

no

40

HC1:H20
(l:l) /3 min
HC1:H20
(1:1 )/3 min
HC1:H20
(1:1 )/3 min

800 °C
/30 s/air
800 °C
/30+15 s/air
800 °C
/30 s/air

45

1.7 x 1019

BOE
/5 min

no

46

8.0 x 10'5

1.5 x 1019

H20:N H 40 H
(20:1)

600 °C
/I min/N2

47

2.6 x 10"

1.0 x 102°

Si implant. +
1150°C

950 °C
/1 0 s/N 2

48

-1 0 "

1.0 x 1019
~ 1 0 16

Si implant. +
1400°C/10 s

49

~ 10"

800 °C
/I min/N2
950 °C
/I m in/N2

3.6 x 10"

1.8 x IO19

1.0 x 10"

1.8 x 1019

8.4 x 10"

4.0 x 1018

9.4 x 10"

2.5 x 1017

7.5 x 10"

1.5 x 1018

7.5 x 10"

2.5 x 1018

KOH (45%)
/70°C/60 min

2.3 x 10"

2.0 x 1018

BOE
/20 min

4.0 x 10"

2.0 x 1018

5.0 x 10"

5.0 x 1017

W S io .4 5

W

200 nm
Ti/W /Au
12/20/50 nm
N iA l (50:50)
120 nm
Ti/Si/Ti/Au
15/146/40/100
Hf
100 nm
V
60 nm
V/Ti/Au
20/60/20 nm
Ta/Ti/Ni/Au
5/50/20/15 nm

HC1
/I min
HC1
/I min

1 0 0 0 °C
/30 s/N 2

BOE
/10 min

BOE
/I min

900 °C
/I min/N2

51

H2S 0 4:H3P 0 4:
H20 (1:1:2)/5 s

HC1:H20
(l:3)/20 s

850 °C
/5 min/Ar

52

HC1:H20
/I min

900 °C
/3 m in/N2

10

no

53

BOE
/3 min

850 °C
12 m in/N2

19

BOE
/20 min

BOE
/3 min

850 °C
/2 m in/N2

19

HC1:H20 2:H20
(1:1:5)/3 min

HF:HC1:H20
(1:1:10)/15 s

750 °C
/45 s/Ar

16

no
50

As can be seen, there are large discrepancies in the results reported by different
groups for standard contacts on GaN. They appear to result from variations in the many
material and process factors, such as semiconductor doping level, material quality, surface
roughness, predeposition treatment, alloying conditions, etc. However, the optimized
processing conditions (annealing, predeposition treatment) for each metallization scheme
should yield optimal results for w-GaN layers o f different doping level and quality. The
optimal alloying conditions (temperature, time, ambient) depend on the contact system
used, whereas the predeposition treatment affects contact quality independently o f the
contact scheme and can be considered separately.

6.4.1 Predeposition surface treatment
Surface doping level is the primary factor affecting the contact resistance at a
metal/«-GaN interface where tunneling is the main transport mechanism. Thereby, any
predeposition treatment that enhances the surface carrier concentration should reduce the
contact resistance (see Eq. 6.2). For «-GaN layers this is usually achieved by the
accumulation o f N-vacancies in a near-surface region. The nitrogen vacancies act as
donors in GaN and can be sufficient to generate about a 1 0 0 A thick layer with a doping
concentration as high as 10 19-1 0 2° cm'3. Furthermore the treatment should efficiently
remove native surface oxides and hydroxides. It has been shown that the residual oxide
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acts as an additional barrier to current flow through the metal/w-GaN interface54 hampering
the formation o f low-resistivity ohmic contacts. Thus, the removal o f the oxide layer is
also essential prior to metal deposition. The commonly used techniques employed before
metallization to n-GaN are illustrated below.

RIE surface treatment
Reactive ion etching (RIE) and its high plasma density variations, such as
inductively coupled plasma etching (ICP), electron cyclotron resonance etching (ECRRIE), and chem ically assisted ion beam etching (CAIBE), are widely employed to etch IIInitride materials. For optical devices (LED, LD), RIE is used to etch through the structure
and to get access to «-type layers. Thereby, the «-GaN surface is exposed by plasma
treatment before contact deposition. Fortunately, it has been found that the RIE exposure
leaves the surface highly «-type as a result o f preferential sputtering o f nitrogen from the
GaN surface.11,14,11' 5 A s a result, the Fermi level at the surface o f «-type GaN shifts to the
conduction band edge, resulting in a decrease o f the Schottky barrier height for electron
7 7 7R
transport. ’ ’ Both a reduction o f the barrier and an increase o f the surface electron
concentration greatly enhances the tunneling probability through the metal/w-GaN
interface. Besides, the RIE treatment provides a clean oxide-free surface ready for metal
deposition. Plasma etching also often increases the GaN surface roughness and, hence,
increases the contact area and improves metal adhesion. As a result o f RIE treatment, a
reduced contact resistivity for standard contacts both alloyed and non-alloyed have been
reported by a large number o f groups.14, 21' 2 8 ,3 1 , 3 6 , 3 8 , 3 9 , 5 5 , 5 6 , 57 The simplicity o f this
method, its compatibility with the device fabrication process, and the possibility to avoid
contact alloying make this predeposition treatment very promising for ^-contact formation.

High temperature premetallization annealing
High temperature annealing can also modify the GaN surface through preferential
loss o f nitrogen. It was reported that nitrogen desorbs from the surface at temperatures
higher than 600 °C .58 At temperatures close to the GaN decomposition temperature (1 0 0 0 1100 °C), serious nitrogen desorption occurs. The N-vacancies lead to an increased
electron concentration in a near-surface region and, hence, to the improved tunneling o f
carriers through metal/«-GaN interface. Lester et al. and Burm et al. have reported that the
annealing o f «-GaN at 1120-1150 °C for 15-30 s prior to metallization allowed lowresistance ohmic contacts to be formed without postdeposition alloying. Unfortunately, the
annealing at such high temperatures seriously degrades p-GaN layers. It makes this method
difficult to employ for optical devices where ohmic contact to both n- and p-GaN are
required.

Dopant implantation
Another method o f increasing the surface electron concentration is ion implantation
and subsequent activation annealing. Si+ implantation was found to produce «-type doping
levels up to 5 x IO20 cm'3, while other donors were less effective.59, 60 The process also
requires a high temperature (-1 1 0 0 °C) annealing step to activate implanted donors in
GaN. It increases the surface doping level even more due to the large number o f nitrogen
vacancies produced. It finally results in low-resistance ohmic contacts even without
postdeposition annealing .2 4 ,44 However, this technique is also dangerous for p-GaN layers
due to the high temperature annealing step involved and can not be easily applied for the
fabrication o f optical devices.
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Chemical surface treatment
A large number o f chemical solutions have been employed to remove surface
oxides and to m odify the surface prior to metallization. The commonly used solutions are
HC1, HF, buffered oxide etch (BOE), aqua-regia, KOH, (NFL^Sx, NH 4OH, NaOH, and
different combinations o f these chemicals. The impact o f some o f them for contacts to nGaN is illustrated below.
H C l-based solutions
As with other III-V compound semiconductors, HC1
acid, often diluted with H 2O, is very effective in removing the native oxide on GaN surface
though not com pletely . 1 1 ,54 HC1 treatment has also been found to result in a higher Ga/N
ratio relative to an untreated surface due to the removal o f N-based species from the
98
f>D
surface. ’ ’ It leads to a shift o f the surface Fermi level toward the surface conduction
band minimum and, hence, causes a decrease in band bending and the surface barrier
height. Indeed, it was reported that the HC1 treatment for 20 min prior to deposition o f a
standard ^-contact (Ti/Al) on rc-GaN produced a specific contact resistivity about 5 times
lower compared with that for untreated «-GaN .63 Thereby, this ordinary treatment is fairy
effective for ^-contact formation. Although it is not as successful as RIE treatment, the
HC1 solution was found to improve RIE results through removing Ga-oxides
unintentionally formed under plasma exposure .2 7 ,55
H F -based solutions
Treatment in HF acid or in a buffered oxide etch
solution (HFiNFUF) is also fairly effective in removing the native oxide on a GaN surface
although it is not as successful as treatment in HC1 solutions. Additionally this common
acid was reported to be very efficient for removing carbon and hydrocarbon
contaminations on GaN . 11,54
A qu a-regia solution
Aqua-regia [HNChiHCl (1:3)] is also a very effective
solution to remove the native oxide on GaN surface .4 0 ,63 Treating RIE etched w-GaN in the
boiling solution was found to reduce greatly the contact resistivity for non-alloyed
Ti/Al/Ti/Au contacts which was attributed to the effective removal o f surface oxides
formed during the RIE exposure. This treatment also provides excellent contact adhesion
and good metal morphology.
K O H solution
Treatment in a hot (~70 °C) KOH solution can also
be used to remove the surface oxide and carbon contamination on GaN.53, 64 However,
KOH was found to decrease the Ga/N ratio at the surface, which was attributed to the
formation and dissolution o f Ga-based hydroxides. ’ ’ The Ga-vacancies act as acceptors
in GaN and partially compensate the electron concentration at the surface. X-ray
photoelectron spectroscopy (XPS) analysis showed that the surface
Fermi level shifted by
r-i /*i
0 .3 -0 .4 eV towards the valence band as a result o f the treatment. ’ ’ The KOH was also
found to leave a lot o f hydroxyls chemisorbed on the w-GaN surface. It results in an
isolated interlayer, which hinders ohmic contact formation. These changes cause an
increase in band bending and a surface barrier height in «-GaN making the KOH treatment
very unsuitable for ^-contact formation.
(N H 4) 2 Sx solution
Boiling (N H ^ S x (~60 °C) is a very effective solution
to remove the native surface oxide on GaN surface and to protect GaN from reoxidation
since a Ga-monosulfide (GaS) layer is formed on the surface.26, 54, 65, 66 A s a result,
deposited Ti is in intimate contact with the cleaned GaN surface and easily forms TiN. It
leads to a standard Ti/Al contact formed on «-GaN even without postdeposition
9£ f\f\
annealing. ’ However, if the treatment time is too long, it can result in a thick sulfide
layer accumulated on the surface. This also impedes ^-contact formation.
N H ^ H -b a s e d solutions
NH4OH, often diluted with H2O, is an excellent
choice for removing the native oxide on a GaN surface. This treatment was also found to
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maintain the original surface stoichiometry, which can be important for some applications.
Recently Song et al. reported that treatment in a hot NFLtOfbCHaCSNfh solution (-6 0 °C)
for 10 min allowed a low-resistance Ti/Al contact to be formed on «-GaN without
postdeposition annealing. XPS analysis showed a shift o f the surface Fermi level toward
the conduction-band edge resulting in a reduction o f the surface-barrier height to «-GaN. It
was attributed to the efficient removal o f the surface oxide and a sulfide layer formed on
the GaN surface. This layer prevents reoxidation o f GaN under exposure in air.

6.4.2 Contact systems
Al /f-contact
Aluminum, with a work function o f 4.2 eV, which is close to the electron affinity
o f GaN (4.1 eV), is an excellent candidate for forming ohmic contacts to «-GaN. A l is also
known to reduce Ga2 C>3 on GaAs and it is expected to do the same on GaN. A s a result, Al
ohmic contacts can be formed even without removing the oxide layer .4 , 20 An as-deposited
contact was reported to yield a specific contact resistivity in the range o f ~ 1 0 ^ O c m 2.
Annealing can reduce the resistivity further, which is probably related to the formation o f a
thin interfacial AIN layer observed by X-ray measurements .67 This process introduces a
considerable amount o f nitrogen vacancies that heavily dope the GaN near the interface. It
causes a decrease o f the depletion region width and leads to increased electron tunneling
through the barrier. However, due to the low-melting point (660 °C), Al melts and tends to
ball up at high temperatures, resulting in a rough surface. Furthermore, the Al surface
easily oxidizes at elevated temperatures with the formation o f isolating AI2O3. This often
leads to an increased contact resistivity after high temperature annealing. To some extent
this problem can be solved by annealing in forming gas .20 However, the propensity o f A l to
oxidation degrades the electrical performance o f the contact and makes it unreliable for
high performance device applications.

Ti /f-contact
Titanium, with a work function o f 4.2 eV close to an electron affinity o f GaN, is
widely used in multilayer ohmic contacts to «-GaN. After annealing Ti penetrates the oxide
and other possible contamination on the GaN surface and allows intimate contact to be
made. It also provides excellent adhesion to GaN and serves the purpose o f a barrier layer
for multilayer contacts. A s deposited, Ti was reported to produce a Schottky contact to nGaN .2 1 ,22 The published data provided different values o f the barrier height from 0.07 to
0.58 eV .2 2 ,4 6 ,69 However, postdeposition annealing led to interfacial reactions between the
metal layer and «-GaN, resulting in the
formation o f low-resistance ohmic contacts.
XPS analysis showed that TiN was formed
at the annealed Ti/«-GaN interface. A large
number o f N-vacancies, generated in GaN
near the interface, left the GaN surface
heavily w-type, forming a tunneling
junction. Only two monolayers o f TiN
formed at the interface are necessary to
generate a 1 0 0 A thick layer o f GaN with a
TIN
doping concentration o f ~ 1 0 20 cm'3.37, 70
XPS analysis also revealed that TiN
formation led to an increase in the barrier
Fig. 6.7. Energy band diagrams o f Ti/n-GaN; asdeposited (a) and annealed (b).
height by 0.3 eV. The energy band diagrams
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o f the Ti/w-GaN interface before and after annealing are displayed in Fig. 6.7. Kim et al.11
used synchrotron radiation photoemission spectroscopy (SRPES) and also observed TiN
formation and an increase in the barrier height, though by 0.65 eV, under annealing. These
results are very surprising because TiN is a semi-metal and has a work function o f 3.74
eV, which is lower than that o f both Ti and GaN. However, they imply that the ohmic
contact behavior o f the alloyed Ti contact is caused by an increase o f the tunneling
probability o f electrons and cannot be attributed to the change in the surface barrier height.
Despite the excellent properties, a single Ti layer does not produce a reliable contact due to
poor electrical conductivity and a high affinity to oxygen. Titanium is w ell known to be
easily oxidized even at room temperature, which makes the Ti-only contact unsuitable for
high performance device applications.

Ti/Al-based ^-contacts
Ti/Al is a commonly accepted contact to «-GaN, often capped with overlayers o f
different metals to protect it from oxidation and to provide a contact surface for wire
bonding. Contact mechanisms and design principles for this system have recently been
summarized by Mohammad.11, 12 The first contact layer (Ti) is used to form a barrier
compound layer (TiN) in immediate proximity to w-GaN. It prevents the diffusion o f
metal(s), which have larger work functions, into «-GaN during high temperature operation.
The formation o f TiN is accompanied with the creation o f a Ga-terminated surface and
with the formation o f a large number o f N-vacancies below the contact due to out-diffusion
o f nitrogen atoms from GaN. As a result, a heavily «-doped GaN surface is produced. The
second contact layer (Al) plays the catalytic role as a sink for N atoms into the Ti layer
enhancing the solid phase reaction between nitrogen and Ti. Under alloying or under high
temperature operation for non-alloyed contacts, A l and Ti intermix and produce a robust
Al-Ti intermetallic compound. This significantly reduces Al and Ti diffusion to the contact
surface where they have a high propensity for oxidation. One or two cap layer metals are
deposited on the top o f A l to prevent contact oxidation and to ensure that the total free
energy o f the contact system is reduced. Among all contact metals, there should not be an
excessive difference in the melting point, at least o f any two metals deposited successively.
This guarantees that the metal combination w ill provide robustness and good thermal
stability even at high temperatures.
Ti/Al n-contact
In this contact two low work function metals are
placed together with Ti underside as a good sticking and reactive layer. The behavior o f asdeposited Ti/Al contacts has been reported to range from ohmic23, 25,30, 40 to rectifying,
which is probably related to the surface conditions and semiconductor doping level.
Predeposition surface treatment in (NFL^Sx (60 °C) for 20 min or in CH 3CSNH 2/NH 4OH
(60 °C) for 10 min was found to produce non-alloyed ohmic contacts with resistivities in
the range o f 10"4—10~5 Q cm 2. The detailed mechanisms o f these chemicals are considered
above (see “Chemical surface treatment”). RIE (ICP) treatment was also reported to result
in low-resistance ( - 1 0 ' Q-cm ) ohmic contacts without postdeposition annealing ’ (for
the mechanism, see “RIE surface treatment”). Non-alloyed low-resistance ohmic contacts
were also formed on GaN treated by Si+ implantation and subsequent activation annealing
(for mechanism, see “Dopants implantation”). All these treatments have been found either
to remove the native oxide on the GaN surface26, 29 or to increase the surface carrier
concentration24, 27, 28 through the formation o f nitrogen vacancies. This implies that the
tunneling mechanism is probably responsible for ohmic contact formation for non-alloyed
Ti/Al contacts.
Postdeposition annealing at 400-500 °C for 1 min has been reported to degrade the
Ti/Al contact. °* 3 0 ,40 However, the contact recovered after longer annealing and reached a
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contact resistivity o f 7 x 10'6 Q c m 2 after being alloyed at 400 °C for 5 min. It is important
to note that a similar tendency has also been observed for all multilayer Ti/Al-based
contacts. Temperatures higher than 600 °C resulted in a low-resistance ohmic contact even
after a very short annealing step (~15 s). The specific contact resistivity o f Ti/Al contacts
alloyed at 600 °C is usually in the range o f 10"5—10"6 G-cm 2.2 0 ,2 5 ,3 0 ,40 In order to explain
the behavior o f the alloyed Ti/Al contact, two mechanisms were proposed. The first one
suggests that titanium is mainly responsible for ohmic contact formation .72 As in the case
o f the Ti-only contact, it provides a heavily «-type GaN surface under annealing through
the formation o f a TiN layer and nitrogen vacancies in GaN (for mechanism, see “Ti ncontacf’). The second mechanism attributes the ohmic behavior to a reduction o f the native
oxide on GaN by titanium and diffusion o f A l through the Ti layer into the GaN layer. It
was suggested that a low-resistance ohmic contact is only produced after Al reaches the
GaN interface and forms a thin interfacial AIN layer. This layer was identified at the
interface o f the Ti/Al contact annealed at 600 °C using high-resolution transmission
electron microscopy (HRTEM) and energy dispersive x-ray spectroscopy (EDS). As a
result, the AIN layer affects the barrier in GaN allowing current to flow by tunneling. It can
be caused either by nitrogen vacancies produced due to a reaction between Al and GaN, or
by a reduced barrier in GaN due to a potential drop across the AIN. Luther et al. assumed
that the specific mechanism, responsible for Ti/Al ohmic behavior, depends on the
predeposition surface conditions. For example, RIE treatment was suggested to affect the
kinetics o f the reaction between Ti and GaN resulting in TiN to be formed before Al
diffuses to the interface and reacts with GaN. The TiN layer may act as a diffusion barrier
and inhibit the formation o f AIN. Independent on the mechanism, Ti and Al layers
intermix during annealing forming an Al-Ti alloy, as has been confirmed by X-ray
on oo
diffraction (XRD) and Auger electron spectroscopy (AES) measurements. ’ * In all
probability this alloy is mainly A^Ti, which has a higher resistance to oxidation than both
Al and Ti, and a higher melting point than Al. The optimal Al:Ti thickness ratio was
reported to be approximately 3:1, which probably corresponds to both layers being
completely consumed during the annealing forming the alloy. It makes the entire contact
thermally more stable and reliable.
The major problem for the Ti/Al bilayer contact is that both metals have a high
propensity to oxidation. Even a very low oxygen concentration during annealing (parts per
million) was found to affect the contact due to an insulating AI2O 3 layer formed on Al.
Furthermore Al tends to ball up during alloying, resulting in a rough surface morphology
for Ti/Al contacts. The long-term thermal stability o f the Ti/Al contact can also be affected
by the inevitable oxidation. This should be more relevant for non-alloyed Ti/Al contacts
and for alloyed contacts with non-optimal Ti:Al ratio, forming Ti-rich or Al-rich alloys
under annealing.
Ti/Al/Ni/Au n-contact
In this contact a Ti/Al bilayer is capped with Ni/Au
overlayers to form a non-oxidizing contact surface suitable for wire bonding. The Ni layer
is used to prevent rapid diffusion o f Au into the multilayer during annealing. Without this
barrier Au with a high work function (5.1 eV) would easily diffuse through the A l layer to
the interface and increase the resistance by increasing the barrier height. The first contact
with a resistivity as low as 3.3 x 10'6 G-cm 2 before and 8.9 x 10'8 G em 2 after annealing
(900 °C for 30 s) was reported by Fan et al. (the GaN surface was treated by RIE before
the deposition). The annealed Ti/Al/Ni/Au contact results in a Ti-Al/Au-Ni system, where
the top Au-Ni layer is a very robust and thermally stable alloy. This allows the contact to
be excellent even at very high temperatures. Papanicolaou et al. showed that the contact
remained reliably stable under high temperature operating conditions up to 400 °C.
However, it was observed that N i (work function o f 5.1 eV) can also diffuse into GaN
during high temperature annealing and can increase the contact resistivity. The authors
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suggested making the Al layer much thicker than in common Ti/Al contacts. The thicker
layer o f Al provides reactions from both sides and keeps the high work function metals
away from the interface.
^9 ^

Ti/Al/Pt/Au n-contact
This contact is also widely used w-GaN ’ and nAlGaN 3 4 ,73 contact layers. In this scheme the Pt layer acts as a barrier for the penetration
o f Au. A contact resistivity in the range o f 10 —10" O-cm after postdeposition annealing
'X'y
has been reported. ’
(Si)Ti/Al/Cu/Au n-contact The Ti/Al/Cu/Au and Si/Ti/Al/Cu/Au systems were
employed for AlGaN and produced a contact resistivity o f 3.9 x IO-4 and 3.8 x 10'5 H em2,
respectively, after annealing at 800 °C for 30 sec. In this contact the Cu layer is used as a
barrier. The lower resistivity for the Si/Ti/Al/Cu/Au contact was explained by the diffusion
o f Si and, hence, by the increase o f carrier concentration in AlGaN. This effect was only
observed after annealing at temperatures higher than 800 °C due to the activation o f Si
dopants.
Ti/Al/Ti/Au
n-contact
Ti/Al/Ti/Au is also widely used as a contact for n9*7 I Q
GaN. ’ ’ In this contact the Ti layer is a barrier instead o f problematic Ni and Pt with
high work functions. It was suggested that the top Ti layer consumes excess Al, preventing
it from balling up.36, 37 Ti also reacts with Au forming a robust Au-Ti contact layer
suitable for high-temperature applications. The contact was stressed at 400 °C for 24 h and
showed no surface or contact resistivity degradation. The specific contact resistivity has
s 7
9
^7
been reported to be in the range o f 1 0 ' - 1 0 ' Q-cm for both alloyed ’ and non-alloyed
(to RIE-treated GaN) 3 6 ,38 contacts.
■i/r

Ti/Al/Mo/Au n-contact
In this contact the Mo layer is used as a diffusion
barrier. Mo has much higher melting point than Ni, Ti, Pd, and Pt. Additionally, Au has
less than 1% solubility in Mo at a common contact annealing temperature o f 850 °C. A
specific contact resistivity as low as 4.7 * 10'7 Q-cm2 was achieved after annealing at 850
°C for 30 s (GaN surface was treated by RIE before the deposition). No degradation in the
contact resistivity or in surface morphology was observed during long-term annealing at
500 °C for 360 h.
Ti/Al/Pd/Au n-contact
The Ti/Al/Pd/Au system employs the Pd layer as a
barrier. This scheme was reported to produce a resistivity o f 2.8 x 10"4 and 4.2 x 10 8
Q-cm2 for as-deposited and for annealed (500 °C for 8 min) contacts, respectively (GaN
surface was treated in aqua-regia to facilitate contact formation). The long-term thermal
stability analysis revealed that the Ti/Al/Pd/Au contact is more stable than the Ti/Al
contact on w-GaN.
Ti/Al/TiAh n-contact
TiAb is used in this contact as a capping layer for the
Ti/Al contact. According to the bulk phase diagram, TiAb is in equilibrium with Al, thus,
it should not adversely affect the reaction between the Ti and Al layers. Furthermore,
TiAh is an excellent oxidation cap due to the formation o f a very thin but continuous
AI2 O3 layer at the surface, protecting the bulk o f the film from further oxidation.7 4 , 75 The
Ti/Al/TiAb contact was reported to produce a contact resistivity o f 1.1 x IO 5 Q-cm2 after
being alloyed at 600 °C for 5 min. Performance o f the contact was insensitive to the
amount o f oxygen in the annealing ambient. This implies that the Ti/Al/TiAb contact is a
potential candidate for the fabrication o f optical devices that require both n- and jo-GaN
contacts, since it is not affected by oxidizing annealing ambients often used for common
Ni/Au contacts to /?-GaN. The contact also demonstrated excellent long-term thermal
stability. No significant degradation in electrical performance was observed after 30 days
in air at 350 °C.
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Cr-based /2-contacts
Chromium, with a work function o f 4.5 eV, can also be used for contact systems to
«-GaN. It is also known as an effective oxide reducing agent. A study o f Cr-based contacts
has recently been reported by Papanicolaou et al.
Cr n-contact
The Cr-only contact was ohmic as-deposited and
remained so for all annealing temperatures up to 1000 °C with a specific contact resistivity
in the range of 1-5 x 10-4 Q-cm2. Formation o f an intermetallic CrN phase was suggested
to be responsible for ohmic contact formation.
Cr/Al n-contact
The as-deposited Cr/Al contact was nearly ohmic.
Upon annealing at temperatures in the range o f 450-550 °C for 2 min, the contact became
increasingly nonlinear. However, above 650 °C, the contact became ohmic again and did
not change significantly between 650 and 850 °C. The minimum resistivity o f 3.8 x 10'5
Q-cm2 was obtained after 700 °C annealing for 2 min. As can be seen, this behavior is very
similar to that for the Ti/Al contact. It was attributed to CrN phase formation with
subsequent reactions and penetration o f Al to the GaN/Cr interface during annealing. AES
analysis confirmed that, after the 650 °C anneal, where the electrical characteristics
became ohmic, Al diffused through the Cr layer and reached the interface. As a result o f
the 850 °C anneal, a considerable increase in the thickness o f the surface oxide was
observed, which corresponded to an increase in the contact resistivity. The Cr/Al contact
showed stable morphological stability, but displayed some degradation in electrical
characteristics after long-term (100 h) aging at 400 °C .76
Cr/AVNi/Au n-contact
For the Cr/Al/Ni/Au contact, the effect o f annealing
was the same as that for Cr/Al contacts. Annealing at 950 °C for 2 min resulted in a contact
resistivity o f 2.4 x 10' Q-cm , slightly lower than that for the Cr/Al contact. Additionally,
the Cr/Al/Ni/Au contact was found to be more stable in terms o f both electrical
performance and surface morphology after being stressed at 400 °C for 100 h.
r

Pd/Al /2-contact
This contact was reported to yield a specific contact resistivity as low as 6 x 10‘5
Q-cm2 after 30 s annealing at 600 °C. The ohmic behavior was also attributed to Al
diffusion to a metal/GaN interface and AIN formation, as in the case o f the Ti/Al contact.77

Ti/Au /f-contact
The non-alloyed Ti/Au contact was found to yield a specific contact resistivity o f
x 1 0 ' 8 Q-cm2 for Si-implanted and annealed (4 x IO20 cm'3) GaN. The extremely low
resistivity is probably caused by both high carrier concentration at the surface and the low
work function o f Ti.
3 .6

Ti/Pd/Au w-contact
The Ti/Pd/Au contact was reported to be ohmic as-deposited with a contact
resistivity of 6.4 x IO-4 Q-cm2. After annealing at 400-600 °C, the contact was non-ohmic.
However, at a higher annealing temperature o f 700 °C, it became ohmic again.

Ti/Au/Pd/Au w-contact
This contact was also found to be very effective for «-GaN. It produced a contact
resistivity o f 8.0 x 10'7 Q-cm2 after two-step annealing for 30 and 15 s at 800 °C. AES and
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XRD analysis showed that Ti, Pd, and Au generated substantial interactions upon
annealing leading to the formation of face-centered tetragonal TiAu and TiPd alloys.12, 5 It
was also found that Au diffused into the bulk o f GaN forming Au-Ga intermetallic phases,
such as GaAu and/or GaAu2 . Extracted nitrogen was suggested to react with Ti forming
TiN, which accompanies a heavy accumulation o f N vacancies at the GaN surface. As a
result, the tunneling probability for carriers greatly increases and a low resistance ohmic
contact is formed.

Ti/Ag w-contact
Silver, Ag, with a work function o f 4.3 eV close to an electron affinity o f GaN, is a
good candidate for forming ohmic contacts to w-GaN. The Ti/Ag contact scheme to n GaN (1.7 x 1019 cm'3) was reported to produce a specific contact resistivity o f 6.5 * 10'5
G em2 without thermal annealing. However, the poor thermal stability o f Ag makes this
system impractical for high-temperature applications.

W-based w-contacts
W and WSix are excellent candidates for high temperature electronics applications.
Both o f them have been found to produce reasonable contacts to w-GaN and extremely
stable behavior up to annealing temperatures o f 1000 °C, with only minimal reaction
between W and GaN. For «+-GaN (~10 19-1 0 2° cm'3), achieved either by Si implantation
and activation annealing9 ,4 8 ,4 9 ,5 9 ,60 or by growth,4 7 ,4 9 ,50 W and WSix have been reported to
produce a contact resistivity in the range o f 10"4—10'6 G-cm2 after postdeposition annealing.
A mechanism o f W ohmic contact formation was investigated and reported by Cole et al.
Rutherford backscattering spectroscopy (RBS), XRS, and AES analysis showed that the
low resistance accompanies the formation o f /?-W2N and W-N interfacial phases at
annealing temperatures between 600 and 1000 °C. In the case o f WSix, no interfacial
reactions up to 600 °C were observed, but the /?-W2N phase was formed between 700-800
°C. As a result, a large number o f nitrogen vacancies accumulate near the GaN/W interface
and significantly increase the tunneling probability for electrons. The W-N interfacial
phase also functions as an efficient barrier to out-diffusion o f Ga. AES analysis showed no
apparent Ga diffusion through the W film to the surface at temperatures as high as 1000
°C. Scanning electron micrographs o f W surfaces, at annealing temperatures up to 1000
°C, showed them to be smooth and void of reaction.

Ti/W/Au w-contact
The Ti/W/Au scheme was also employed as a contact to w-GaN. As deposited and
annealed at temperatures below 750 °C, the contact showed non-linear electrical behavior.
However, it was improved drastically at temperatures higher than 850 °C and produced a
contact resistance as low as 8.4 x 10'6 G em 2 after being alloyed at 900 °C for 1 min. AES
and XRD analysis showed that Ti-N and W-N interfacial phases were formed at annealing
temperatures above 850 °C. Thereby the increase in carrier concentration, induced by
generated N-vacancies, was suggested to be responsible for Ti/W/Au ohmic behavior. An
atomic force microscope (AFM) showed no degradation in surface morphology after a 900
°C anneal implying that Ti/W/Au can be used for high temperature applications.

NiAl w-contact
The intermetallic compound, NiAl (50:50 at.%), is an excellent candidate for high
temperature applications due to its melting point o f 1638 °C and its oxidation resistance. A
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Ni-Al-Ga-N system meets the criteria for participating in an exchange reaction. During this
reaction, one element o f the metal phase exchanges with another element o f the
semiconductor. In the case o f NiAl on GaN, there should be an exchange of Al from the
metal for Ga from the semiconductor. Ingerly et al. showed that NiAl produced a lowf\
9
resistance ohmic contact to w-GaN with a resistivity as low as 9.4 x 10' Q cm after
annealing at 850 °C for 5 min. A mechanism o f ohmic contact formation for the NiAl
contact was suggested to be similar to that for the Ti/Al contact. AES and XRD analysis
confirmed formation o f a thin AIN layer, however, no conclusive evidence was observed.
AES also showed no significant increase o f oxygen in the NiAl film after annealing at 850
°C implying excellent oxidation resistance. Furthermore, the NiAl contact was proposed to
be less affected than the common Ti/Al contact by increasing the Al content in n-AlGaN
layers.

Ti/Si/Ti/Au n-contact
Ti silicides have good thermal stability and low work functions from 3.7 to 4.2 eV,
depending on the Ti/Si ratio. In addition, Si is a common n-type dopant for GaN, and Ti
can reduce the native oxide of GaN. This makes a Ti/Si-based scheme very promising as
an ohmic contact to w-GaN. The Ti/Si/Ti/Au contact was found to yield a resistivity o f 7.5
x 10"6 Q-cm2 after being alloyed at 900 °C for 3 min. According to AES, XRD,
transmission electron microscopy (TEM), and energy dispersive x-ray spectrometry (EDS)
analysis, ohmic behavior o f the annealed Ti/Si/Ti/Au system was caused by the formation
o f Ti silicides at the interface. Temperature-dependent contact resistance measurements
revealed that thermionic emission over a low Ti silicide/GaN barrier is the dominant
transport mechanism for this contact.

V-based w-contacts
Vanadium, with a work function o f 4.3 eV close to the electron affinity o f GaN,
was also used in contact systems to «-GaN. As deposited V and V/Ti/Au contacts were
found to be nearly ohmic. Annealing at 850 °C for 2 min reduced the contact resistivity to
2.3 x 1 0 ^ and to 4.0 x 10'6 Q-cm2 for V and for V/Ti/Au, respectively. XRD and AES
analysis showed that nitride phases were predominantly formed in the annealed samples.
This results in an increase in the surface carrier concentration in GaN due to the
accumulation o f nitrogen vacancies. As a result, the tunneling probability for electrons
increases and the contact resistivity drops.

Ta/Ti/Ni/Au ^-contact
Both Ta and Ti have low work functions and both are known to react with GaN
forming nitrides. Recently the Ta/Ti/Ni/Au system was studied by Motayed et al. to
investigate the combined effect o f Ta and Ti. The contact was non-ohmic as deposited and
showed no improvement after annealing at 550 °C. However, after 45s at 750 °C the I-V
f\
9
characteristics became linear and yielded a contact resistivity as low as 5.0 x 10' Q-cm .
XRD, AES, TEM, and EDS analysis showed the presence o f Au(Ni,Ti) amorphous solid
solutions and metal nitrides, (Ti, Ta)N, formed under annealing. This implies that the
ohmic behavior was caused by an increase in the carrier concentration below the contact
induced by N-vacancies. The analysis also indicates that Ni performed very poorly as a
diffusion barrier against the out-diffusion o f Ti and the in-diffusion o f Au. This resulted in
significant contact degradation under high temperature thermal stressing (400 °C for 24 h)
due to the enhanced diffusivity of Ti through Ni and oxidation o f Ti at the surface. The
poor thermal stability makes this system impractical for high-temperature applications.
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6.5 A review of ohmic contacts to /j-GaN
The development of low-resistance and thermally stable ohmic contacts to /?-GaN is
one o f the key issues for the fabrication o f GaN-based laser diodes. A high contact
resistance results in overheating at a metal//?-GaN interface as current flows across a p-n
junction, leading to metal migration down threading dislocations and eventual shorting o f
the junction. In order to fabricate a continuous-wave (CW) operating laser diode with a
low threshold voltage, a contact resistivity as low as IO-4 Q-cm is required. However, it is
difficult to achieve such a low resistivity on / 7-type GaN. According to Schottky theory any
metal with a work function equal to or higher than the sum o f the electron affinity and
bandgap o f GaN (7.5 eV) is expected to form an ohmic contact to p -type GaN. However,
metals with work functions higher than 6 eV do not exist. This results in a very high
Schottky barrier at the metal/p-GaN interface implying that current transport through
thermionic emission requires an equivalent bias. In most semiconductors, including «-type
GaN, a high surface doping level is used to fabricate low-resistance ohmic contacts
operating through a tunneling mechanism. However, this is extremely difficult in /?-GaN,
since it has a doping level much lower than that in other semiconductors. The hole
concentration in GaN, achieved by standard p -type doping techniques, is generally less
than 1018 cm '3 due to the deep ionization level o f the most common p -type dopant, Mg
(-170 meV). Other methods, such as diffusion and ion implantation, showed no significant
improvement. In addition, p-G aN has a tendency for the preferential loss o f nitrogen from
the surface during processing, which may significantly reduce the surface doping level and
even produce surface conversion to w-type conductivity. Furthermore, while a carrier
concentration o f 2 x 1018 cm'3 is sufficient to raise the Fermi level to the conduction band
in w-type GaN, in / 7-type GaN a much higher value o f 2 x 1019 cm '3 is required. All this
makes the tunneling probability also extremely low. Nevertheless, significant progress in
/7-contacts during the last few years suggests the possible existence o f other transport
mechanisms through the metal//7-GaN barrier. Zeitouny et al. suggested that surface
defects, generated during the high temperature contact anneal, can be responsible for
carrier transport in a metal/p-GaN system. They introduce deep energy levels inside the
depletion layer, pinning the Fermi level in /?-GaN. Lee et al. proposed that Ga-vacancies,
formed at the surface by some chemical treatments, can also act as interface states pinning
the Fermi level and reducing the contact resistivity.
To develop low-resistance ohmic contacts to /?-GaN, a large number o f contact
schemes have been investigated, most o f them contain high work function metals (Ni, Au,
Pt, Pd, etc). Different methods have been employed to improve the contacts including
predeposition surface treatments to remove native oxides, to introduce surface defects, and
to passivate semiconductor surfaces; the use o f superlattice structures to increase hole
concentrations by spontaneous polarization and piezoelectric effects, etc. The summary o f
the published contacts is presented in Table 6-3.
Table 6-3. Characteristics o f published results on ohmic contact to p-GaN.

Mater.

GaN
GaN
GaN

Contact layers

Ni/Au
10/5 nm
Ni/Au
5/5 nm; 20/20 nm
Ni/Au
20/500 nm

Contact
resistiv.
(ft*cm2)

Carrier
density
(cm'3)

1.0 x 10"*

2.0 x 1017

4.0 x IO'6

2.0 x 1017

6.1 x 10"1

2.9 x 1017

Treatm ent
before
photo
lithography

Treatment
before
metal
deposition

Alloying
condition

Ref.

400 °C
/10 min/air

78

HC1:H20
(1:1)/1 min

500 °C
/10 m/air(02)

79

Aqua-regia
/10 min

/3 0 s/N 2

600 °C

80
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GaN
GaN
SL:GaN
/AlGaN

Ni/Au
20/50 nm
Ni/Au
30/150 nm
Ni/Au
30/150 nm

6.1

Ni/Au
2 0 /1 0 0

Ni/Au
6/14 nm
Ni/Au
10/30 nm

GaN

Ni/Au
5/5 nm

GaN
GaN

GaN

GaN

GaN

GaN

GaN

GaN

InGaN/
GaN
InGaN/
GaN
GaN
InGaN/
GaN

Ni/Au-Zn
45/46
Au/Ni/Au
5/8/4 nm
Ni/Pt/Au
20/30/80 nm
Ni/Pd/Au
2 0 / 2 0 / 1 0 0 nm

Pd
20

Aqua-regia

Pd/Au
12/500 nm
Pd/Au
20/500 nm

Pd/Au
20/500 nm

Pd/Au
20/130 nm
Pd/Au
20/130 nm
Pd/Au
5/5 nm
Pd/Au
20/130 nm

81

KOH
/30 s

500 °C
/I min/air

82

9.0 x IO'5

-

KOH
/30 s

500 °C
/I min/air

82

x io 3

3.4 x 1017

5.0 x IO'5

3.4 x 1017

500 °C
/10 min/air

(NR,)2S
/60°C/30min
750 °C
/30min/air +
(NR,)2S
/60°C/30min

500 °C
/10 min/air

83

500 °C

4.5 x iff 6

3.4 x 1017

4.0 x iff 6

1.0 x io 18

HC1:H20
( 1: 1)

650 °C
/5 min/N2

84

6.0 x IO'3

-

BOE
/3 min

500 °C
/3 min/0 2

85

3.4 x 10'3

2.0 x IO17

86

1.2 x IO"4

2.0 x IO17

500 °C
/I min/N2
500 °C
/I min/N2

3.6 x IO'3

4.4 x 1017

HC1:H20
/5 min

600 °C
/2 min/N2

87

-1 0 s

5.0 x IO17

HC1:H20
( 1:1 )/2 min

500 °C
/IO min/air

88

2.1 x 102

9.4 x 1016

BOE

1.1 x IO'2

4.1 x 1017

1.5 x i o 3

4.1 x lO17

I.Ox io-4

4.1 x 1017

3.6 x IO' 1

1.9 x IO17

7.0 x iff 3

1.9 x IO17

2.9 x 10"

1.9 x 1017

2.9 x iff 2

3.0 x IO17

4.3 x 10-4

3.0 x IO17

2.9 x 10 2

1.9 x 1017

4.3 x io"

1.9 x IO17

2.9 x iff 1

2.9 x 1016

7.1 x IO'3

2.9 x 1016

1.3 x iff 1

2.8 x 1016

3.7 x 10 3

2.8 x 1016

3.0 x 10'2

2.8 x 1016

8.6 x 10'3

2.8 x 1016

1.1 x iff 6

8.0 x IO18

HC1:H20
(3:1)
HC1:H20
(3:1)

HC1:H20
( 1: 1)/1 min
Aqua-regia
/10 min
Aqua-regia+
(NH4)2Sx
/10 +10 min

nm

Pd/Au
20/500 nm

600 °C
/30 s/N2

-

nm

SL:GaN
/AlGaN
InGaN/
GaN

GaN

2.9 x 1017

9.0 x io"

6.1

GaN

x 10 "

1.1

x 10 "

3.3 x IO17

1.4 x IO'5

-

500 °C
/30 s/Ar
550 °C
/5 min/air
550 °C
/5 min/N2
550 °C
/5 min/0 2

89

90

no
no

91

no
no

Aqua-regia
/IO min
HC1
/I min
Aqua-regia
/10 min
HC1
/I min
KOH
/10 s
HC1:H20
(l:l)/30 s
Aqua-regia
/IO min
H3PO4
/ 10 s
KOH
/ 10s

no
93
no
no
94
no

no
95
no
no

( 1 :1)
HC1:H20

( 1 :1)
Aqua-regia

92
no

no

HC1:H20

~ 10 19

6.4 x 10"

/10 min/air

no

96
97

no

98

500 °C
/I min/air

99

no

100
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/?+-GaN
/GaN
GaN
GaN

GaN

GaN

GaN

GaN

GaN

GaN

GaN

GaN

GaN

GaN

GaN

Pd/Au
20/130 nm
Pd/Ni
3/7 nm
Pd/Ni
5/5 nm
Pd/Mo
15/15 nm
Pd/Re
20/25 nm
Pd/Ag/Au/Ti/Au
1/50/10/30/20 nm

Pt
25 nm

Pt
10

Pt
nm

Pt
8 nm
Pt
10

nm

Pt
10

nm

Pt/Ni/Au
20/30/80 nm

GaN

Pt/Pd/Au
7/7/15 nm

GaN

Pt/Ru
20/50 nm

GaN

GaN
GaN

-

5.7 x io "

3.3 x 1017

9.6 x IO'5

3.3 x IO17

5.0 x 10"*

5.0 x 1017

2.0 x 10"

5.0 x 1017

1.4 x 10"

1.1 x io 17

8.7 x 10-4

1.1 x IO17

1.1 x 10"

6.0 x IO'7

2.1 x IO'2

1.8 x IO17

3.7 x IO'3

1.8 x 1017

3.8 x IO'3

1.8 x 1017

2.0 x 10"

1.8 x IO17

5.1 x IO'1

1.9 x IO17

4.8 x 10"

1.9 x IO17

Aqua-regia
/10 min

no

2.5 x 105

1.9 x IO17

Aqua-regia-i(NH4)2SX
/10 +10 min

no

3.1 x IO'2

1.8 x 1017

3.0 x IO'5

1.8 x 1017

3.1 x IO2

3.0 x 1017

2.1 x 10"

3.0 x IO17

7.1 x 10"

3.0 x 10!7

nm

Pt
25 nm

20

2.0 x 10"

Pt/Re/Au
20/30/80 nm
Rh
nm
Rh/Au
5/5 nm

no

100

Aqua-regia

500 °C
/I min/air

101

Aqua-regia

500 °C
/I min/air

99

Aqua-regia
/10 min
Aqua-regia
/10 min

HC1
/3 min
HC1
/3 min
BOE
/30 s
BOE
/30 s

no
500 °C
/vacuum
no
550 °C
/I min/N2
800 °C
/I min/N2

BOE
/10 min
(NK))2Sx
/ 10 min
BOE/IO min +
(NH4)2Sx/10min
HC1:H20
(1:1)/1 min

BOE/20 min +
(N K iW lO m in
BOE
/0.5 min
BOE
/IO min
BOE
/20 min

BOE
/30 s
BOE
/30 s
BOE
/30 s
BOE
/30 s

103

104

no
no
105
no
no
no

BOE
/30 s
BOE
/30 s

107
no

BOE

no

BOE

no

BOE

no

t-C4H9OH
+(NK,)2S
/60°C/10min

no

2.0 x 1017

5.1 x io"

1.9 x 1017

9.3 x 105

1.9 x 1017

1.4 x 10"

1.9 x IO17

Aqua-regia

no

1.3 x 10"

1.9 x IO17

Aqua-regia

450 °C
/n 2

3.0 x 10"

3.0 x IO17

BHF

5.1 x 10"

3.0 x 1017

BHF

3.1 x 10"

2.5 x IO17

7.8 x 10"

2.0 x 1017

2.2 x 10"

2.0 x 1017

2.8 x 10"

1.1 x 1017

1.4 x 10"

1.1 x IO17

1.7 x 10"

4.0 x IO17

9.3 x 10"

4.0 x IO17

HC1:H20
(l:l)/30 s
Aqua-regia
/10 min

106

no

4.7 x 10"

10

102

108

109

no
110
no

BHF
/IO min

BHF
/I min

BOE
/20 min
BOE
/20 min
Aqua-regia
/IO min
Aqua-regia
/IO min
BOE
/20 min

BOE
/30 s
BOE
/20 min
BOE
/30 s
BOE
/30 s
BOE
/I min

BOE
/20 min

BOE
/I min

111

no
350 °C
/I min
600 °C
/2 min/N2

112

113

no
60Q °C
/2 min

114

no
600 °C
/I min/N2

115

no

116

no

116
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GaN

Rh/Ni
5/5 nm

SL:GaN
/AlGaN

Ti/Pt/Au
15/50/80 nm
Ti/Pt/Au
15/50/80 nm
Ta/Ti
60/40 nm
CuNi/Ag
5/200 nm
NiZn/Pd
5/5 nm

GaN
GaN
GaN
GaN

BOE
/20 min

BOE
/1 min

6.0 x 10'5

4.0 x 1017

4.6 x io-4

5.0 x 1018

1.3 x lO*4

5.0 x 1018

4.2 x 10'5

2.5 x 1017

O2 plasma+
HC1:H20/1:2

300 °C
/5 min/N2
800 °C
12 min/N2

3.2 x 10'5

7.0 x 1017

HF
/5 min

800 °C/20
min/vacuum

119
120

6.0 x IO'6

5.0 x 1017

BOE
/20 min

BOE
/5 min

450 °C
/I min/air

121

4.8 x IO'5

5.0 x 1017

BOE
/20 min

BOE
/5 min

530 °C
/I min/air

122

O2 plasma+
HC1:H20/1:2
0 2 plasma+
HC1:H20/1:2

no

116

no
117

118

As in the case o f contacts to «-GaN, there are large discrepancies in the results
reported by different groups for standard contacts to / 7-GaN. This results from variations in
many material and process factors, such as semiconductor doping level, material quality,
surface roughness, predeposition treatment, alloying conditions, etc. The optimal alloying
conditions (temperature, time, ambient) depend on the metallization scheme used and
should be discussed for each contact system. In contrast, the predeposition treatment
affects the contact quality independently o f the contact scheme and can be considered
separately. As can be seen from Table 6-3, / 7-contacts can also be significantly improved
by a contact layer with a high hole concentration, such as a AlGaN/GaN superlattice, thin
InGaN or /?+-GaN layer. The effect of these layers is also discussed below.

6.5.1 Predeposition surface treatment
The surface treatment prior to metal deposition can significantly improve a contact
to / 7-GaN due to the removal o f the native oxide and a shift o f the surface Fermi level
towards the valence-band edge. It has been shown that the surface oxide on GaN acts as an
additional barrier to current transport through the metal//7-GaN interface hampering the
formation o f low-resistivity ohmic contacts. The effective Schottky barrier height, </>B, can
be expressed as

(

[

t/>Bo

-

Schottky barrier height without a surface oxide(eV)

5
m

-

thickness o f an isolation layer
the mean tunneling effective masses o f carriers
the mean tunneling barrier for hole injection from metal to / 7-GaN

X

6.12]

The increase in the barrier height caused by a 2 0 A-thick oxide isolation layer was
calculated to be 0.2-0.3 eV. Thus, the removal o f the oxide layer is essential prior to metal
deposition. However, for / 7-type GaN, the oxide removal alone is not sufficient for ohmic
contact formation due to a very high Schottky barrier at the metal//7-GaN interface. It was
stated above that surface defects are responsible for carrier transport in a metal//7-GaN
system. They introduce deep energy states inside the depletion layer and shift the surface
Fermi level towards their location in the bandgap. Ga-vacancies, known as triply charged
acceptors, were found to produce such interface states pinning the Fermi level near the
valence band in /?-GaN. This implies that any surface treatment introducing Ga-vacancies
at the interface should promote ohmic contact formation to / 7-GaN and reduce the contact
resistivity. In contrast, any treatment generating N-vacancies is expected to increase the
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resistivity due to related interface states near the conduction band and due to a decrease in
the effective hole concentration near the interface or even surface conversion to «-type
conductivity. For this reason RIE (ICP) treatment or high-temperature annealing prior to
metal deposition result in severe degradation o f /7-contact ohmic characteristics. 8’ 31,56,
Instead, to obtain low-resistance ohmic contacts to /?-GaN, a large number o f chemicals
have been employed including HC1, HF, buffered oxide etch (BOE), aqua-regia, KOH,
(NFL^hSx, NH 4 OH, NaOH, and different combinations o f these chemicals. The impact o f
some o f them is illustrated below.
HCl-based solutions
HC1 acid, often diluted with H2 O, is fairly effective in
removing the native oxide on a GaN surface. 1 1 ,54 However HC1 treatment has also been
found to result in a higher Ga/N ratio relative to an untreated surface due to the preferable
removal o f N-based species from the surface.61, 62 The nitrogen vacancies introduced
reduce the effective hole concentration near the interface and shift the surface Fermi level
towards the surface conduction band minimum leading to an increased surface barrier
height on /?-GaN. Thereby, this treatment is not very effective for /?-contact formation.
HF-based solutions
Treatment in H F acid or in a buffered oxide etch
solution (H F .N H 4 F ) is fairly effective in removing the native oxide, carbon, and
hydrocarbon contaminations on a GaN surface.11, 54 Jang et al.63’ 105, 108 reported that
prolonged BOE treatment prior to metallization resulted in the decrease o f the Schottky
barrier height for non-alloyed Pt contacts leading to a significant reduction in the contact
resistivity. It was attributed to the combined effects o f the effective removal o f the surface
oxide and the shift o f the surface Fermi level towards the valence-band edge due to Gavacancies produced at the surface.
Aqua-regia solution
Aqua-regia [HN 0 3 :HC1 (1:3)] is also a very effective
solution to remove the native oxide on a GaN surface.40, 63 Lee et al.93’ 95’ 106 and Kim et
al.91' 92, 110 have reported that treatment in boiling aqua-regia for 1 0 min effectively
removed the surface oxide and reduced the contact resistivity o f non-alloyed Pd, Pt, and
Pd/Au contacts by two to four orders o f magnitude. It has also been found that the aquaregia treatment left the surface N-rich.9 1 ,1 0 6 ,110 As a result o f the Ga-vacancies, the surface
Fermi level was pinned near the valence band, reducing the Schottky barrier height.
K O H solution
Treatment in KOH can also be used to remove the
surface oxide and carbon contamination on GaN . 5 3 ,64 Additionally, this solution has been
found to decrease the Ga/N ratio at the surface, which was attributed to the formation and
dissolution o f Ga-based hydroxides.8, 61, 62 XPS analysis showed that the surface Fermi
level shifted
by 0.3-0.4 eV towards the valence band as a result o f the Ga-vacancies
c'i /ri
introduced. ’ ’ For the / 7-type GaN, the shift o f the Fermi level in this direction should
lead to a reduction in the surface barrier height and subsequent improved metal contact
behavior. Indeed Lee et al.9*’95 reported that the contact resistivity o f a non-alloyed Pd/Au
contact was significantly reduced for KOH treated /?-GaN. Consequently, the KOH
solution is very effective in removing surface oxide and plays a significant role to reduce
the contact resistivity for ohmic contact to / 7-type GaN.
(NH 4) 2Sx solution
Boiling (N H ^Sx (—60 °C) is a very effective solution
to remove the native surface oxide on a GaN surface and to protect GaN from reoxidation
since a Ga-monosulfide (GaS) layer is formed on the surface.26,54, 65, 66 Lee et al. found
that a Ni/Au contact was significantly improved by the (NFL^Sx treatment for 30 min prior
to the metallization. The better performance was attributed to a complete removal o f the
native oxide and to Ga-vacancies left on the oxidation-free surface. The authors also
proposed using a preoxidation process prior to the (N H ^Sx treatment to improve the
contact even more. They found that thermal annealing in air ambient (750 °C for 30 min)
promoted additional GaOx formation on the surface. As a result more Ga-vacancies were
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induced after removal o f the native oxide in (N H ^Sx and the contact resistivity was
further reduced.
BOE + (NH4)^Sx treatment Treatment in the buffered oxide etch (BOE) solution
followed by dipping in (N H ^Sx has been found to be very effective for ohmic contact
formation to /7-GaN.105,107 The contact resistivity o f a non-alloyed Pt contact was reduced
by about three orders o f magnitude compared to untreated GaN, which was attributed to
the effective removal of the native oxide on the surface and an increase in the carrier
concentration near the GaN surface. The Hall-effect measurements showed that the
treatment resulted in an increase (by about a factor o f 10) in the free hole concentration. In
all probability this was caused by Ga-vacancies produced at the surface as a result o f both
BOE and (N H ^Sx treatment. It was also shown above that both these chemicals
effectively remove the native oxide, and (NFL^Sx protects the surface from reoxidation
under air exposure.
Aqua-regia + (NHJ&x treatment Treatment in aqua-regia followed by dipping
in (NfL^Sx has also been reported to be very effective for ohmic contact formation to pGaN.91,106 The contact resistivity of non-alloyed Pd and Pt contacts was decreased by three
and four orders o f magnitude, respectively, compared to untreated GaN. The authors
suggested that aqua-regia removed the surface oxide, and (NFL^Sx suppressed oxide
formation under subsequent air exposure. XPS analysis showed that the Ga/N ratio at the
surface was decreased after the treatment. This is consistent with the results for only-aquaregia and for only-(NH 4 )2 Sx treatment. As a result o f the Ga-vacancies introduced, the
surface Fermi level was pinned near the valence band, reducing the Schottky barrier height
and the contact resistivity.
[ t-C4H9OH + (NH4) 2SxJ solution
The alcohol-based (NFL^Sx solution has been
reported to be more effective for Ga-oxide removal than a normal (NFL^Sx solution.109,123
As a result o f the treatment [90 vol.% tert-butanol (t-C ^ O H ) and 10 vol.% (NFL^S] at
60 °C for 10 min, the contact resistivity of a non-alloyed Pt contact was decreased by three
orders o f magnitude compared to untreated GaN. XPS analysis showed that this solution
efficiently removed the surface oxide and shifted the surface Fermi level toward the
valence-band edge by 0.25 eV. The authors suggested that the oxide layer was removed
through the formation of gallium hydroxide, which was produced via OH' groups present
in the solution. The selective removal o f Ga resulted in the formation o f Ga vacancies near
the interface and in the surface Fermi level being pinned near the valence band. A very thin
sulfide layer left on the surface after the treatment was suggested to prevent surface
reoxidation under exposure to air.

6.5.2 Sub-contact layers
Standard contacts employ the metallization o f a /7-type GaN layer. However,
certain sub-contact layers grown epitaxially on the top o f /7-GaN can significantly improve
contact performance. The impact o f the most commonly used layers is illustrated below.

/ 7+-GaN layer
A heavily doped GaN:Mg sub-contact layer has been found to improve contacts
due to an increased surface carrier concentration. A contact resistivity o f 2 x 10'5 G em2
was achieved for a non-alloyed Pd/Au contact without any special predeposition treatment.
However, growth of this layer requires careful control over the doping level. Although the
Mg concentration in GaN can be easily increased by increasing the Mg/Ga flux ratio
during the growth, it does not guarantee an increased free hole concentration. It is known
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that a drop in the effective hole concentration at high Mg concentration (magnesium
segregation) is accompanied by the formation o f pyramidal defects on the surface.
Thereby, control over the surface defects can be employed during the growth to keep the
magnesium flux below a critical level.
InGaN layer
P-type InGaN is also a very promising material to reduce the contact resistivity
because of the narrower band gap than GaN and a high free hole concentration above 1018
cm'3.124, 125 Furthermore, p-type InGaN/GaN superlattices show hole concentrations above
1019 cm '3 due to a large piezoelectric polarization and a large valence band discontinuity
between GaN and InGaN .126 Kumaruka et al ? b' 97 98 reported a non-alloyed Pd/Au ohmic
contact to p-type GaN using p-lnGaN as a contact layer. The lowest contact resistivity of
1.1 x 10*6 Q c m z was achieved using a strained Ino.19Gao.8iN layer with a hole
concentration of 8 x 1018 and a thickness o f 2 nm. Figure 6.8 shows the contact resistivity
as a function of the /?-type InGaN contact layer thickness. The authors suggested that the
contact characteristics are very sensitive to an electric field induced in the thin InGaN
contact layer. This electric field consists of
a piezoelectric polarization field and an
electric field due to ionized acceptors in the
surface depletion layer. As a result, the
tunneling barrier width is decreased,
enhancing tunneling transport. Furthermore,
Mg-doped
the high free hole concentration in InGaN
• GaN
also plays an important role in the reduction
O ln0 14^8(5 ggN
of the surface depletion layer. Therefore, the
■ •n o .i*G a o.8»N
tunneling barrier becomes thinner as shown
in Fig. 6.9 (a), resulting in the drastic
reduction of the contact resistivity.
0
5
10
15
However, if the InGaN contact layer
Contact layer thickness [nm]
exceeds the critical layer thickness, the
strain-induced piezoelectric field disappears
Fig. 6.8. Specific contact resistivity o f a non
alloyed Pd/Au contact as a function o f p-InGaN
due to lattice relaxation, resulting in the
contact laver thickness.
increase o f the tunneling barrier width [Fig.
6.9 (b)]. Therefore, the contact resistance
(b)
(a)
gradually increases with the contact layer
' e,. relaxed
strained
thickness. The critical thickness of InGaN
p-lnGaN
p-lnGaN
was estimated to be from 3 to 5 nm with the
s '
largest piezoelectric polarization effect at 2
p-GaN
p-GaN
nm. Significant improvement using a
strained p-InGaN sub-contact layer was also
E,
Er
reported
for Pd/Au and for Ni/Au contacts
ev
—
S^ S —
by Dennemarck et al. and Gessmann et al.,
respectively,
and was also attributed to the
Fig. 6.9. Band diagrams o f a InGaN/GaN
increased free hole concentration and to the
interface near the surface: (a) with a strained
InGaN contact layer; (b) with a relaxed InGaN
band bending induced by polarization fields.

\

N

H

contact layer.

A lG aN /G aN superlattice
Using p -type AlGaN/GaN superlattices (SL) is an effective method to enhance the
hole concentration under a contact. It is well known that a hole concentration above 10
cm '3 can easily be achieved in the superlattice due to the effects of piezoelectric and
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1 /5*7

108

100

10A

10 1

100

spontaneous polarization. ’
The periodic oscillation o f the valence band
edge is superimposed with the oscillation generated by the piezoelectric field, significantly
reducing the Mg acceptor ionization energy and, hence, increasing the carrier
concentration. Furthermore, for contacts to p-type AlGaN/GaN SL polarization charges
near the surface can also enhance tunneling transport through the interface. Indeed, Zhang
et al. and Zhou et al. have reported that the contact resistivity was reduced by an order of
magnitude using a p-SL AlGaN/GaN sub-contact layer compared to a single p-GaN layer.
The improvement was attributed to an enhancement in the free hole concentration.

6.5.3 Contact systems
Ni/Au-based /^-contacts
N i/A up-contact
The Ni/Au system is intensively used as an ohmic
contact to p -type GaN. A contact resistivity in the range o f 10"3—10-4 Q cm 2 is typically
obtained after annealing at 500-600 °C in N 2 .80’ 8 1 , 86 The mechanism o f ohmic contact
formation in N 2 ambient has been studied by Kim et al .*0 , 81 The authors suggested that a
decrease o f the Ni/Au contact resistivity during annealing at 500-600 °C originates from
outdiffusion o f Ga atoms from p-type GaN into a Au-Ni solid solution. Ga-vacancies
generated below the contact act as acceptors reducing the Schottky barrier height for hole
transport. The shift o f the surface Fermi level towards the valence band minimum was
estimated to be 0.2 eV. When the contact is annealed at higher temperatures, free Ni atoms
start reacting with N forming nickel nitrides. The N-vacancies produced reduce the
effective hole concentration near the interface, leading to an increase in the Schottky
barrier height and contact resistivity. These findings were confirmed by an only-Ni contact
annealed in N 2 ambient. This contact showed no changes up to 500 °C annealing and
gradual degradation at higher annealing temperatures. X-ray diffraction (XRD) analysis
verified that only M 3N compound was produced in the Ni contact, whereas AuNi, AuvGa,
GasNis, Auo.79Gao.21 , Ga3Ni2 M 3N, and Ni4N compounds were detected in the Ni/Au
contact after annealing.
Annealing in oxidizing ambients, such as air or O2 , has been found to reduce the
contact resistivity o f Ni/Au contacts by one-two orders o f magnitude compared to a pure
N 2 ambient. ’ ’ ’ Many studies on the interfacial reactions between the metal and GaN
have been carried out to determine the mechanisms responsible for ohmic contact
formation. However, the results are still conflicting and the nature o f the interfacial
reactions and microstructures in the metal/p-GaN system remains unclear. The proposed
mechanisms are illustrated and discussed below.
n o

n o

o n

on

1'X'X

Koide et al.
found that annealing in oxygen-containing ambients reduced both
the contact resistivity o f Ni/Au contacts and the sheet resistance o f p -G aN epilayers. The
reason was suggested to be due to formation o f an intermediate semiconductor layer (ISL)
with a high hole concentration, caused by the removal o f hydrogen atoms from epilayers in
the presence o f oxygen. However, this hypothesis appears to be very questionable. It is
well established that hydrogen becomes mobile in p-GaN at temperatures higher than 350
° C 134’ 135 The much higher temperatures required for p-contact annealing should result in
an uniform distribution o f H atoms in epilayers after the alloying. Maeda et al.m
continued this study to clarify the role o f NiO produced during the oxidation o f a Ni/Au
contact. The authors deposited a variety o f NiAu-based contacts on p-GaN with either NiO
or Li doped p-type NiO(Li) layers, such as NiO/Au, NiO(Li)/Au, Ni/NiO(Li)/Au,
Ni/Li20/NiO/Au, and Ni/Li20/Ni/NiO/Au. However, none o f these contacts provided
specific contact resistances lower than that o f the conventional Ni/Au contacts prepared by
annealing in N 2 ambient. From these results, the authors concluded that the p-NiO layer is
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not responsible for the Ni/Au ohmic behavior. However, Chen et al.u l suggested that
crystalline NiO produced by Ni/Au contact annealing is very different from polycrystalline
sputter-deposited NiO. Furthermore, sputter deposition used by Maeda et al. could
introduce structural defects at the NiO/p-GaN interface. These factors may result in a
significant variation of contact characteristics and leave the interpretations o f this group
open to discussion.
Another research group suggested that crystalline NiO produced as a result of
annealing in oxygen-containing ambients is responsible for the low-resistance Ni/Au
contact to p-GaN.78, 79, 137, 1 8’ 139 Using XRD analysis and cross-sectional TEM
examination the authors proposed the following picture of structural transformation of
Ni/Au metallization under annealing in air (O 2) [Fig. 6.10]. The Ni/Au bi-layer annealed at
350 °C transforms to a microstructure with discrete crystalline islands of Au, a nonuniform crystalline thin film of NiO covering the islands, and an amorphous Ga-Ni-0 layer
between some of thesefeaturesand p-type GaN [Fig. 6.10 (b)]. Annealing at 500 °C
results in the NiO film and the Au islands
(a)
epitaxially constructed on p-type GaN with
a
*
.HO
an amorphous Ga-Ni-0 phase and small
Au
Dm.
Au ,
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y
v
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voids
among Au islands [Fig. 6.10 (c)]. At a
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temperature of 600 °C disassociated
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nitrogen enlarges the voids separating the
p-GuN
crystalline NiO from p-type GaN and
reducing the contacting area [Fig. 6.10 (d)].
The authors suggested that the crystalline
NiO film contacting p-GaN is crucial to
obtain a low-resistance Ni/Au contact.
p-G aN
Thereby the optimal annealing temperature
was suggested to be around 500 °C to
prevent a decrease in a contact area between
NiO and p-GaN. This is in good agreement
Au-rich
with electrical contact characteristics. The
A u -n u h
m rach
Au islands were suggested to act as a
p-GaN
conductive matrix for NiO reducing the
(0
sheet resistance of a final contact layer. The
NiO produced by oxidation o f Ni was
NMM
Au-meh
1w
Au-nc>.
reported to act as a p-type semiconductor
due to nickel vacancies and/or interstitial
O .140 In view of that the authors proposed a
<d)
model based on a Au/p-NiO/p-GaN
N »
N iO
heterostructure to explain the low-resistance
Au-rich I I void
ohmic behavior. The barrier heights at
p-CaN
Au/p-NiO and p-NiO/p-GaN junctions were
calculated to be 0.3 and 0.185 eV,
Fig. 6.10. Schematic illustration o f reaction
respectively. However, very recently Yu et
mechanism and diffusion behavior during the
a /.141 corrected the calculations and
oxidation o f p-GaN/Ni/Au: (a) initial diffusion
estimated the barrier height at the p-NiO/pand oxidized reaction, (b) treated at 350 °C, (c)
GaN interface to be 2.28 eV, disputing this
treated at 500 °C, (d) treated at 600 °C.
model.
Qiao et al.l42 suggested that Au islands contacting p-GaN after the oxidation are
mainly responsible for Ni/Au ohmic behavior. In this model oxygen assists layer-reversal
reactions forming a NiO/Au/p-GaN structure and causes an increase in p-GaN conductivity
due to effective removal of H from GaN. Ni was proposed to remove or to reduce surface
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contamination on the surface before or during layer reversal. Qiao et al. also attempted to
simulate a Au/p-NiO/p-GaN contact by depositing a single layer o f Ni, followed by
annealing at 500 °C in air and depositing a top layer o f Au. No ohmic behavior was
observed and the authors called the Au/p-NiO/p-GaN model into doubt. However, Kim et
al.143 reported that Ni oxidation rate was greatly increased by the addition o f Au overlayer,
while for an only-Ni film nonoxidized Ni still existed even after annealing in air at 600 °C
for 30 min. Furthermore, NiO formed after oxidation o f the only-Ni film on GaN was
found to be textured polycrystalline and its contact characteristics can be very different
from those o f crystalline NiO produced by Ni/Au contact annealing.
Very recently a contact formation mechanism for oxidized Ni/Au to p-GaN was
proposed using three-dimensional secondary ion mass spectroscopy (3D-SIMS) mapping
and synchrotron photoemission spectroscopy (SRPES). The authors suggested that oxygen
accelerates Ni out-diffusion to the surface causing the complete transformation o f Ni into
NiO. It finally results in a NiO/Au/p-GaN structure as was also suggested by Qiao et al.
However, the present work gives a different mechanism responsible for contact formation.
Both Au islands contacting the GaN surface and oxygen atoms incorporated during
annealing were suggested to promote significant out-diffusion o f Ga atoms forming a AuGa solid solution due to the high solubility o f Ga atoms in Au (13% at 409 °C). The
surface NiO layer was suggested to suppress out-diffusion o f N atoms released from the
decomposed GaN. This generates a number o f Ga-vacancies at the interface, which act as
acceptors and reduce the Schottky barrier height for hole transport. The shift o f the surface
Fermi level towards the valence band minimum was estimated to be 0.4 eV compared to
only 0.2 eV for N 2 ambient. As a result o f both an increased surface hole concentration and
the reduced barrier height, the contact resistivity o f the oxidized Ni/Au contact is
drastically decreased.
A number o f reports have been published on the thermal stability o f Ni/Au
contacts.59, 60, 144, 145 This metallization showed severe degradation o f the electrical and
morphological properties under high temperature annealing. However, the contact alloyed
in air was found to be significantly more stable compared to that alloyed in N 2 ambient.144,
145 The specific contact resistivity increased with increasing annealing time at 550 °C in N 2
while it was stable in air. This behavior was attributed to NUN phase formation in nitrogen
ambient, which is greatly accelerated in the Ni/Au system due to the catalytic action o f Au.
In this contact, NUN begins forming at 500 °C and consumes nitrogen from GaN leaving
N-vacancies near the interface. In contrast, the NUN phase was not detected in air-annealed
contacts where almost all Ni atoms were in a NiO form. The authors concluded that the
more energy favorable NiO bonds suppress the formation o f NUN greatly improving
contact thermal stability.
The environmental stability o f Ni/Au contacts alloyed in air was studied by Wang
et al.m It was found that exposure to water vapor caused the degradation o f electrical
characteristics even at room temperature. No change in the sheet resistance o f a p-type
GaN epilayer beneath the contact was observed. The authors speculated that hydrogen was
incorporated into the contact reducing the hole concentration in p-NiO. These suggestions
are consistent with the Au/p-NiO/p-GaN model illustrated above. The environmental
stability o f Ni/Au contacts at elevated temperatures (200 °C) was found to be very poor in
both dry N 2 and N 2 plus water vapor. The only environment that preserved a low-resistance
contact was dry O2 . This limits the use o f oxidized Ni/Au contacts for open to air
applications. A thick capping layer, such as Ni/Au or Ti/Au, deposited after contact
oxidation can probably protect the contacts from environment-induced degradation.
Au/N i/Aup-contact
This modification o f a standard Ni/Au p-contact was
recently investigated by Narayan et al. A contact resistivity in the range o f 10'5 H em2 was
152

Chapter 6. Ohmic contacts to GaN

obtained after annealing in air at 500 °C for 10 min. TEM analysis showed that an epitaxial
NiO-Au composite was formed after the annealing, where both Au and NiO were in
contact with p-GaN. The NiO was found to grow epitaxially on the Au template, whilst
making contact with the /?-GaN substrate at the same time. The final structure o f the
oxidized contact is probably very similar to that o f an oxidized Ni/Au contact.
N i/Pt/Aup-contact
This contact system yielded a contact resistivity o f 2
x 10~2 H em 2 after annealing in Ar ambient at 500 °C. The fairly high resistivity compared
to a standard Ni/Au contact annealed in nonoxidized ambients was probably caused by a Pt
layer preventing Au and Ni intermixing. AES analysis showed that Ni diffused into the Pt
layer at 500 °C, being intermixed with Pt. It is known that Au promotes out-diffusion o f
Ga atoms from GaN forming a Au-Ga solid solution due to the high solubility o f Ga atoms
in Au (13% at 409 °C). Thereby, the lack o f Au near the GaN surface could result in the
reduced number o f Ga-vacancies near the interface compared to the annealed Ni/Au
system. The ohmic behavior observed could be related to Pt diffused to the GaN surface as
a result o f the alloying. This metal has a higher work function (5.6 eV) compared to that o f
Ni (5.1 eV) and, hence, could promote ohmic contact formation.
N i/Pd/Aup-contact
The Ni/Pd/Au contact was demonstrated by Chu et
al. A specific contact resistivity as low as 1.0 x 10"4 Q cm 2 was achieved after annealing in
oxygen ambient at 550 °C for 5 min. Contacts with a resistivity in the range o f 10' -10'
Q cm 2 were also obtained at this temperature in air and N 2 ambient.

Pd-based / 7-contacts
Pd is widely used in ohmic contacts to /?-GaN due to a relatively high work
function (5.1 eV) and its ability to react with GaN during an annealing process to form
gallides.147 Various Pd-based metallization schemes have been reported, most o f them
provide low-resistance ohmic contacts even without postdeposition annealing. It makes
these systems suitable for the fabrication o f complicated layered structures.
P d p-contact
The non-alloyed Pd contact was reported to yield a
contact resistivity o f 7.0 x 10'3 and 2.9 x 10"4 Q cm 2 for /?-GaN treated in aqua-regia and in
aqua-regia followed by (NH ^Sx, respectively. The impact o f these treatments is
considered above (see “Predeposition surface treatment”). Briefly, a number o f Gavacancies was introduced near the surface as a result o f these chemicals, reducing the
Schottky barrier height and contact resistivity.
Pd/Au p-contact
The Pd/Au contact is the most employed Pdcontaining system to /?-GaN. The non-alloyed contact has been reported to provide a
contact resistivity in the range o f 10'2—10'6 H em2 depending on the predeposition
treatment and the contact layer used.92,93, 94,95, 96,97,98, 9 ’ 100 Jang et al. studied Pd/Au
contacts alloyed in air. The lowest contact resistivity o f 6.4 x lO"4 Q-cm2 was obtained
after 500 °C annealing for 1 min. Cross-sectional transmission electron microscopy
(XTEM) analysis showed that a Au-Pd solid solution was produced due to intermixing o f
Au and Pd layers during the annealing. The reduced contact resistivity was attributed to the
dissolution of Ga atoms into the Au-Pd solid solution at 500 °C introducing a number o f
Ga-vacancies near the interface. Under annealing at 550 °C the Pd/Au contact showed
rapid degradation, which was ascribed to out-diffusion o f N atoms through the Au-Pd
compound.
Pd/Ni p-contact
The Pd/Ni scheme was stated to be more efficient and
stable compared to the Pd/Au contact.99’ 101 The contact resistivity obtained after annealing
in air at 500 °C was determined to be 9.6 x 10'5 H em2, nearly one order o f magnitude
lower than that o f Pd/Au at the same conditions. XTEM, XRD, and SIMS analysis showed
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that a NiO layer was formed as a result o f Ni oxidation during annealing in air. Below the
NiO layer, Pd gallides such as Ga2Pds and GasPd were observed. Meanwhile, no Pdrelated and/or Ga-related compounds were found at the surface. This indicates that the NiO
layer effectively prevented Ga and Pd atoms from out-diffusing to the surface, promoting
the Pd layer to react with GaN. Thereby, a large number o f Ga-vacancies was produced
below the contact reducing the Schottky barrier height and contact resistivity. The thermal
stability o f the Pd/Ni system was also found to be superior to that o f the Pd/Au contact.
The authors suggested that the NiO layer acted as an effective barrier for the out-diffusion
o f N atoms from decomposed GaN preventing high temperature contact degradation.
Pd/Mo p-contact
The Pd/Mo contact was reported to yield a resistivity
o f 5 x 10'4 and 2 x 10'4 Q cm2 as-deposited and annealed at 500 °C in vacuum,
respectively. The hole concentration in p-GaN was found to follow the contact resistivity,
namely 2 x 1017 cm'3 before the annealing and 6 x 1017 cm'3 after the 500 °C annealing.
SIMS and Raman spectra analysis showed no substantial change o f the hydrogen content
in the epilayers. Thereby, this behavior cannot be attributed to the increase in activated Mg
due to removal o f hydrogen. The authors suggested that Ga-vacancies induced near the
GaN surface were responsible for the increased hole concentration and for improved
contact characteristics. In all probability, Pd gallides were produced as a result o f the
annealing. AES analysis showed that Mo remained on the contact surface after the
alloying, promoting interface reactions between the Pd electrode and the p-GaN layer.
Pd/Rep-contact
Re, with a relatively high work function (5.1 eV) and
perfect thermal stability, isan attractive candidate for low-resistance and thermally stable
ohmic contacts on p-GaN. The Pd/Re metallization was reported to produce a contact
resistivity o f 1.4 x 10'3 and 8.7 x 10-4 Q-cm2 as-deposited and annealed at 550 °C for 1 min
in N 2 , respectively. GaN was previously treated in aqua-regia for 10 min, which is known
to promote p-contact formation (see “Predeposition surface treatment”). AES and XRD
analysis showed that Pd reacted with GaN under the annealing producing Pd gallides, such
as Ga2 Pd5 and Ga5Rd. The Ga-vacancies produced were suggested to improve the contact
characteristics. The Re layer remained very stable after the alloying. The prolonged
annealing at 550 °C did not significantly change the surface morphology and electrical
characteristics indicating good thermal stability o f the Pd/Re contact. However, annealing
at 650 °C resulted in severe degradation o f both surface morphology and contact
resistivity.
Pd/Ag/Au/Ti/Aup-contact Using the Pd/Ag/Au/Ti/Au metallization, a contact
resistivity as low as 1.1 x 10'6 Q-cm2 was achieved after annealing at 800 °C for 1 min in
N 2 . The selection o f these metals was based on the realization o f a Ag-Au alloy at a
temperature o f about 773 °C. The thin bottom Pd layer (1 nm thick) was included to
improve adhesion o f the Ag layer to the surface o f GaN. XPS analysis showed that a
(Ag+Au)2 GaN compound was produced under the 800 °C annealing forming a highly
doped //-region near the interface. As a result, a very low contact resistivity was obtained.
The top Ti/Au layer provided excellent thermal stability for this contact scheme.

Pt-based p-contacts
Platinum has a work function o f 5.6 eV, the highest value among common metals,
and excellent thermal stability. Various Pt-based metallization schemes have been reported
for p-GaN, most o f them provide low-resistance ohmic contacts even without
postdeposition annealing. This makes the Pt-containing contacts suitable for fabrication o f
complicated layered structures.
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P t p-contact
The Pt-only system is widely used as an ohmic
contact to p-GaN. The non-alloyed contact has been reported to provide a contact
resistivity in the range of of 10' -10' Q cm depending on the predeposition treatment
used.105,106,107,108,10 >110>111 xhe impact o f different chemicals on p-contact formation is
considered above (see “Predeposition surface treatment”).
Pt/N i/Aup-contact
The Pt/Ni/Au scheme was reported to yield a contact
resistivity o f 3 x 10'3 and 5.1 x 1CT4 Q cm2 as-deposited and annealed at 350 °C for 1 min,
respectively. The low resistivity was attributed to the high work function o f Pt and an
increase in the contact area after the alloying. AES analysis showed that Ni diffused
through the Au layer under the annealing and formed an oxide on the contact surface. The
Pt layer was suggested to prevent formation o f nitrogen vacancies in GaN degrading the pcontact performance.
Pt/Pd/Aup-contact
The Pt/Pd/Au contact was reported to provide a
resistivity o f 3.1 x 10'5 G em2 after being annealed at 600 °C for 2 min in nitrogen
ambient. GaN was previously treated in BHF solution for 10 min, which is known to
promote p-contact formation (see “Predeposition surface treatment”). AES and GXRD
analysis showed that the annealing resulted in the formation o f Pt- and Pd-gallides layers,
such as GaPt2 , Ga2 Pt, Ga2 Pds, Ga2 Pds , and Ga2 Pds, at the metal/GaN interface.
Consequently the surface Fermi level shifted toward the valence-band due to the formation
o f a N-rich surface region in GaN. The ohmic behavior was ascribed to the combined
effects o f Pt- and Pd-gallide formation and an increase in a contact area.
Pt/Ru p-contact
The Pt/Ru scheme was reported to yield a contact
resistivity o f 7.8 x 10*4 and 2.2 x 10'6 Q cm2 as-deposited and annealed at 600 °C for 2
min, respectively. GaN was previously treated in BOE solution for 20 min, which is
known to promote p-contact formation (see “Predeposition surface treatment”). An
improvement in the contact resistivity after alloying was attributed to Pt-gallide formation
and an increase in the contact area.
Pt/Re/Aup-contact
The Pt/Re/Au scheme was investigated by Reddy et
al. The contact provided a resistivity in the range o f 10'3 Q cm2 to p-GaN previously
treated in aqua-regia for 10 min. AES and GXRD analysis showed that after 600 °C
annealing Pt, Re, and Au diffused to GaN and participated in the formation o f Ga-related
interfacial products, such as GaPt2 , GasPts, Ga3Re, and GaAu2 . The authors attributed the
ohmic behavior to the generation o f Ga-vacancies near the p-GaN surface reducing the
Schottky barrier height for hole transport. The contact was found to be very stable during
prolonged 600 °C annealing but degraded at 800 °C due to heavy intermixing between the
metals and GaN, and/or dissociation of GaN.

Rh-based p-contacts
Rhodium, with a relatively high work function o f 5.0 eV, is known to react with
GaN forming gallide phases at low temperatures. For this reason Rh was employed as the
first contact layer in contact systems, such as Rh-only, Rh/Au and Rh/Ni, to p-GaN. The
contacts were found to yield a resistivity in the range o f 10' -1 0 ' Q cm without
postdeposition annealing, the lowest for non-alloyed systems to p-GaN. GaN was
previously treated in BOE solution for 20 min, which is known to promote p-contact
formation (see “Predeposition surface treatment”). AES analysis showed that some amount
o f Ga outdiffused into the Rh layer implying that Rh interacted with Ga and formed
interfacial phases such as gallides. The ohmic behavior was attributed to the effective
removal o f the native oxide and to Ga-vacancies formed near the GaN surface region as a
result o f both the predeposition treatment and the interaction o f Rh and GaN.
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Ti/Pt/Au p-contact
In the Ti/Pt/Au system, a thin Ti layer is employed due to its excellent adhesion
and ability to reduce surface contamination and oxides on GaN. The second Pt layer is
expected to promote ohmic contact formation due to its high work function (5.6 eV). A
contact resistivity o f 1.3 x 1CT4 and 4.2 x 10'5 Q cm 2 was demonstrated for the alloyed
contacts to AlGaN/GaN SL and to GaN, respectively.117,118

Ta/Ti p-contact
Suzuki et aLU9’ 120 employed Ti and Ta due to their ability to attract hydrogen
atoms from GaN at high temperatures and, hence, to increase the hole concentration in pGaN. Post-deposition contact annealing at 800 °C for 20 min provided a contact resistivity
as low as 3 x 10‘5 G-crn2. The hole concentration in p-GaN was found to increase by 2 - 3
times after the annealing. Thereby, the reduction o f the contact resistivity was attributed to
the reactivation o f Mg dopants by disrupting the bonding in residual M g-H complexes.
Unfortunately, this contact is very unstable in air. Electrical characteristics showed
extremely fast deterioration under current injection and rapidly degraded even during room
148
temperature storage.

CuNi/Ag p-contact
The CuNi/Ag system was reported to yield a contact resistivity as low as 6 x 10 6
D cm 2 after annealing in air at 450 °C for 1 min. The CuNi solid solution was employed as
a sticking layer for Ag, which has very poor adhesion to GaN. Before contact deposition
GaN was treated in BOE solution for 20 min, which is known to promote p-contact
formation (see “Predeposition surface treatment”). The authors found that an oxygen
ambient played an important role in lowering the contact resistivity. No ohmic behavior
was observed for this contact after annealing in N 2 . AES and GXRD analysis showed that
during the 450 °C annealing in air Ag diffused to the GaN surface forming interfacial
gallide phases, while CuNi outdiffused to the contact surface forming CuNi-oxides. As a
result o f the Ga-vacancies produced, the surface Fermi level shifted toward the valence
band edge reducing the Schottky barrier height for hole transport. The surface CuNi-oxides
were suggested to effectively prevent agglomeration o f the Ag layer upon annealing,
preventing an increase o f its contact resistivity.

NiZn/Pd p-contact
Song et al. employed a NiZn alloy (10at.% Zn.) in this contact system as a possible
solution to increase the hole concentration in p-GaN through indiffusion o f Zn under
annealing. A contact resistivity as low as 4.8 x 10' Q cm was achieved after alloying in
air at 530 °C for 1 min. GaN was previously treated in BOE solution for 20 min to promote
p-contact formation (see “Predeposition surface treatment”). AES analysis showed that
under the annealing, Pd indiffused to the GaN surface through the Ni-Zn alloy layer and
interacted with GaN forming interfacial gallides. As a result o f the Ga-vacancies produced
near the interface, the surface Fermi level shifted towards the valence-band edge reducing
the Schottky barrier height by 0.4 eV. The authors speculated that indiffusion o f Zn into
GaN might also contribute to the increase in surface carrier concentration.
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6.6 Optimization of contacts for a laser diode application
Devices operating under high current conditions, such as laser diodes, have the
potential to generate a lot of heat. To avoid excessive overheating resulting in the failure o f
a device, a contact resistivity in the order o f KT4 H em2 for both n- and /7-contacts to GaN
is required. Furthermore, contact stability at higher temperatures in an air environment is
also critically important for practical device operation. Poor thermal stability can result in
gradual contact degradation and even metal migration along threading dislocations
resulting in the eventual shorting of a device. Thereby the development o f reliable lowresistance contacts is one o f the key issues for good laser diode performance.
For optical devices, such as LEDs and laser diodes where ohmic contacts to both nand /7-GaN are required, special attention should be paid to the compatibility between the
p - and ^-contact fabrication processes. The annealing conditions (temperature, ambient)
and/or predeposition treatment required for one contact may result in serious degradation
o f the other. Fortunately, it has been found that RIE exposure promotes the formation o f
non-alloyed /2-contacts (see above). For optical devices RIE is widely used to etch through
the structure and to get access to /2-type layers. Thereby, the 72-GaN surface is already
exposed by plasma treatment before contact deposition. As a result, no special
predeposition treatment and postdeposition annealing are required for the /2-contact. If the
w-contact fabrication follows //-contact formation, any necessary processing steps can be
applied for /7-contact fabrication. Nevertheless, non-alloyed or low-temperature-annealed
contacts to /7-GaN are preferable. It has been shown that contact annealing at temperatures
higher than 700 °C, even for a short time, seriously degraded LED’s optical and electrical
characteristics due to electrical short circuits that are created in a structure.149
Some representative results o f our group are summarized in Table 6-4. All
experiments have been conducted by Dr. Margaret Hopkins. A circular transmission line
model (CTLM) was used for contact resistivity measurements. An e-beam evaporator was
employed for metal deposition; some contacts were subsequently annealed in a
conventional oven in different gas ambients. As can be seen, the non-alloyed Ti/Al and
Ti/Al/Ti/Au contacts to «-GaN provided reasonable resistivities appropriate for laser diode
fabrication. This is consistent with the published data reported on the impact o f RIE on 72
contact formation.14,11' 28,31,36,38,39,55,56,57 For a /7-contact, a thin //-InGaN sub-contact
layer (~10 nm) was employed by our group. Very low-resistance, less than 10'5 Q-cm2,
ohmic contacts were produced using alloyed Ni/Au and Pt/Au, and non-alloyed Pd/Au
systems. This is consistent with the published data on InGaN contacts.85,96,97, 8’ 100 In all
probability, our results can be improved even more using the optimized thickness o f the
sub-layer (see “Sub-contact layers”). One can see that the Ni/Au contact was very sensitive
to the annealing temperature and degraded after alloying at 550 °C in oxygen. The lowresistance non-alloyed Pd/Au also degraded after annealing at 500 °C. Thereby careful
control over the annealing parameters is required.
-

Table 6-4. Characteristics o f ohmic contacts to p - and w-GaN (Dr. M argaret Hopkins).

M aterial

w-GaN

w-GaN

Contact layers

Contact
resistivity
(fi*cm2)

Carrier
density
(cm'3)

Treatment
before
photo
lithography

Treatm ent
before
metal
deposition

Alloying
condition

Ti/Al

2.7 x 10^

3.0 x 10 18

ICP in Cl2/Ar

HCl

no

x

3.0 x 10 18

ICP in Cl2/Ar

HC1

400 °C
/5 min/N2

3.0 x

ICP in Cl2/Ar

HCl

no

2 0 /1 0 0

Ti/Al/Ti/Au
20/100/40/500 nm

8 .0

1 0 ‘5

3.7 x KT4

1 0 18
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/?-InGaN(lO nm)
/G aN
p-InGaN(lO nm )
/G aN

Pt/Au
2 0 /2 0

nm

Ni/Au
2 0 /2 0

nm

p -In G aN (l0 nm)
/G aN

Pd/Au
20/130 nm
Pd/Au
20/130 nm

p-InGaN(lOnm)
/G aN

2 0 /2 0

nm

BOE (4:1)
/2 min

600 °C/5min
/o 2+n 2

<

1 0 ’5

BOE (4:1)
/2 min

500 °C
/5 min/02

BOE (4:1)
/2 min

550 °C
/5 min/02

BOE (4:1)
/2 min

no

BOE (4:1)
/2 min

500 °C
/5 min/N2

7.4 x 10°
V

Ni/Au

1 0 '5

O

p-InG aN (lO nm)
/G aN

<

5.6 x 10*

In conclusion, ohmic contacts to both p - and «-GaN were optimized. N-contacts to
RIE treated «-GaN produce a reasonable resistivity without postdeposition annealing. In
contrast, p-contacts, except for the Pd/Au system, require an annealing step in oxidizing
ambients and should be used before ^-contact formation to prevent subsequent oxidation o f
Ti and Al in w-contact systems.
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7 GaN laser facet fabrication
7.1 Introduction
A GaN-based current injection laser diode can be fabricated using two different
approaches. It can be made either as a vertical cavity surface emission laser (VCSEL), or
as an edge-emitting laser. The fabrication o f a VCSEL requires the deposition o f quarter
wave mirror stacks which demands complicated growth technique employing precise
control over growth quality and uniformity. It makes this approach fairly difficult to
implement. At the present time an edge-emitting structure is mainly employed for GaNbased laser diode fabrication. The critical issue o f this process is the laser facet formation.
In the conventional GaAs and InP material systems, laser facets are usually formed by
cleaving the substrate and epilayers along a common cleavage plane. The formation o f
facets in GaN, however, has proven to be more difficult, as illustrated in the following
sections. A variety o f methods, including dry etching, wet etching, polishing, and cleaving,
on a variety o f substrates have been used for the laser diode fabrication. This chapter
considers that cleaving is the most promising method. However, a brief outline o f the other
methods and the problems associated with their implementation is presented as well.

7.2 Requirements for GaN laser facets
GaN-based structures are semiconductors with a relatively low index o f refraction
(n~2.5) due to their large band gaps. This results in a very low reflectivity at the nitride/air
interface. Theoretically, the highest value o f mirror reflectivity attains only 18% at a
wavelength o f 400 nm even for a perfectly smooth GaN-based facet:1
= (" l-« 2 )M " l+ « 2 )2

nj

-

[7 -1 ]

refraction index o f nitride
refraction index o f air

Furthermore, scattering losses significantly reduce the facet reflectivity. The
surface smoothness requirements are more stringent for GaN lasers than those for near IR
lasers due to the shorter emission wavelength. The ratio o f the actual power reflectivity to
the power reflectivity for a perfectly smooth facet is given by
R(Ad') _ ^-i6^2(wzw/Ao)2

2]

^ ideal

Xo
Ad

-

emission wavelength in vacuum
RMS roughness o f a facet

The calculated normalized reflectivity o f a GaN surface for an InGaN/GaN laser
structure with an emission wavelength o f 395 nm is shown in Fig. 7.1 as a function o f
surface RMS roughness. A similar dependence for a GaN-based laser diode was calculated
by Kneissl et al. Published roughness measurements on GaN-based laser structures are
presented in Fig. 7.1 as well. As can be seen, in order to achieve reflectivity greater than
90% from the ideal reflectivity, facets with RMS roughness less than 4 nm are required.
Stoker et al. suggested that the low reflectivity can be compensated by lengthening the
cavity to increase the round-trip gain in the laseror by coating the facets.Nevertheless, the
laser performance is strongly degraded by facet roughness.
166

:
(b)

1.0
1 C leav ed on spinel, Khan e t o

QC
5:
>

0.8

3 P o lish es, N akam ura e1 a l . 1996
4. CAI0E. K neissi 01 81, 1998

0.6

5 C le av ed on sapphire, Stocker e l a l . 1998

I

scc

' 996

2. C leav ed on SIC. O ovefspike el a l . 1998

6

0.4

RIE, N akam ura e t al.. 1996

\7 CAIBE, 8 .net e t al. 1998

E
3
E 0.2
X

to

6.7

0.0

*

10

20

30

40

50

Roughness (nm)
Fig. 7.1. Calculated normalized reflectivity o f
GaN facets as a function o f surface RMS
roughness.

100
\

4

6

AJGbN-C(adding

•

10

12

Tilt Angle @ (degrees)

(a)

Fig. 7.2. Calculated normalized reflectivity o f
GaN facets as a function o f inclination angle o f a
tilted facet.

25

SCH-MQW
iW K ) .1 9 )
S i 15

I 10

Facet angle (deg)
Fig. 7.3. Calculated reflectivity o f GaN facets as
a function o f inclination angle o f a tilted facet for
SCH-MQW structure and DH structure.

Chapter 7. GaN laser facet fabrication
- ■

■

------

The calculated normalized mirror
reflectivity for GaN-based laser diode as a
function o f the inclination angle o f the tilted
facet is presented in Fig. 7.2. The values for
the mirror losses on the right axis were
calculated assuming a 500 pm cavity. As
can be seen, the mirror reflectivity strongly
deteriorates with increasing tilt angle. These
results are fairly different from those
reported by Itaya et al? They calculated the
effect o f a tilt angle on facet reflectivity for
both separate-confinement-heterostructure
(SCH) with GaN/InGaN MQW s and a
simple
InGaN/AlGaN
double
heterostructure (DH). As can be seen in Fig.
7.3, the reflectivity is not very sensitive to
the tilt angle in the case o f the SCH-M QW
structure due to the fact that the optical
mode is strongly confined vertically within
the SCH structure. In contrast, the
reflectivity o f the DH with a small optical
confinement has a strong dependence on the
facet angle.
The experimental confirmation that
facet reflectivity is relatively insensitive to
the tilt angle comes from the research o f
Ambe et al? They applied focused ion beam
(FIB) polishing to change the tilt angle for
one o f laser diode facets from 0° to 5°. I-L
characteristics revealed almost no changes
in threshold current and differential
quantum efficiency, as shown in Fig. 7.4.
On the other hand, a strong variation o f the
threshold current on the in-plane rotation
angle was observed, as shown in Fig. 7.5.
Only one mirror was rotated around the
(OOOl)-axis while the other remained fixed
at 0°. These results were ascribed to the
absence o f optical waveguiding o f the lasing
mode w ithin the plane o f the layered
structure.
Thereby it is very important to
obtain smooth and well-aligned laser facets.
However, even for ideal facets, the highest
value o f reflectivity can only attain 18%. It
therefore usually requires an additional
coating o f dielectric multiple films on the
facets to increase the reflectivity and to
reduce threshold current.
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7.3 Methods of laser facet formation
7.3.1 Cleaving
Cleaving is the preferred method for the facet formation in most semiconductor
systems. It is a robust and reproducible technique for forming smooth and vertical facets.
The fabrication o f cleaved facets is not affected by variations o f process parameters as in
the case o f dry and wet etching. Cleaved facets are superior to the etched or polished facets
because they can be fabricated with RMS roughness below 1 nm. It is at least an order o f
magnitude better than the values obtained for the etching and polishing methods. Cleavedfacet lasers have been fabricated for GaN grown on different substrates including SiC, aplane sapphire, c-plane sapphire, and spinel. A detailed description o f the cleaving o f GaN
grown on these substrates is presented below in this report.

7.3.2 Plasma etching
M any groups have used plasm a-etched facets for laser diodes fabrication due to the
difficulties with forming cleaved facets in III-nitride materials. Thus the first current
injection GaN-based laser diode was fabricated using RIE (reactive ion etching) etching . 5
Various processing techniques o f plasm a etching have been em ployed to etch nitride
materials including RIE, ECR-RIE (electron cyclotron resonance etching), CAIBE
(chemically assisted ion beam etching), and ICP (inductively coupled plasma etching ) . 6
Etched mirrors allow for wafer scale fabrication o f complete laser structures. Mirrors with
different geometries can be made by dry etching. Besides, lasers can be potentially tested
prior to the separation into single chips. However, it is fairly difficult to develop robust
etch recipes for producing high quality reproducible facets. The etching process is greatly
affected by process chamber conditions and variations o f processing parameters such as
temperature, gas composition, plasma density, acceleration voltage, pressure, etc.
Dry etching also leaves the facets fairly rough and slightly angled. In contrast to the
cleaving technique, typical etched laser facets display nm scale roughness resulting in the
reduction o f reflectivity. The RIE technique with CI2 plasma employed for the first laser
diode gave the RMS roughness o f facets o f about 50 nm. O ther techniques, such as ICP,
ECR-RIE, and CAIBE, yield much better results due to the higher level o f control over
etching conditions. The best results for GaN etched facets were achieved using
temperature-controlled CAIBE etching employing the tilting o f a substrate . 7 The estimated
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RMS roughness of 5 nm and inclination angle within 2° probably resulted from the mask
roughness and profile. However, this process is excessively expensive and complicated to
be employed in the production of laser diodes.
Dry-etched facets are also problematic for optical disc applications. The etched
facet cannot be made to extend to the free edge of the sample. This means that light reflects
from the substrate surface remaining in front of the etched facet and the reflected light
interferes with the direct light. As a result, a large portion of light is lost and the output
laser beam and far field pattern required for optical disk applications are distorted. This
problem can possibly be avoided by using precise sawing, cleaving, or laser cutting.
However, it also makes the laser diode fabrication process excessively complicated and
expensive.

7.3.3 Polishing
Other methods for producing laser facets are mechanical polishing and focused ion
beam (FIB) polishing. Polished facets can be made fairly smooth and close to vertical.
However, both methods are labor intensive and cannot easily be employed in the
production of laser diodes. The mechanical polishing was first applied for GaN laser diode
fabrication by Nakamura et a / . 8 The RMS roughness of facets was estimated to be ~5 nm.
This technique has not been widely adopted for laser fabrication due to process
complexities. In contrast, FIB polishing has been often used to improve etched and cleaved
laser facets.4, 9 This is a useful and flexible method with the advantage of it being a
maskless direct patterning technique. By using FIB polishing, the RMS roughness of facets
was significantly reduced to a value from 30 A to 6 A. As a result of the improved mirror
quality, the threshold current was reduced from 1.75 to 1.08 A, and from 1.25 to 0.75 A.
The focused ion beam (FIB) facet formation method is also expected to be a useful
tool for characterizing laser diodes. Typically, gain and loss in diode lasers are determined
by measuring the differential efficiency (rjJ) and threshold current density (Jth) as a
function of the cavity length (L) at the fixed facet reflectivity (R). With reproducible FIBprepared facets it is possible to measure Jth and rjj against length, on a single laser bar, by
sequential FIB polishing to shorten the laser. This would eliminate any scatter resulting
from material non-uniformity and would also allow observing the evolution of lasing
spectra with length, on a single laser bar.

7.3.4 Wet etching
A variety of methods and wet etchants have been tried for III-nitride materials.
However, only a few of them have been found to etch the nitrides and with different levels
of success.10, 1 Several groups have studied photoenhanced electrochemical (PEC) etching
of GaN in KOH solutions. 1 ’ 1 3 , 1 4 , 1 5 , 1 6 , 1 7 , 1 PEC etching has the advantage of relatively
low equipment cost, room temperature etching conditions, and low surface damage.
However, the sidewalls produced by PEC etching are far too rough due to light scattering
and hole diffusion in GaN itself and cannot be used as laser facets. Furthermore, /?-GaN
does not etch under these conditions. Fortunately, GaN has also been found to be etched in
some wet etchants without UV light assistance. The etch rates and etching crystal planes
for GaN observed in various wet chemicals are summarized in Table 7-1. The c-plane
(0001) of GaN is resistant to all of these chemicals, with a negligibly small etch rate.

169

Chapter 7. GaN laser facet fabrication
Table 7-1. Etch rates and observed etching planes for various chemicals.
Chemical

Temperature
(°C)

Etch rate
(pm/min)

Etching planes
observed

Acetic acid (CH3 COOH)

30

<

0 .0 0 1

None

Hydrochloric acid (HCl)

50

<

0 .0 0 1

None

Nitric acid(HNC>3 )

81

<

0 .0 0 1

None

Phosphoric acid (H 3 PO4 )
Sulphuric acid (H2 SO4 )
Potassium hydroxide (KOH), molten
50% KOH in H20
10%-50% KOH in ethylene glycol

108-195
93
150-247
83
90-182

50% NaOH in H20

1 0 0

20% NaOH in ethylene glycol

178

0.013-3.2
<

0 .0 0 1

0.003-2.3
<

0 .0 0 1

0.0015-1.3
<

0 .0 0 1

0.67-1.0

{1015},{1013}
None
{ 1 0 l 0 } ,{ 1 0 l l }
None
{1

0 1 0

}

None
None

For a long time it had been generally accepted that under normal conditions, only
molten salts such as KOH or NaOH at temperatures above 250 °C could etch GaN at
practical rates. Only AIN and Al-rich alloys were etched in KOH-based solutions at
temperatures of 50 - 100 °C. 19 The etch rates strongly depended on the material quality
and Al content, with slower rates for higher quality materials and for alloys with lower Al
content. Recently Stocker et.al.11, 20 found that other solutions such as phosphoric acid
(H3 PO4 ), KOH or NaOH salts dissolved in ethylene glycol can also effectively etch GaN.
The ethylene glycol was used as a solvent for KOH and NaOH. It allowed the authors to
employ temperatures between 90 and 180 °C. They noticed that the etch rate of GaN in
KOH dissolved in ethylene glycol was even higher than the etch rate in molten KOH at the
same temperature. It was ascribed to the high solubility of the etch products in the ethylene
glycol. The maximal etch rate corresponded to a value of 40% KOH by weight in the
ethylene glycol.
Boiling KOH dissolved in ethylene glycol has been recently employed for the
OH 01
OO
fabrication of wet-etched laser facets ’ ’ due to the crystallographic nature of this
etching. As can be seen in Table 7-1, the etching planes of GaN in this solution are {10l
0}, which correspond to vertical sidewalls after the etching. The RMS roughness of the
produced sidewalls was estimated to be smaller than 5 nm. The c-plane of GaN is resistant
to the chemical implying that no etch mask is required. However, if long etching times are
used, the etch mask may be required to prevent the development of etch pits at defect sites.
The change in doping was found not to affect the etch plane or the etch rate. All these
factors imply that this wet etching method can be used for laser facet fabrication. The first
fabrication step to establish the etching depth can be performed by common processing
methods, such as dry etching, PEC etching in KOH solution, or cleaving. This step should
produce rough vertical facets, which are aligned with the {10l0} planes of GaN.
Bottcher et al. have recently realized a GaN-based laser diode by using
crystallographic wet etching to smoothen rough facets after RIE etching. This method was
mentioned to have excellent reproducibility of the facet perfection. The wet etching was
performed using 50% KOH dissolved by weight in ethylene glycol at a temperature of 140
°C. The etch rates were found to be identical for alloys containing In or Al and for Mg- or
Si-doped films. Laser facets were previously formed and aligned perpendicular to <10l0>
direction using RIE etching. As can be seen in Fig. 7.6, smooth vertical sidewalls were
obtained after the wet etching step compared to rough inclined sidewalls after RIE
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Fig. 7.6. SEM images o f the mirror facets o f a GaN based laser diode a) after RIE etching and b) after
crystallographic wet etching.

patterning. The roughness o f the facets was estimated to be comparable to that o f cleaved
material. As a result, a pulse operated laser diode was dem onstrated with an emission
wavelength o f 401 nm and a threshold current density o f 16.2 kA/cm2.

7.4 Cleaved laser facets
For forming cleaved laser facets, which are both smooth and vertical across
epitaxial layers, the crystal structure o f the epilayers and a substrate should have vertical
cleave planes. Furthermore, the vertical cleave planes o f the epitaxial layers should be
parallel to those o f the substrate. Thereby, the important issue for GaN lasers becom es the
choice o f a suitable substrate. In addition to an appropriate crystal structure, a substrate
must also have a lattice constant and a thermal expansion coefficient comparable to those
for GaN material. At the present time, laser operation has been successfully dem onstrated
from devices grown on various substrates including a- or c-plane sapphire, SiC, spinel
(MgAhfTO, and free-standing GaN. The crystal structures, GaN-compatible cleave planes,
benefits and drawbacks for all these substrates are discussed below.

7.4.1 GaN grown on sapphire
Sapphire (0 1 -AI2 O 3 ) is a substrate most widely used for GaN growth and fabrication
o f laser diodes. It has been employed for laser fabrication by a majority o f the com panies
including Nichia, Sony, Toyoda Gosei, Sharp, Xerox, Samsung. M ost o f the advanced
devices exhibiting room temperature (RT) continuous wave (CW) operation are currently
grown on sapphire substrates. Sapphire is the choice substrate for nitride growth because it
is transparent, relatively cheap, and stable at the high growth temperatures required for
MOCVD o f GaN. The technology o f growth o f the nitrides on sapphire is fairly mature.
However, sapphire is not the perfect substrate. It has a large 13% lattice m ism atch with
GaN, which requires an AIN or GaN buffer layer prior to the growth. This buffer layer is
deposited as an amorphous film at low temperatures (550 °C) and transformed into single
crystal at a temperature over 1000 °C. Nevertheless, the residual density o f threading
dislocations in GaN epilayers remains as high as 109 - 10 10 cm '2, which significantly
degrades the performance o f GaN-based laser diodes, especially their lifetime. This
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problem can partly be resolved using epitaxial lateral overgrowth (ELOG) technology.
This method allows the reduction o f the threading dislocation density to a level o f -1 0 107 cm '2. Sapphire has also some drawbacks as a substrate for laser diodes. It is electrically
insulating, whereby no electrode can be formed on the lower surface o f the substrate. The
small thermal conductivity o f sapphire (0.46 W /cm K ) requires special methods to
organize the proper thermal management for CW operating devices. These problems
com plicate the fabrication process and degrade the laser characteristics.
Sapphire has a corundum crystal structure and GaN has a wurtzite crystal structure.
Both o f them have 6 -fold rotational symmetry around the c-axis . 23 Fig. 7.7 and Fig. 7.8
present the crystal structures o f sapphire and GaN respectively, pictured in the [0001]
orientation .2 4 For GaN growth two crystalline orientations o f sapphire (c-plane (0001) and
a-planes { 1 1 So}) can be employed as a substrate with almost the same crystal quality.
Both orientations can also be used, with different levels o f success, for the fabrication o f
cleaved-facet laser diodes.

c

a

Fig. 7.7. Sapphire corundum crystal structure.

Fig. 7.8. GaN wurtzite crystal structure.

The first GaN laser diode with cleaved facets was fabricated using the a-plane
sapphire substrate . 25 In this orientation sapphire can be easily cleaved along several rplanes { 1 102}, vertical with respect to the a-plane. The r-planes are the most natural
cleave planes for sapphire and have the weakest bond strength. Previous thinning o f
sapphire to 70-100 pm is usually sufficient for reliable cleaving along these planes.
However, cleave planes o f GaN grown on the a-plane sapphire do not exactly correspond
to the r-planes o f sapphire. During growth, the c-axis [0001] o f GaN lines up with the adirection [1150] o f sapphire and the a-direction o f GaN, in its turn, lines up with the c-axis
o f sapphire. Figure 7.9 shows the growth direction o f GaN on a-plane sapphire. In this
orientation the c-plane ( 0 0 0 1 ) o f sapphire is vertical and parallel to the a-plane ( 1 1 2 0 ) o f
GaN. However, this sapphire plane is polar and cannot be used for cleaving. The vertical
sapphire r-planes { 1 102} suitable for cleaving are located 57.6° to the c-plane in sapphire,
whereas the closest to them a-planes o f GaN are 60° from the sapphire c-plane. This 2.4°
misorientation between the cleave crystal planes in GaN and sapphire makes it nearly
impossible to obtain ideal smooth mirrors by cleaving GaN-based structure on the a-plane
sapphire. Cleaving along the sapphire r-plane causes the a-plane facet o f GaN epitaxial
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layers to be fractured while the sapphire
facet remains smooth. Laser diodes can still
be fabricated if these striations do not
significantly intersect the area o f the optical
mode. However, this problem drastically
reduces the yield o f laser diodes and
degrades the performance o f working
devices.
C-plane sapphire has also been used
for cleaved-facet laser fabrication.3, 2 4 This
orientation o f sapphire, also known as basal
plane sapphire, is a common substrate for
GaN growth. Crystal orientations o f
sapphire c-plane and GaN c-plane are
parallel, but the GaN unit cell is rotated by
30° about the c-axis with respect to the
sapphire unit cell. The lattice mismatch
between GaN and the c-plane sapphire
hexagonal unit cell is over 30%. This
m ismatch is significantly less (13%)
between the GaN unit cell and a smaller
hexagonal sapphire cell oriented 30° away
from the larger sapphire unit cell . 2 6 The in
plane atomic arrangement o f 1 1 1 -nitrides on
the basal plane ( 0 0 0 1 ) sapphire is
schematically shown in Fig. 7.10 . “ 7

As above-m entioned the cleave
planes with the lowest bond strength in
a**? 14.76 A sapphire are r-planes { 1 102}. However,
these planes are not vertical for c-plane
Fig. 7.10. In-plane atomic arrangement o f IIIsapphire and cannot be used for laser facet
nitrides on c-plane ( 0 0 0 1 ) sapphire.
fabrication. Fortunately the basal plane
sapphire was found to cleave vertically
along a -{11 20} and m -{l l0 0 } planes. A sapphire w afer needs to be thinned and polished
first. Then itis mounted with wax to a thin metal plate, scribed along the a- or m-planes,
and cleaved by bending the metal.Nevertheless, the cleaving o f the c-plane sapphire is
very difficult because the a- and m- planes o f sapphire have approxim ately equal cleave
strength. These planes are within a small angular distance (30°). A dditionally only 30°
separate the inclined r-planes and m-planes and the r-planes cleave preferentially. This
implies that a cleave crack can easily be redirected from one cleave plane to another by a
slight misalignm ent o f the applied force which results in a jagged edge. The previous
thinning to less than 100 pm can greatly improve the cleaving results. At the same time
sapphire is very rigid and can easily crack when it is thinner than approxim ately 80 p m . 2 4
Thus the precise control over lapping, scribing, and breaking is required for the reliable
and reproducible cleaving o f basal plane sapphire.
[11201

GaN can also cleave along its vertical a {1120} and m {1100} planes.
Furthermore, the a- and m- planes o f GaN should be parallel to the m- and a- planes o f the
c-plane sapphire respectively due to the 30° shift o f a GaN unit cell about the c-axis with
respect to a sapphire unit cell. Thus either the a-plane or m-plane o f the basal sapphire can
be used to cleave GaN. The sapphire a-plane has slightly lower bond strength than the mplane and therefore is expected to be preferable for cleaving. However, Stoker et al.

173

Chapter 7. GaN laser facet fabrication

observed periodical vertical striations in GaN material cleaved along the a-plane of a
sapphire substrate, whereas the sapphire region was smooth. These steps were ascribed to a
2.4° rotation of the GaN m-plane with respect to the sapphire a-plane observed previously
by crystallographic wet etching of GaN.11, 0 Slight misalignment was also observed for the
GaN a-plane cleaved along the sapphire m-plane. 1 , 3 This resulted in periodical undulations
in the GaN and an estimated RMS facet roughness of 50 and 160 A from Ref. 3 and 1
respectively. Nevertheless, this roughness is still fairly reasonable for laser facet
fabrication. Laser facets can also be made using the a-plane of sapphire if the appearing
striations in GaN do not significantly intersect the area of the optical mode. Recently the
cleaved facets were found to be greatly improved for GaN structures employing epitaxial
lateral overgrowth (ELOG) technology.28 For these structures, GaN in the “wing” region is
physically isolated from the sapphire substrate by Si(> 2 stripes. This results in significantly
reduced roughness in this region (Ra < 1 nm) compared to that in the “seed” region (Ra ~
10 nm). As the active region of a laser diode is located in the “wing” area, the performance
of the device can also be significantly improved.

7.4.2 GaN grown on SiC
Silicon carbide (6 H SiC) is another substrate that is widely used for the growth of
high quality GaN. A number of companies such as Cree, Osram Opto, and Fujitsu have
decided to focus on the SiC substrate for laser diode fabrication. It allows many advantages
both from the epitaxial and the device processing point of view. First, SiC has a smaller
lattice mismatch with the nitrides compared to that of sapphire. It is only 3.5% between
SiC and GaN and even smaller for AIN. This results in a smaller stress and a reduced
threading dislocation density in the epilayers. However, a low temperature GaN or AIN
buffer layer is still required before depositing the nitrides on the SiC substrate. Secondly,
silicon carbide is electrically conductive, which allows a standard laser diode design with
vertical current flow. This makes the processing and packaging of devices easier and
minimizes the chip size because of a top ^-contact is avoided. This design has become
possible using conductive buffer technology initially developed by Cree for high
brightness GaN-based LEDs. Thirdly, the excellent thermal conductivity of SiC (4.9
W/cm-K) provides much better thermal management, enabling high power operation of
laser diodes. An external heat sink made of diamond or SiC is usually used in conventional
semiconductor laser diodes to remove the heat from the device to the outside. The SiC
substrate can make the use of such an external heat sink unnecessary. Finally, the silicon
carbide substrate has special importance for the processing of high quality facets for laser
diodes. It has vertical cleave planes, which has very different bond strength than other
competing planes and which can easily cleave. These planes are parallel to the GaN
vertical cleave planes implying that cleaved-facet laser can easily be fabricated.
Nevertheless, sapphire still remains the most popular substrate for laser diodes, despite its
apparent disadvantages. The reason for that is the low availability of high quality SiC
substrates and their high cost.
The 6 H SiC substrate is of a hexagonal system and the crystal growth of GaN takes
place in the same plane directions as those of the silicon carbide substrate.29, 30
Consequently, the (0001) SiC substrate, together with GaN epitaxial layers, can easily be
cleaved vertically along a-planes {1120} which are the most natural cleave planes for SiC
and have the weakest bond strength. Atomically smooth cleave planes can therefore be
formed, although high tensile strain layers in laser structures grown on SiC can cause longscale fluctuations on the facet surface. Nevertheless, a RMS roughness of less than 1 nm
was reported by Osram Opto for the cleaved facets of laser diodes grown on 6 H SiC
substrates.
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7.4.3 GaN grown on spinel
Spinel (MgAl2 0 4 ) with the (111) orientation has also been employed as a substrate
for GaN growth3 1 , 32 and laser diode fabrication. The crystal quality of GaN laser structures
grown on the spinel substrates was found to be the same as that on sapphire. The growth
also requires the previous deposition of a low temperature (550 °C) buffer layer due to the
9.5% lattice mismatch with GaN. The main advantage of spinel over sapphire is that it has
vertical cleave planes parallel to the vertical cleave planes of the epitaxial GaN.
Spinel has a cubic crystal structure and GaN growth on a (111) MgAl20 4 substrate
occurs in a wurtzite phase with the [0001] direction of GaN parallel to the [111] direction
of MgAl20 4 . During the growth, the gallium and nitrogen atoms on the (0001) plane of
GaN arrange to fit in with the two-dimensional hexagonal lattice on the (111) plane of the
MgAl2 C>4 substrate. As a result, the [110] cleavage direction of spinel is parallel to the
[1120] cleavage direction of GaN. ’ ’ Thus the cleavage directions of GaN coincide
with those of MgAl20 4 . Flat vertical (1100) cleaved GaN facets were obtained by cleaving
along these directions.3 2 ,33 The previous lapping of the spinel substrate to less than 100 pm
was found to be effective in assisting the cleaving. Atomic force microscopy revealed
extremely smooth GaN facets with RMS roughness of less than 0.3 nm. These are the best
results reported to date for cleaved nitride laser facets.

7.4.4 GaN grown on freestanding GaN
Cleaved-facet GaN-based laser diodes have also been fabricated on freestanding
GaN substrates. 34 The bulk GaN substrates offer high quality homoepitaxy, reasonable heat
dissipation (thermal conductivity of 1.3 W/cm-K), excellent backside contact, and easily
cleaved laser facets. Thick freestanding GaN films can be fabricated by HVPE growth on a
host substrate, which is subsequently removed by polishing, liftoff, or laser ablation. The
growth of thick high-quality GaN layers is difficult, however, a few research groups and
companies have succeeded in this direction. Nevertheless, commercially available crystals
are very expensive so far and have fairly poor quality to be used for commercial laser
diode production.

7.5 Scribe-and-break method for cleaving
The scribe-and-break technique is as old as glass making. It has been widely
employed for semiconductor processing because it is a simple and robust method to
separate arrays of devices into individual chips. It is especially important for laser facet
formation as other conventional separation methods, such as sawing and laser cutting,
cannot produce smooth mirror-like sidewalls. The technique is commonly used for the
cleaving of facets for conventional GaAs- and InP-based lasers. For GaN-based laser
diodes grown on sapphire or SiC substrates this method is more difficult to implement due
to the extreme hardness of the substrates and the problems outlined in the previous
sections. Nevertheless, with an adequate approach, this technique produces smooth and
vertical GaN facets. The process yield, therefore, is directly related to the employed
equipment and the skills of an operator.

7.5.1 Conventional diamond scribing
The conventional scribe-and-break method includes three main steps. First, a wafer
is thinned to a thickness below 1 0 0 pm and polished to achieve reproducible scribing and
175

Chapter 7. GaN laser facet fabrication

cleaving. The process is easy to apply for soft materials such as silicon, GaAs, or InP,
while it is more difficult and time consuming for sapphire or SiC due to their high bond
strength. Furthermore, sapphire is very rigid and cracks easily when it is lapped thinner
than approxim ately 80 pm. Thereby, precise control over lapping and polishing is required
to achieve the best results.
The next step is to scribe the backside o f the wafer with a diamond tool along the
corresponding cleave planes to guide the break. Special attention at this stage should be
paid to the precise alignment o f the scribing along the crystal planes o f the substrate. The
scribing step is also very sensitive to wafer flatness, and warped, crowned, or bowed
wafers cannot be processed. If the optimal scribe line is created, the deform ation produced
results in a crack extended vertically in the material. The proper deformation has about 1
pm depth and 3 pm width with the vertical crack extending down from the center o f the
deform ation to a depth o f about 25 pm. This conventional mechanical scribing exhibits a
number o f problems for extremely hard SiC and sapphire substrates. Typically, the
expensive diamond scribe tips are consumed at a rate o f one per wafer.
Finally, cleavage is performed along the scribe lines by means o f a fracturing
machine or manually. Breaking is achieved by applying tensile strain lateral to the scribe
line. Two standard methods can be highlighted. The first method is to bend the wafer over
a curved surface, as shown in Fig. 7 .1 1(a). The second method, shown in Fig. 7 .1 1(b), uses
three points to break the wafer. For both o f them it is highly recom mended to use holding
film expanded during the breaking. As a scribe line is broken, the taught holding film pulls
the newly formed piece away from the wafer and a gap forms. This keeps the newly
formed pieces from abrading each other.

a)
Fig. 7.11. Standard breaking methods; a) bending over a curved surface and b) three points method.

The scribe-and-break technique has been employed for GaN-based laser diodes
grown on different substrates. As was considered in the previous sections, the cleaving o f
GaN structures grown on basal plane sapphire is very difficult due to the high bond
strength o f the sapphire planes suitable for cleaving. Either the a - {1120} or m -{ ll0 0 }
planes o f sapphire can be used as the cleave plane. They correspond to m -{ ll0 0 } and a{1120} cleave planes o f GaN respectively. Forcing the cleaving along these directions can
be done, but it requires a very high applied force to perform the scribing and breaking. As
a result, the top GaN layers can be seriously damaged during the last breaking step. Our
typical results for laser diodes cleaved along the a-plane o f sapphire are presented in Fig.
7.12 (unsuccessful cleaving) and Fig. 7.13 (successful cleaving). As can be seen in Fig.
7.12, the top GaN layers were broken in the ridge waveguide region resulting in the failure
o f the device. However, when the cleaving was done successfully, smooth and vertical
laser facets were obtained, as shown in Fig. 7.13. For the reproducible and efficient
cleaving o f the basal plane sapphire special attention should be paid to the lapping and
scribing. Thinner sapphire substrates and deeper scribe lines allow to decrease the applied
pressure and to reduce the risk o f device damage.
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Fig. 7.12. Unsuccessful cleaving o f an InGaN MQW laser diode along a-plane {1150} o f sapphire.

Fig. 7.13. Successful cleaving o f an InGaN MQW laser diode along a-plane {1120} o f sapphire.

The cleaving o f GaN structures grown on other substrates, such as 6 H SiC and
spinel, is significantly easier and produces sm oother facets in com parison with
GaN/sapphire facets. Both SiC and spinel have only a few cleave planes, which break
easily. These planes are vertical and parallel to the cleave planes o f GaN layers. Thereby
the cleaving o f SiC and spinel is similar to the cleaving o f conventional cubic
semiconductors such as GaAs and InP. As a result, reliable cleaving can be performed and
atomically smooth laser facets can be fabricated.

7.5.2 UV laser scribing
Recently, a technique called laser scribing has been developed to replace the outof-date mechanical scribing. This method dramatically increases chip yields and process
throughput, while at the same time significantly reducing the equipment operation and
maintenance costs. Narrow deep scribe lines, insensitivity to wafer flatness, and precise
alignment allow to improve significantly the reliability o f facet formation for GaN-based
lasers grown on hard sapphire and SiC substrates. W ith laser scribing, the scribe-and-break
method is also expected to be performed without time-consuming lapping and polishing
steps because the cut depth can be easily adjusted while maintaining the same width.
Finally, the laser scribing process is highly automated; a single operator can
simultaneously run several laser systems.
The process o f laser scribing involves the moving o f a w afer under a rapidly
pulsed, focused laser beam. It produces an extremely narrow V-shaped cut, the depth o f
which is controlled by the scan speed and by the number o f repeat passes. Normally, these
cuts terminate 30 - 50% into the thickness o f the wafer. A typical 30-pm deep cut profile
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in sapphire produced by a 266 nm diode-pumped solid-state (DPSS) laser is presented in
Fig. 7.14. After laser scribing, the wafer can be fractured using standard cleaving
equipment. The V -shaped laser cut acts as stress concentrator and is ideal for cleaving.
Nevertheless, the top GaN layers can still be seriously damaged during the breaking step.
Our typical results for the laser diodes
cleaved along the a-plane o f sapphire are
presented in Fig. 7.15 (unsuccessful
cleaving)
and
Fig.
7.16
(successful
cleaving). The scribing was performed using
a 355 nm diode-pumped solid-state (DPSS)
laser. The wafer was previously lapped to 80
nm and polished to assist the cleaving. As
can be seen in Fig. 7.15, when the breaking
step was not successful, the top GaN layers
were damaged. In contrast, extremely
smooth vertical laser facets were obtained
Fig. 7.14. Typical 30 |im deep cut profile in
sapphire produced by 266 nm DPSS laser.
when the cleaving w as successfully
performed, as shown in Fig. 7.16.
To achieve the best results it is important to optimize the laser param eters relevant
to the m aterial’s optical, thermal, and mechanical properties. These parameters include
laser wavelength, average output power, pulse repetition frequency, pulse energy, pulse
duration, and intensity beam profile. In general, the scribing benefits from a shorter pulse
duration and shorter laser wavelength, for both optical and thermal reasons. The shorter
pulse duration allows to increase theirradiation on the target and to reduce the heat input to
the substrate due to m ore rapid absorption and ablation. The shorter laser wavelength
results in improved optical absorption, reduced absorption depth, lower irradiance required

Fig. 7.15. Unsuccessful cleaving o f an InGaN MQW laser diode along a-plane {1120} o f sapphire.
Scribing is performed using 355 nm DPSS laser.

Fig. 7.16. Successful cleaving o f an InGaN MQW laser diode along a-plane {1150} o f sapphire.
Scribing is performed using 355 nm DPSS laser.
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for ablation, and reduced cut width. For SiC, laser wavelengths below 370 nm result in
direct photon absorption because photon energies exceed the bandgap of the material. In
contrast, efficient optical absorption in sapphire can only be achieved through multi
photon absorption because the sapphire bandgap is higher than the photon energy of any
commercially available UV laser. The multi-photon absorption efficiency in sapphire is
strongly wavelength dependent. Shorter wavelengths are absorbed more effectively
resulting in less heat transfer to the bulk material.
Laser scribing of sapphire and SiC is usually performed using lasers with a
wavelength between 177 and 365 nm. Most industrial scribing systems employ KrF
excimer lasers or frequency-doubled Cu lasers operating at 248 and 255 nm, respectively.
Recently, Nd:YAG diode-pumped solid-state (DPSS) lasers operating in frequencyquadrupled (266 nm) and frequency-tripled modes (355 nm) have also been employed. The
DPSS lasers can achieve smaller cut widths compared to the excimer lasers (5 pm vs. 15
pm). However, sapphire scribing with a 355 nm DPSS laser can induce some performance
degradation for the top GaN LEDs and LDs due to the large penetration depth of a laser
beam into the sapphire. This problem is reduced by using the 266 nm DPSS laser or
standard 248 and 255 nm gas lasers.
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8 High reflectivity coating of GaN laser facets
Adding high reflectivity (HR) coatings to facets is a very important processing step
in laser diode fabrication. It is especially important for GaN-based structures, which have
much lower refractive index (approximately 2.5 at 410 nm wavelength) compared to
conventional semiconductors. The low refractive index results in a very low reflectivity at
the nitride/air interface. Theoretically, the highest value of the reflectivity attains only 18%
for ideal GaN-based facets. Any facet roughness reduces this value even more. It therefore
requires an additional coating on the facets to decrease reflection loss. Usually from 2 to 4
pairs of XI4 SiCVTiC^ layers are employed for a rear mirror or for both front and rear
mirrors in nitride-based laser diodes. This gives facet reflectivities in the range from 50 to
98% and thereby reduces the threshold current of laser diodes.
The choice of dielectric materials for HR facet coating is originated in their ability
to reflect light at internal interfaces without significant photon absorption and without
electrical short-circuits in the structure. If two dielectric materials, with different refractive
indexes, are placed together to form a junction, light is partially reflected at the
discontinuity. One such junction reflects only a small amount of light. However, the
periodical composition of contrasting dielectric layers, each layer with an optical thickness
X/4n, greatly increases the total reflectivity. The reflections from each of the junctions are
added in phase to produce a large reflection coefficient. The final reflectivity is determined
by the number of the layers and by the difference in the refractive index of the contrasting
materials at a particular wavelength. The facet reflectivity for an ideally smooth facet is
given by
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nh n2 m
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[8.1]

facet reflectivity
refractive index of substrate
refractive index of surrounding material (usually air)
refractive indices of contrasting dielectric layers
number of periods in dielectric coating

Highly reflective mirrors can be fabricated from various combinations of dielectric
materials, such as SiCVTiC^, ZnSe/MgF, etc. These materials are usually deposited using
low-temperature techniques, such as sputtering, evaporation, or plasma deposition. For
GaN-based laser diodes, a SiCVTiC^ high reflectivity coating, with different numbers of
pairs, is mainly employed because of the transparency of these dielectrics at the emitted
wavelengths and their high refractive index contrast. The refractive indices at a wavelength
of 405 nm are 2.53 and 1.47 for TiC>2 and for SiC>2 respectively. Figure 8 . 1 shows the
calculated reflectivity at 405 nm for an ideally smooth GaN facet as a function of the
number of 7J4 SiCVTiC^ pairs. As a result of an improved facet reflectivity, the threshold
current of laser diodes with HR coatings can be effectively reduced by 25 - 50%. ’ ’
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Fig. 8.1. Calculated reflectivity at 405 nm wavelength for an ideally smooth GaN facet as a function o f
number o f X/4 Si0 2 /Ti0 2 pairs.

As can be seen in Fig. 8.1, the facet reflectivity can be easily controlled by the
num ber o f deposited dielectric layers. This makes it possible to change a symmetric laser
emission from both front and rear laser facets into a directed emission with the main
emission pow er from the front facet. The relationship between the intensity o f laser light
emitted from the front mirror and from the rear mirror is given by
1- R ,

[8.2]

1- R , V * . /
h
h
R\
Ri

light intensity from the front facet
light intensity from the rear facet
front facet reflectivity
rear facet reflectivity

A nother practical function o f HR coating is to passivate laser diode facets and
thereby to prevent laser diode degradation with operation time. Figure 8.2 shows the
threshold current 7th (top) and slope efficiency (bottom) versus effective operation time
(time x duty cycle) for GaN-based laser diodes. As can be seen, lasers with both uncoated
(as-cleaved) facets, presented as thin and bold dash-dot lines (16% /16% facet reflectivity),
showed very fast degradation in the threshold current and slope efficiency. A laser with
only one HR-coated facet (99% reflectivity), presented as a thin dash line, also degraded
during operation. On the contrary, lasers with both coated facets [either both facets with
HR coatings o f 99% and 50% reflectivity (a solid line) or one facet with a 99% reflective
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coating and the other with a A/2 SiC>2
passivation coating (a bold dash line)]
showed very little degradation. It was
suggested that the origin o f the degradation
is optically enhanced oxidation o f the
uncoated facets. This leads to increased
optical absorption in a small volume behind
the facets and finally results in a rise o f the
threshold current and the decline o f the
slope efficiency. The authors also noticed
that this degradation was only observed for
laser diodes with cleaved facets. It was
proposed that dry chemical etching could
simultaneously passivate the facet surface
and thereby prevent the oxidation.

Thus high reflectivity coating greatly improves the performance o f GaN-based laser
diodes. It significantly increases the reflectivity o f laser facets and thereby reduces the
threshold current. Furthermore, performing HR coatings with different reflectivities to
laser facets allows changing a symmetric laser emission into a directed emission from a
front mirror. And last but not least, high reflectivity coating acts as a passivation coating
and prevents the degradation o f cleaved GaN mirrors.
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9

Laser fabrication and characterization

9.1 Laser diode fabrication process
This section presents a complete laser fabrication process including all single
processes described in detail in the previous chapters (Chapters 3 - 8 ) . The grown laser
structure and the ridge waveguide laser geometry were discussed in Chapter 2. The
process-flow employed for fabrication o f our laser diodes is shown in Fig. 9.1.

r

a)

g)

b)

h)

c)

i)

d)

j)

j
f s

m

e)

k)

f)

1)

Fig. 9 .1 . Process-flow employed for laser diode fabrication.
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The following sequence of technological processes has been used for laser fabrication.
1. Thermal activation of p-type layers
The activation was conducted in a rapid thermal annealing (RTA) system in air at 600 °C
for 2 min. A developed process and the activation mechanisms are described in section 3.5.
2. Deposition of a S i0 2 mask layer (Fig. 9.1(a))
A 640 nm-thick S i0 2 layer was deposited using a two-step plasma enhanced chemical
vapor deposition (PECVD) process. Between the steps, the wafer was cleaned in acetone
under ultrasonic agitation to prevent the accidental formation of through pinholes in the
layer induced by process chamber contamination. The pinholes in the mask layer would
cause deep etched holes in laser mesas after GaN etching and, hence, short-circuit current
in devices after /7-contact deposition.
3. Fabrication of a S i0 2 etch mask (Fig. 9.1(b))
200 pm-wide Si0 2 mask stripes were defined along the a-plane (11 So) of III-nitrides using
conventional photolithography, photoresist descumming with 0 2 plasma, reactive ion
etching (RIE) with CH F 3 plasma, and short etching in a buffered-HF (1:20) solution.
The photolithography was performed using 1.3 pm-thick Shipley 1813S
photoresist. The resist descumming was used to remove thin residual layers of the
photoresist and other organic films following resist development and hard bake. 1 These
residuals would affect Si0 2 etching. The process was performed in an Oxford PlasmaLab
80 ICP system. The ICP process parameters used were as follows: 20 mTorr pressure, 40
seem 0 2 flow, 250 W ICP power, 100 W RF power, -320 V dc-bias, and 20 °C cathode
temperature. The descumming process consisted of three etching steps, for 1 min each,
separated by 5 min intervals without plasma discharge. These gaps allow the photoresist
temperature to reduce, which would be excessively high after 3 min of continuous etching.
Without the intervals the photoresist was found to melt and erode very rapidly under the
strong ICP conditions used. The thickness of the photoresist after descumming was around
900 nm, which was still sufficient for Si0 2 etching.
The S i0 2 mask was patterned by RIE etching with a CHF3 plasma in the same
reactor using a process described in detail in section 4.4. The RIE process parameters used
were as follows: 3.5 mTorr pressure, 20 seem CHF3 flow, 150 W RF power, -400 V dcbias, and 20 °C cathode temperature. The S i0 2 etching rate at these conditions was about
34 nm/min. The etching time was set to be 3 min longer than that calculated to guarantee
the complete removal of the uncovered Si02. Subsequently, the pattern was immersed into
a buffered-HF (1:20) solution to remove about 100 nm of S i0 2 from the etched sidewalls.
The etching rate of S i0 2 in this solution is about 1.0-2.0 nm/s without agitation and twice
more under moderate agitation. This etching is useful to improve the quality of the
sidewalls and also to remove residual Si0 2 from the etched surface. Finally, the photoresist
was stripped away using Shipley Remover 1165 in a hot bath at 60 °C.
4. Etching of laser mesas (Fig. 9.1(c))
1.3-1.7 pm-high laser mesas, depending on the position across the 2-inch laser wafer, were
formed using inductively coupled plasma (ICP) etching with a Cl2/Ar plasma in an Oxford
PlasmaLab 80 ICP reactor. This system employs a small-diameter remote ICP source
resulting in poor etch uniformity at high ICP powers with the maximal etching rates in the
centre of the cathode. A developed etching process is described in detail in section 4.6. The
ICP process parameters used were: 4.0 mTorr pressure, 15 seem Cl2 flow, 4 seem Ar flow,
450 W ICP power, 150 W RF power, and 20 °C cathode temperature. The etching rate of
the laser structure at these conditions was from 330 nm/min (centre of the wafer) to 260
nm/min (edges of the wafer). Before the etching the wafer was cleaned in a HC1/H20 (1:1)
solution for 5 min to remove surface oxides.2
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5. Removal of the SiC>2 etch mask (Fig. 9.1(d))
The SiC>2 etch mask was stripped away using a buffered-HF (1:5) solution. The etching
rate of SiC>2 in this solution is about 2 0 0 nm/min under moderate agitation.
6. Ridge waveguide fabrication (Fig. 9.1(e)-(g))
A developed ridge fabrication process is described in detail in Chapter 5. First, 2-A pmwide mask stripes and 170x(500-1500) pm2-size mask pads were formed along the a-plane
(liS o ) o f III-nitrides (Fig. 9.1(e)) using a lift-off photolithography process and the
deposition of Al/Ni (500 nm/100 nm) in an electron-beam evaporator. Photolithography
was performed using a double-layer coating including lower LOR-1OB lift-off resist and
upper Shipley 1813S photoresist. This allows the fabrication of very narrow (up to 1 pmwide) and fairly thick (up to 1 pm-thick) metal features with very smooth vertical
sidewalls. Secondly, 300 nm-high ridge stripes and ^-contact “lands” were formed (Fig.
9.1(f)) using ICP etching with a Cb/Ar plasma in an Oxford PlasmaLab 80 ICP reactor.
The process conditions were the same as those for mesa etching. After the etching, an
undercut metal profile was formed using a buffered-HF (1:20) solution. A 350 nm-thick
Si0 2 passivation layer was subsequently deposited using an ion beam sputtering system.
Finally, the metal mask was removed in a boiling aqua-regia [HCI/HNO3 (3:1)] solution
forming windows for deposition of both p- and ^-contacts (Fig. 9.1(g)).
7. Fabrication of thin ohmic /^-contacts [Fig. 9.1(h))
13 pm-wide contact stripes were formed on the top of the ridges using a lift-off
photolithography process with double-layer resist and the deposition of Ni/Au (30 nm/30
nm) in an electron-beam evaporator. The contacts were subsequently annealed in an oven
under O2 at 500 °C for 5 min. This contact system is considered in section 6.5.3.
8. Fabrication of contact pads to the /^-contacts (Fig. 9.1(i))
170x(500-1500) pm2-size contact pads were formed on the top of the mesas using a lift-off
photolithography process with double-layer resist and the deposition of Ti/Au (20 nm/300
nm) in an electron-beam evaporator. The Ti layer was used to provide adhesion of the
contact pads to both the /^-contacts and the SiC>2 passivation layer.
9. Fabrication of /i-contacts (Fig. 9.1(j))
170x(500-1500) pm2-size contacts were formed on the ^-contact “lands” using a lift-off
photolithography process with double-layer resist and the deposition of Ti/Al (20 nm/300
nm) in an electron-beam evaporator. This contact system is considered in section 6.4.2.
10. Fabrication of laser facets (Fig. 9.1(k))
A laser facet fabrication process is described in detail in Chapter 7. First, a sapphire
substrate was thinned down to a thickness of -100 pm and polished. Subsequently, the
wafer was scribed from the sapphire side along the m-plane (llOO) of sapphire and
roughly cleaved forming long narrow strips with -10 laser diodes in line. Narrow strips are
preferable for the following facet cleaving. Either a diamond scribing system or a laser
scribing system was used for the scribing. The strips were then scribed from the sapphire
side between the contact pads along the vertical a-plane ( 1 1 2 0 ) of sapphire, corresponding
to the vertical m-plane (1100) of GaN. Subsequently, the strips were cleaved forming a
single line of laser diodes.
11. Performing high reflectivity (HR) coatings to laser facets (Fig. 9.1(1))
Finally, high reflectivity coatings were applied for some fabricated devices. HR coatings
for GaN-based laser facets are considered in Chapter 8 . The rear facets were coated with a
97 % reflective coating (4 pairs of A/4 SiCVTiCfe); the front facets were coated with a 30 %
reflective coating ( 1 pair of A/4 SiCVTiC^). The SiC>2 and TiC>2 layers were deposited
using an ion beam sputtering system.
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9.2 Laser diode characterization
As a result of the successful processing, a number of laser diodes have been
fabricated with a ridge width of 2, 3, and 4 pm and a cavity length of 500, 750, 1000, and
1500 pm. Unfortunately, facet cleaving is very difficult for GaN-based lasers grown on
sapphire substrates, as considered in Chapter 7. As a consequence, some of the devices had
damaged or very rough facets resulting in excessively high threshold currents for lasing.
However, most of the laser diodes had reasonably good facets and operated at reasonably
low currents.

9.2.1 I-V and L -I characteristics
The fabricated lasers were characterized under pulsed current injection (100 ns
pulse width, 1 kHz frequency) at room temperature. Time-average optical output power
was measured from the front facets using an optical powermeter. Pulsed output power was
calculated using the ratio of pulse width to pulse period. Typical pulsed electrical [currentvoltage (I-V)] and optical [light output power-current (L-I)] characteristics measured from
a 1000x4 pm LD are presented in Fig. 9.2. From the I-V curve, the series resistance (Rs)
of the LD was estimated to be 0.7 Q. This value is very low for III-nitride based lasers
where low-conductive /7-layers and difficulties to attain low-resistance /7-contacts often
result in excessively high device resistivities. This would finally lead to a high operation
voltage and a large amount of heat generated. The low resistance obtained implies that the
laser fabrication process is very promising for implementation and further optimization.
The optical characteristics presented in Fig. 9.2 were measured from one of the
facets of the as-cleaved device, from the front facet of the same device after a 97 %
reflective coating was applied to the rear facet, and from the front facet of this device after
a 30 % reflective coating was additionally applied to the front facet. All L-I curves show
the typical transition from spontaneous to stimulated emission. The laser emission was
found to be strongly transverse electric (TE)-polarized as expected for laser diodes. The
threshold current (la) was estimated to be 2.25 and 1.9 A for the laser with as-cleaved and
HR-coated facets. This corresponds to a threshold current density (Jth) of 56.5 and 47.5
kA-cm'2, respectively. The operating voltage at the threshold current (Uth) was ~15 V.
Output optical powers as high as 52, 71, and 46 mW were achieved at a current of 3.4 A
from the laser with uncoated facets, with the HR-coated rear facet, and with both HRcoated facets, respectively.
As can be seen, the threshold current was reduced by 18 % due to the increased
reflectivity of the HR-coated rear facet. In contrast, the HR coating applied for the front
facet did not change the threshold current significantly probably due to its fairly low (30
%) reflectivity. Furthermore, this considerably decreased the efficiency of the laser diode.
The slope efficiency (Tjsiope) was estimated to be 0.047, 0.046, and 0.029 W/A for the laser
with uncoated facets, with the HR-coated rear facet, and with both HR-coated facets,
respectively. The external differential quantum efficiency ( tjJ ) of a laser diode is given by

7, = f - %

hv

q
hv
Pout
/

-

ol-

[9-1]

elementary charge
photon energy
output optical power
applied current
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Fig. 9.2. I-V and L-I characteristics o f a laser diode (1000 pm-cavity length, 4 pm-ridge width) under
pulsed current injection (100 ns pulse width, 1 kHz frequency).

Thus, the external differential quantum efficiency was calculated to be 1.6, 1.5, and 0.97 %
for the laser with uncoated facets, with the HR-coated rear facet, and with both HR-coated
facets, respectively.
Typical characteristics o f fabricated laser diodes o f different ridge widths and
cavity lengths are presented in Table 9.1. No HR coatings were applied to the laser facets.
A com mon method to characterize the internal optical loss (a,) and internal quantum
efficiency ( 77,-) in laser structures employs the dependence o f external differential quantum
efficiency on the cavity length. The external differential quantum efficiency increases with
increasing internal quantum efficiency or decreasing internal optical loss, as given by 3

rld = r!i

ar

a.

[9.2]

mirror loss, defined as

a m = —In
" L
R
L

[9.3]

facet reflectivity
cavity length
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Table 9-1. Typical characteristics o f fabricated laser diodes measured under pulsed current injection.
Laser diode
(Jim2)

I*

d/h

u th

(kA/cm2)

(V)

Rs
(« )

i^ /fa c e t
(mW)

TJshpJfacet

(A)

(W/A)

rjdl facet
(% )

500x2

0.93

93.0

15.5

3.3

42

0.082

2.7

500x3

1.1

73.3

15.2

2.5

40

0.047

1.6

500x4

1.17

58.5

14.3

68

0.086

2.7

750x2

1.7

113.0

16.4

2.0
2.1

19

0.026

0.9

750x3

1.7

75.6

16.3

1.9

36

0.065

750x4

2.25

75.0

16.6

1.3

23

0.035

1000x2

1.7

85.0

15.4

1.4

69

0.053

1000x3

2.1

70.0

15.0

1.0

26

0.017

1000x4

2.25

56.5

15.0

0.7

52

0.047

2.2
1.2
1.8
0.6
1.6

1500x2

2.0

66.7

16.2

1.3

10

0.008

0.3

1500x3

2.7

60.0

15.0

75

0.083

2.8

1500x4

2.9

48.3

14.4

1.0
0.6

69

0.038

1.3

Substituting Eq. 9.3 into Eq. 9.2 and rearranging gives
1
a;
= ~ + ------ r ^ L
Vd
Vi
Vi ln
1

[9-4]

Thereby, the dependence of the reciprocal of the external differential quantum efficiency
on the cavity length should result in a linear plot with an 1 / 7 ^ axis intercept (L=0) equal to
l/r/i and with a slope defined by R and a,. Thus, for a constant facet reflectivity, both the
internal optical loss and internal quantum efficiency can be extracted from the plot.
However, for our devices no linear dependence was found implying a significant
difference in the reflectivity of the laser facets. Furthermore, the internal efficiency and
internal loss could also vary for different devices. A very promising method for
characterizing laser diodes is focused ion beam (FIB) facet polishing.4 With reproducible
FIB-prepared facets it is possible to measure rjd against a cavity length on a single laser bar
by sequential FIB polishing to shorten the laser. It would eliminate any scatter resulting
from material and facet non-uniformity. However, a FIB polishing system is not available
at the University of Bath.
Unfortunately, the threshold current was excessively high and the external
differential quantum efficiency was too low compared to those for the best devices
fabricated around the world (Table 1.1). The threshold current density was nearly ten times
higher than that required for a laser operating in continuous wave (CW) mode. One reason
could be large internal loss and/or low internal quantum efficiency in the structure induced
by nonradiative recombination and/or by scattering of laser light on threading dislocations.
It has been reported that epitaxial lateral overgrowth (ELOG) or pendeo-epitaxy growth
techniques decreased the threshold current by 2-3 times and improved the differential
efficiency due to a significantly reduced density of dislocations in the waveguide region.5,
6 ’ 7 ’ 8 Another reason could be the number of quantum wells (10) in the active region of our
structure. Nakamura et al? reported that the lowest threshold current density for LDs with
an emission wavelength of 390-420 nm was obtained when the number of InGaN well
layers was only two. Thus, overgrowth techniques and optimization of the laser structure
are expected to significantly improve the characteristics of our laser diodes.
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9.2.2 O ptical spectra
The same 1000x4 pm 2 LD with both HR-coated facets was characterized under
pulsed current injection (100 ns pulse width, 1 kHz frequency) at room temperature using
optical spectral measurements. Optical spectra measured from the front facet at an
injection current o f 1.9 A (7,/,), 2.0 A (1.05-7,/,), and 2.5 A (1.3-7,/,) are presented in Fig. 9.3.
As can be seen, strong stimulated emission with a 419 nm peak wavelength appeared when
the current was slightly above the threshold. The Full Width at H alf M aximum (FWHM)
o f the laser line was estimated to be ~ 1 nm, which is the resolution limit o f our
spectrograph. For different devices the laser emission wavelengths ranged from 416 to 420
nm depending on their position on the 2 -inch wafer.
At injection currents above 2.5 A, several additional peaks appeared in the
spectrum w ithin a 416^121 nm region, as shown in Fig. 9.3. The observed peak separation
is much larger than the expected longitudinal mode separation (A2) given by 10

AX= —

kli —

p .5 ]

[ n - td n /d X ) ^
Xo
L
n
(dn/dX)

-

emission wavelength
cavity length
refractive index
refractive dispersion

10000
Pube = 100 nsec
Frequency = 1 kHz

1000X4
2 .5 A (f.3 /ft)

1000

2.0 A (1.05IJ

100

400

405

410

415

420

425

430

435

440

Wavelength, nm
Fig. 9.3. Spectra measured from a laser diode (1000 pm-cavity length, 4 pm-ridge width) under pulsed
current injection (100 ns pulse width, 1 kHz frequency).
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For Ao=419 nm, L=1000 pm, and [n-(dn/dA)Ao]=4A (Ref. 11) this equation gives a AA
value as low as 0.02 nm, which is impossible to resolve using our spectrograph. The
observed spectral behavior is typical for InGaN-based laser diodes.,0’ 12, 3’ 14,15,16, l 7 , 1 8 , 19
However, the origin o f these subband emissions is not clear at present. Zubrilov et a l . 2 0
suggested that they are caused by cracks w ithin the laser cavity acting as short cavity
mirrors. However, this phenomenon has also been observed for high quality structures with
no cracks . 1° ’ 18 Nakam ura et al. performed measurements under different pulse widths and
found no significant difference in the spectra. The authors concluded that the spectral
changes were not caused by a change in temperature. High-resolution cross-sectional
transm ission electron microscopy (TEM) showed periodic indium com position fluctuations
in the InGaN well layers, which were related to InGaN phase separation during growth.
Thus, laser emission was suggested to originate from InGaN quantum dot-like states. The
subband emissions were ascribed to the transitions between the subband energy levels o f
the different size InGaN quantum dots formed from In-rich regions in the InGaN well
layers.

9.2.3 N ear-field and far-field patterns
The transition from spontaneous to stimulated emission was also noticed from the
change in near-field and far-field patterns. Typical near-field intensity profiles measured
by Dr. Federica Causa (Dept, o f Electronic and Electrical Engineering, Bath University) in
the lateral direction from the same 1000x4 pm 2 LD are presented in Fig. 9.4. The profiles

1.0
Pulse = 100 nsec
Frequency" 1 kHz

1000X4 ridge

0 .8 -

0 .6 -

2.5 A

'g 0.4-

50 mA

0.2

0.0
-30 -25 -20 -15 -10

-5

0

5

10

15

20

25

30

Lateral position, pm
Fig. 9.4.
Normalized near-field intensity profiles measured from a laser diode (1000 pm-cavity
length, 4 pm-ridge width) under pulsed current injection (100 ns pulse width, 1 kHz frequency) below
(50 mA) and above (2.5 A) the threshold.
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Fig. 9.5.
Far-field pattern detected from a laser diode (1000 pm-cavity length, 4 pm-ridge width)
under pulsed current injection (100 ns pulse width, 1 kHz frequency) at a current o f 2.5 A.

were measured under pulsed current injection (100 ns pulse width, 1 kHz frequency) below
(50 mA) and above (2.5 A) the threshold and normalized for comparison. As can be seen,
above the threshold current the emission was well confined within a narrow region defined
by the ridge stripe, whereas below threshold light propagated fairly far from the stripe. The
FWHM o f the intensity at an injection current o f 50 mA and 2.5 A was estimated to be 8
and 2 pm, respectively. This indicates good current and optical confinement in the lateral
direction.
A typical far-field pattern obtained from the same LD under a pulsed current o f 2.5
A is shown in Fig. 9.5. The divergence o f the laser beam in the vertical and lateral
directions was estimated to be 30° and 8 °, respectively. It was difficult to determine
FWHM levels and the beam aspect ratio due to the absence o f appropriate equipment. As
can be seen, several light spots were present in the pattern. This probably indicates some
contribution from higher order modes in the vertical direction. Thereby, some optimization
o f the laser structure is required to improve the vertical optical confinement for single
mode operation.
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10 Conclusion
III-nitride blue-violet laser diodes are very attractive for a variety of applications,
such as optical data-storage, laser printing, optical scanners, high-resolution
photolithography, biomedical technology, sensing, telecommunication devices, laser
projection displays, etc. A number of groups around the world have concentrated their
efforts on the development of GaN-based laser diodes. Some of them have succeeded in
this research and demonstrated laser emission either under pulsed or continuous wave
(CW) current operation. However, leading players in this field are well-known companies
producing electronics. To our knowledge only six universities, including the University of
Bath, have reported on successful realization of III-nitride pulsed laser diodes. We are the
first university in the UK to successfully fabricate a pulsed GaN-based laser diode, and still
the only university in the UK to conduct all post-growth laser fabrication processes inhouse. Within our group, I was responsible for the development of the post-growth
technology. The successful realization of laser diodes demonstrates that the developed
technology, presented in this dissertation, is very promising for implementation and further
optimization.
The fabricated lasers with uncoated facets demonstrated laser emission
wavelengths ranging from 416 to 420 nm for different devices, threshold current densities
from 48 to 113 kA/cm2, external differential quantum efficiency in the range of 0.3-2.8%,
and output optical powers from 10 to 75 mW per facet. It was shown that high reflectivity
(HR) facet coatings can noticeably reduce the threshold current. The laser diodes had very
low series resistances from 0.6 to 3.3 Q depending on laser cavity width and length. This
implies excellent electrical characteristics of the devices and no or very low damage in the
structure produced by the post-growth processing. Unfortunately, the threshold currents
were excessively high for these devices to operate under DC current. Furthermore, the
external differential quantum efficiency was too low compared to that for the best devices
fabricated around the world. We suggest that overgrowth techniques (epitaxial lateral
overgrowth (ELOG) or pendeo-epitaxy) should significantly improve laser characteristics
by reducing the density of threading dislocations in the waveguide region. The dislocations
induce nonradiative recombination and scattering of laser light and, hence, cause low
internal quantum efficiency and large internal loss in the structure. The optimization of the
laser structure (lower number of quantum wells in the active region) is expected to reduce
the threshold current density further. Some optimization of the structure is also required for
transverse single-mode operation, required for a DVD application, because the far-field
pattern detected from our lasers showed some contribution from higher order modes in the
vertical direction. The developed post-growth technology applied for the following
optimized structures is expected to demonstrate laser diodes with improved optical
characteristics.
A number of technological processes was developed and/or optimized within my
research for the post-growth laser fabrication technology. Some of them can also be
practical for other III-nitride applications. A key process of the technology is an innovative
ridge waveguide fabrication process, described in Chapter 5. This considerably simplifies
the laser fabrication due to a self-alignment technique employed. Thus no precise
photolithography equipment is required and no surface damage is produced before pcontact deposition. This results in the excellent electrical characteristics of laser diodes.
The process can be employed for the fabrication of any small-scale electronic devices,
which also require the etching through a structure, passivation of etched sidewalls, and topcontact deposition. The fabrication of standard optoelectronic devices, such as light
emitting diodes (LEDs), can also be simplified by using this technique.
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