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Summary

This thesis analyses the origins of two fast optical nonlinearities observed in
semiconductors and investigates the dynamic response of nonlinear waveguides.
The mechanisms that induce optical nonlinearities are discussed, and particular
attention is paid to those that can induce a large fast nonlinear refraction. Mea-
surements of quantum well intersubband absorption are presented and a model
is derived for the linear and nonlinear optical properties of such transitions. This
model takes into account the frequency dependence of the intersuband dephasing
time. An expression is also derived for the fast nonlinear refraction recently ob-
served in semiconductor optical amplifiers. The types of spectral and temporal
distortions a pulse experiences in nonlinear dispersive medium are discussed, and
a model for the co-propagation of a strong pump pulse and weak probe pulse
in such a medium is developed. Finally a formalism is established to model the
pulsed operational characteristics of a nonlinear directional coupler. The results
predicted by this model are compared with experimental results recently obtained
from a semiconductor optical amplifier based nonlinear directional coupler.
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Chapter 1

Introduction

1.1 Introduction

The optical properties of materials, familiar to us through our visual sense, are
predominately those of linear optics. The relatively low light intensities that
normally occur in nature ensure that the optical properties of a material are in-
dependent of the intensity of illumination. In linear optics light beams propagate
in a medium without interacting with each another. However, if the illumina-
tion can be made sufficiently intense, the optical properties of the medium will
depend on the intensity and other characteristics of light. In this regime light
waves begin to interact with each other as well as with the medium. This is the

realm of nonlinear optics.

In recent years the field of nonlinear optics has seen a rapid increase in activity
which has been stimulated mainly by the telecommunication industry. In order
to fully exploit the large bandwidth of the opto-electronic devices extensively
used in today’s optical communications and other optical information processing

systems, nonlinear components such as all-optical switches need to be developed.
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This requirement has motivated the considerable current interest in semiconduc-
tor materials that possess large nonlinearities, and has also stimulated the effort
to find waveguide structures that can be used in conjunction with these semi-
conductor materials to produce an all-optical switch. The potential usefulness of
all-optical switches will be determined by their pulsed operational characteristics
and for telecommunication applications the devices must be able to operate at fast
switching rates. Thus there is a need to analysis the transmission characteristics

of nonlinear optical devices.

1.2 Optical Nonlinearity

The fact that intense electric and magnetic fields are capable of inducing optical
changes in a medium has been known for some time. Faraday observed that the
plane of polarization of a optical beam propagating in glass can be rotated by an
applied magnetic field. This is now known as the Faraday effect. Kerr discovered,
in a complementary experiment, that light propagating in glass suffers double
refraction if a strong electric field is applied. This is known as the Kerr effect.
From these results it is reasonable to suppose that a sufficiently intense optical
beam will alter the medium it is incident upon, thus affecting its own propagation.
The_ intensities necessary to observe nonlinear optical effects only became readily

available after the invention of the laser in the 1960’s.

At the end of the seventies Gibbs et al, [1], and Miller et al, [2] observed inten-
sity dependent changes in the absorption and refraction coefficients of semicon-
ductors. Since then intensive experimental and theoretical analysis of semicon-

ductor optical nonlinearities has taken place. Optical nonlinearities are induced
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by either resonant or non-resonant mechanisms. In general resonant mechanisms
induce large nonlinearities which have slow response time, while the converse
is true of non-resonant mechanisms. A large absorption is also associated with
resonant nonlinearities. However recently, large fast nonlinearities have been ob-
served in semiconductor optical amplifiers, [3], and quantum well structures, [4].
The first half of this thesis studies two mechanisms that have the potential to

induce a fast and a large nonlinearity.

1.3 All-optical Switching

Many of the characteristics of optical waveguides suggest them to be the optimum
media for performing efficient nonlinear optical interactions. The strong beam
confinement to regions of the order of the wavelength of the light in one (planar
waveguides) or two (channel waveguides) dimensions implies that large intensities
can be produced with small total powers. Thus to maintain high intensities
and make efficient use of any nonlinearity present, guided wave structures need
to be employed. In general nonlinear waveguide structures have transmission
characteristics that are intensity dependent. Therefore it should be possible to
produce an all-optical switch from a suitably configured nonlinear waveguide
structure. Probably one of the simplest waveguide structures that can be used
to produce an all-optical switch is the nonlinear directional coupler, (NLDC),
which was first proposed by Jensen, [5]. Such a coupler consists of two closely
separated parallel waveguides whose transmission characteristics are determined

by the intensity of the incident optical field.
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The optical sources and detectors used in optical communications systems
are fabricated from semiconductors. Thus the realisation of a semiconductor
all-optical switch would open the possibility of constructing integrated optical
processing circuits. In principle such structures should operate at much higher
data rates than an equivalent electronic circuit. In order to better assess the
potential speed advantages of integrated optical circuits, the dynamic response
of individual optical components likely to be used in their construction needs to be
known. The pulsed operational characteristics of a particular device are limited
by the temporal properties of the materials used in its construction. The second
half of this thesis is concerned with pulse propagation in nonlinear dispersive

media, and in particular with the dynamic response of a NLDC all-optical switch.

1.4 Structure of the Thesis

The next three chapters of the thesis are concerned with the mechanisms that
induce optical nonlinearities in semiconductors. In chapter[2] a model for the
optical properties of quantum well intersubband transitions is derived and exper-
imental measurements of intersubband absorption in InGaAs/InAlAs quantum
wells are presented. Chapter[3] outlines the mechanisms responsible for inducing
nonlinearities in active semiconductors, and in chapter[4] a model is derived for

the fast component of the nonlinearity observed in optical amplifiers.

The last three chapters are concerned with pulse propagation in nonlinear
medium. Chapter[5] outlines the effects that can occur when a pulse propa-
gates in a nonlinear dispersive media. Chapter[6] analyses pump and probe pulse

propagation in a medium that has a Kerr-type nonlinearity. In the last chapter
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a model is derived that can describe pulse propagation in a nonlinear directional

coupler formed from coupled semiconductor optical amplifiers.
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Chapter 2

Intersubband Transitions in
InGaAs/InAlAs Quantum Wells.

2.1 Introduction.

2.1.1 Quantum Wells

Recent advances in crystal growth techniques have made it possible to accurately
grow thin layers of different semiconductors in complex sequences. If an alter-
nating system consisting of two semiconductors with different band-gaps, E,, is
grown, a quantum wells structure will be formed, provided the thickness of the
smaller E, material, or well layer, is of the order of the electron wavelength, (typ-
ically < 100;1). The layers either side of the well material are usually referred
to as the barrier layers and are generally made from the same semiconductor,
figure(2.1). If the barrier layer thickness is also of the order of the electron

de Broglie wavelength then a superlattice structure is formed.
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Band-gap discontinuities are induced in the conduction, AFE,, and valence,
AE,, bands, because the well and barrier semiconductors have different band-
gaps, figure(2.1). This energy mismatch is not split evenly between conduction
and valence bands. AFE, is always larger than AE,, because the effective mass of

the conduction band is always less than that of the valence band.

The reduced dimensionality in the growth direction leads to the formation of
one dimensional potential wells, which restrict the motion of the carriers in one
direction. From quantum mechanics it is known that the energy levels within a
potential well are discrete. The separation between these discrete energy levels
is determined by the depth of the well, (i.e the band-gap discontinuity), the
thickness of the well layer, L,, and the effective masses of the carriers. The
increased carrier confinement in quantum wells also results in stronger optical

interactions.

2.1.2 Optical Transitions in Quantum Wells

As well as the usual interband transitions between the valence and conduction
bands allowed in bulk semiconductors, additional intersubband transitions are
possible in quantum well structures, figure(2.1).Intersubband transitions can oc-
cur between the discrete energy levels within either of the potential wells. As
the energy levels are discrete only certain wavelengths will be resonant with the
quantum well system. The energy of the photons of the incident light must be
equal to the energy difference between two of the discrete energy levels, to induce
intersubband transitions. Intersubband transition can occur within the potential

wells of either the valence or the conduction bands. Conduction band intersub-
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Conduction Band

Intersubband Transitions

Ec2 AEC

Interband Transitions

Evl
AF,
Ev‘z
Valence Band
L,
Barrier Well Barrier
(b) , ,
Material Material Material

Figure 2.1: Intersubband and Interband transition in quantum wells are shown
diagrammatically in (a), and a schematic of the layer structure used to produce
a quantum well is shown in (b).
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band transitions can be induced using wavelengths of the order 10um and only

these will be considered.

The separation between the conduction band energy levels in the potential
wells is considerably less than the band-gap of either the well or the barrier
materials, and thus intersubband transitions are responsive to much longer wave-
lengths than the bulk materials. Thus wavelengths that would be transparent
in the bulk material, will suffer intersubband absorption (ISBA) if they match
one of the resonant wavelengths of the quantum well. This has been one of the
prime motivating factors for investigating such systems, because intersubband
absorption, has potential for use in long wavelength photodetectors. Photodetec-
tors that utilize ISBA have the added advantage of having a fast response time,
because the relaxation times associated with intersubband transitions are very

short, (~ 1ps).

The increased carrier confinement in quantum wells causes the dipole moment
of intersubband transitions to be larger than that of interband transitions and
thus there is a highér probability that a photon in resonance with a particular
intersubband transition will be absorbed. The discrete nature of the allowed tran-
sitions in quantum well structures means that the optical properties are signifi-
cantly different from those of a bulk semiconductor, and recently such structures

have received a great deal of attention.

The possible use of quantum wells in novel optical switching devices has also
acted as a spur to recent investigation of the properties of intersubband transitions
because these transitions have been shown to possess large dipole moments, [1-4],

strong nonlinearities, [5, 22, and fast relaxation times, [7, 8, 9]. The fact that
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the dipole moments are large, gives rise to the possibility of significant changes
in the absorption and refractive index near the resonant frequency. Interestingly

these transitions have also been found to have a large fast transient nonlinear

refractive index.

The first observations of intersubband transitions were reported in a GaAs/AlGaAs
material system, [1], with an intersubband transition resonant wavelength of ap-
proximately 8-10 microns. Obviously from a technological viewpoint, it would
be advantageous if the resonant wavelength was shorter, (i.e around 0.8-1.55
microns), as this would then open up the possibility of utilising intersubband
transitions in switching components and photodetectors of optical communica-

tion systems.

Several methods have been suggested for shifting the energy levels, in order
to reduce the resonant wavelength. The available methods can be classified into

three different groups:

o Change of the material structure
e Change of the layer structure

e The application of an electric field perpendicular to the layers

Probably the simplest way to achieve an appreciable reduction in the resonant
wavelength, is to increase the depth of the quantum well by means of a change
in the material. This can be achieved if a material composition system with a
larger band-gap discontinuity than that of the GaAs/AlGaAs system, is used.
Consequently other material systems, with larger band-gap discontinuities, are

being actively sought. One such system which has been investigated recently,
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consists of alternating layers of InGaAs, for the wells, and InAlAs, for the barriers,
[3, 4). The InGaAs/InAlAs system has a band-gap discontinuity of 500meV,
which brings the resonant wavelength, for the E. — E,, transition, figure(2.1),

down to around 4-5 microns.

The following sections of this Chapter are separated into two main compo-
nents. The first describes the experimental techniques used, and the results
obtained, when the optical absorption properties of a number of InGaAs/InAlAs
quantum well samples, were investigated. The second main section gives the de-
velopment of a theory that models both the linear and nonlinear optical properties

of quantum well intersubband transitions.

2.2 Optical Transmission Measurements Of In-
GaAs/InAlAs Quantum wells

2.2.1 Introduction

The quantum well samples tested were kindly supplied by BT Laboratories, who
also provided all the necessary equipment needed to measure the transmission
spectra of the samples. The samples were grown using MOCVD technology, and
had different well widths and doping levels. The infra-red transmission spectra
obtained have subsequently been used to calculate several physical parameters.
On the basis of the experimental results estimates of the momentum matrix
element, dephasing time, and intersubband absorption coefficient, and the effects

of different well widths, and doping levels on them, have been obtained. -
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Quantum Wells

Infrared Beam

Figure 2.2: The experimental setup used, showing the orientation between the
the sample and the incident infrared beam.

2.2.2 Experimental Procedure.

The InGaAs/InAlAs quantum well wafers investigated were fabricated on Fe-
doped InP substrates. The InGaAs wells were S-doped and all but one of the
samples also had a S-doped InP capping layer. The wafers were grown to produce
a system of 50 quantum wells, consisting of 1004 InAlAs barriers and either 504

or 454 InGaAs wells. Both sides of the wafers were polished.

An absorption spectrum of each sample was measured on a BRUKER IFS
66 Fourier Transform Infra-Red spectrometer. The spectrometer sweeps the fre-
quency of the CW beam incident on the sample and records the strength of the
optical beam at the rear of the sample. Measurements were made with the beam

incident on the sample at various angles, figure(2.2). The peak intersubband
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absorption occurred at Brewster’s angle, which in this case was found to be 72°.
The data obtained was presented in the form of a transmission spectrum. A
transmission spectrum is produced by measuring, over a range of wavelength, the

percentage of the input power which passes straight through the sample.

Before measurements were performed the sample chamber was purged with N,
gas for 15 minutes. This was done to reduce the amount of CO; and water vapour
present, since both gases have significant absorption bands within the wavelength
range scanned. The samples were referenced against the spectrum of a Fe-doped
InP wafer, thereby removing the substrate absorption, and 200 scans were taken
to produce each transmission trace. After each set of measurements the reference
sample was tested again to ascertain whether any inadvertent changes in the

experimental conditions had occurred.

The referenced transmission spectrum was subsequently baseline corrected and
then converted into an Absorbance spectrum ( Absorbance = - Log (Transmis-
sion) ). The baseline correction involves splitting the trace into 32 sections, to
give a set of reference points. The new baseline is obtained by drawing the short-
est line, which does not ‘cut’ the spectrum, through the reference points. This
procedure does not shift the resonant wavelength or alter the absolute magnitude

of the absorption peak.

Table(2.1) sets out the doping levels, well widths, and barrier widths of the

seven wafers tested. Three of the samples have had their well widths verified by

TEM analysis.
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Sample | Well width | Barrier width | Well Dopant | Capping Dopant
No. A A 108 em™3 10'® cm™3
AX556 50 100 5.0 0.5
AX514 49 +5 93 +6 1.0 1.0
AX538 50 100 0.5 1.0
AX555 50 100 0.2 0.5
AX528 45 100 1.0 1.5
AX480 42 45 72 £5 1.0 —
AX482 57 £5 93 +5 1.0 1.0

Table 2.1: Well and Barrier widths and doping levels of the samples.

2.2.3 Results.
Transmission Spectra.

The quality of the conduction band intersubband absorption, (ISBA), spectra ob-
tained varied significantly. Three wafers, AX480, AX482, and especially AX514,
gave strong absorption with very little noise. In all the other samples it was pos-
sible to discern intersubband absorption, but some traces showed substantially
weaker absorption and more noise. The sample AX538 was particularly poor
with very weak ISBA. As the same procedures were used to reduce the effects of
CO,, water vapour and the InP substrate, the additional noise observed in some

of the samples must emanate from the epitaxial layers.

Figures(2.3, 2.4) show the best, (AX514) and worst, (AX538), uncorrected
referenced transmission scans, at various angles. Both traces show the charac-
teristic variation of the absorption with the angle of incidence of the CW beam
indicative of ISBA. The selection rules for intersubband transitions dictate that
only the component of the electric field normal to the plane of the quantum well

can induce transitions. Therefore the peak absorption will occur when the sam-
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Sample | Well width | Aezpt | Atheo | Eo E,
No. A um | uym | meV | meV
AX556 50 4.68 | 4.43 | 126.9 | 406.7
AX514 49 £5 447 | 4.43 | 129.9 | 413.9
AX538 50 442 | 443 | 126.9 | 406.7
AX555 50 4.34 | 4.43 | 126.9 | 406.7
AX528 45 4.19 | 4.13 | 143.0 | 4433
AX480 42 45 4.70 | 3.99 | 154.2 | 464.9
AX482 57 5 492 | 4.94 | 108.5 | 359.2

Table 2.2: Experimental and Theoretical resonant wavelengths for the samples.

ple is oriented at Brewster’s angle, figure(2.2). At this angle minimum reflection
from the surface, and maximum coupling of the electric field into the wells, will

OCcur.

Resonant Wavelength

Calculations of the energy levels were performed assuming both infinite and finite
potential wells. The resultant energy levels predicted by these two simple models
were, however, inconsistent with the experimental data, indicating that account
needed to be taken both of the nonparabolicity of the bands, and of the finite well
depth. The resonant wavelengths measured experimentally and the theoretically
predicted value, ( obtained using the empirical nonparabolic model outlined in
Appendix(1) ), are shown in Table(2.2). The nonparabolicity factor used in the
calculation was 9 x 107! m~2. This compares favourably with the value of
v =11 x1071® m~2 used by Levine, [4]. In figure(2.5) the theoretically predicted
variation of the resonant wavelength with the well width is shown. The resonant
wavelength changes considerably as the well width is increased. As the well width

increases so does the number of allowed energy states, which causes a reduction

in the separation between adjacent energy levels and hence increases the resonant



2.2 Optical Transmission Measurements Of InGaAs/InAlAs Quantum
wells 17

Resonant Wavelength in QW’s

Wavelength/ Microns

Well WidttvA

Figure 2.5: Theoretical variation of the resonant wavelength with well width,
assuming a Nonparabolicity factor of 9 x 107!® m~2, (solid line), and the experi-
mental measured wavelengths.

wavelength. Further calculations have also been undertaken to check that there
is no appreciable coupling between adjacent wells, because such coupling would
have meant that another model would have had to have been used to calculate
the energy levels. These showed that the barriers were indeed thick enough to

ensure that there is no evanescent coupling between the wells.

Good agreement between the theoretical and experimental values for the reso-
nant wavelength has been achieved, figure(2.5), with one exception, AX480. The
anomalous value of AX480 can be attributed to the fact that it was grown with-
out a doped capping layer. This results in more band bending, and increased
nonparabolicity. By increasing the nonparabolicity factor, used in the theoretical
calculations, to 20 x 107'®m~2, good agreement between the experimental and

theoretical values was again obtained for this sample.



4 4 "0. #01) 1))

(!

+ & 2 " LoCeeecc

HH H> (H

"% %
+HH/
[ &HH/
4==
(HW
+H >H ?H AH
1 n <

(>

EH

0)

#

o ceeaeeeecc
t>

*H

"H

*1$*

(HH

((H

((

Jz>’?

reeecaaad
& > + H + >

B

o# |
* 4 (H/I(x "I



2.2 Optical Transmission Measurements Of InGaAs/InAlAs Quantum
wells 19

The results shown in figure(2.6) indicate the variation of the resonance wave-
length with carrier concentration, for a fixed well width of 50A. The reason
for this variation is unclear, but it has been proposed, 3], that it is caused by
resonant screening of the infra-red radiation by the electrons in the well. The
strength of this effect increases with the carrier concentration. This appears not
to be borne out by figure(2.6), which shows the resonant wavelength increasing
with the doping, instead of decreasing with the wavelength, as would be expected

if screening was occurring.

In figure(2.7) the variation of the conduction band energy levels, and quasi-
Fermi level, with well width is shown. As the well width increases the energy
levels all drop, with the first excited state falling at the greatest rate. At larger
well widths the Fermi level moves further away from the ground state and closer

to the upper energy level.

Allowing for the fact that the well widths of four of the samples have not been
verified by TEM measurements, (and thus they could vary significantly from
the value aimed for), the experimental and theoretical values of the resonant

wavelength are in good agreement.

Calculation of Matrix Element.

The integrated absorbance, I,, (absorbance=-LOG(transmission)), can be shown

to be related to the matrix element, < Z;; >, and oscillator strength, f, of the
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Sample | aysp | Peak Magn. | 7 | FWHM | I, f |<2z>
No. |[cecm™' | Arb. Units | fs em™! | meV A
AX556 | 1243 0.0135 58.6 181 0.70 1 0.10 | 5.95
AX514 | 3768 0.0401 38.7 274 3.13 | 2.36 | 27.8
AX555 | 1096 0.0119 55.5 191 0.65 | 240 | 27.6
AX528 | 665 0.0065 68.8 154 0.29 1 0.23 | 8.48
AX480 | 3509 0.0320 51.0 208 201 | 1.77 | 24.7
AX482 | 2682 0.0332 52.8 201 214 1139 | 224

Table 2.3: Gives the Peak absorption coefficient, a;sg, Peak absorbance, FWHM,
relaxation time, 7, integrated absorption, oscillator strength,f, and the matrix
element of all the samples.

intersubband transition by, [2],

_NL,Weh  f

= 2.1
s 4egem*  n3(nd + 1)1/2 (21)
where,
4Tem* 2
f - hAo <Z21> (2-2)

Here A is the resonant wavelength, W is the number of wells, ng is the refractive
index, N is the carrier density, L, is the well width and m* is the carrier effective

mass in the wells.

The integrated absorbance, I,, has been estimated by multiplying the peak
absorbance by the FWHM of the scan, [2]. This approximation leads to a slight,
underestimate, (~ 5%), of I,. The oscillator strengths and matrix elements,
shown in Table(2.3), were calculated with the aid of the following experimental

data, m* = 0.042mg (InGaAs), W=50, no = 3.6 and N = 1.0 x 10'%cm 3.

The values calculated for the matrix element for all but two of the samples
are within the range 22 — 28A4. The two samples with anomalously low matrix
elements, also had the weakest intersubband absorption and largest noise levels.

In the published literature, the matrix element for this material system has been
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Figure 2.8: Variation of the integrated absorption strength with incident angle
of the IR beam, for sample AX514.

reported to be ~ 154, [3, 4] for a 50A well, considerably smaller than the value
obtained for four of the samples reported here. Matrix elements as large as
those shown in Table(2.3), have been reported in the more extensively studied
GaAs/AlGaAs system, [1, 2], where values of 204 have been observed. It would
appear that the matrix elements of the transitions tested here are much larger

than those previously observed.

In figure(2.8) the change in the integrated absorption strength as the angle of
incidence between the wafer and the IR beam is varied is shown. As expected
the absorption strength decreases as the sample is moved away from its optimum
position. When the beam is perpendicular to the sample none of the beam couples

into the well and so no ISBA is observed.
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Absorption coefficient and Dephasing Relaxation Time.

The intersubband absorption coefficient, ajsg, can be obtained from the peak
absorbance, using, aysg = - 2.303 Absorbance/l, where | is the number of wells
x thickness of the wells. As the absorption is proportional to the number of
carriers in the well, the sample with the greatest doping, (AX556), should have
the largest absorption coefficient and conversely the least doped wafer, (AX555),

should have the lowest arsg.

If the four samples, (AX480, AX482, AX514, AX555), which gave approx-
imately the same matrix element are considered in isolation, then the lightly
doped sample, AX555, N = 0.2 x 10'® em~3 , does indeed have a smaller absorp-
tion coefficient than the three samples doped to N = 1.0 x 10'® ¢m™3, Table(2.3).
Also, if the two other samples, which had matrix elements less than 104, (AX528,
AX556), are considered together, it is again evident that the more heavily doped
sample, AX556, has the larger absorption coefficient. However, if all the samples
are considered together, then the most lightly doped and the most heavily doped
samples do not have the smallest and largest a;sg, respectively; the reason for
this is unclear. The most heavily doped sample, AX556, also gave an anoma-
lously low matrix element, suggesting that perhaps this sample has some growth

defects.

The full width half maximum, Av, of the absorbance can be used to estimate
the dephasing relaxation time, T3, using T> = 1/(wAv), [10]. The values ob-
tained, shown in Table(2.3), are all in the range of 50-60 femtoseconds, with one

exception, AX514, which has an exceedingly fast relaxation time. The relaxation
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time for InGaAs/InAlAs system shown here are very fast, but are in agreement
with the values which can be inferred from Asai’s, (3], (58 fs), and Levine’s, [4],
(55 fs), work. It is worth noting that the reported values for the relaxation time

of the GaAs/InGaAs system are twice as long, (~ 100 fs).

2.2.4 Summary

The intersubband matrix elements of several InGaAs/InAlAs quantum wells were
measured experimentally and the values obtained were found to be larger than
those previously reported, at ~ 25A4, for 504 wells. Matrix elements as large as
25A have been measured in GaAs/AlGaAs quantum wells. The absorption coeffi-
cient showed the expected variation with doping level, provided the samples were
separated into two groups, determined by the matrix element of each sample. The
dephasing time for the InGaAs/InAlAs system was estimated to be about half
that of the GaAs/AlGaAs system, at ~ 55 fs. The value of ~ 55 fs obtained for
the InGaAs/InAlAs system is, however, consistent with dephasing time that can
be inferred from other published work. The variation of the resonant wavelength
with well width, indicated a nonparabolicity factor, (y = 9 x 1071° m~2), in good
agreement with previously reported values, and the variation of wavelength with

doping and incident beam angle also showed the anticipated relationships.



2.3 Theoretical model for Intersubband Transitions. 24

2.3 Theoretical model for Intersubband Tran-
sitions.

2.3.1 Introduction.

As well as the large body of experimental work on intersubband transitions, a con-
siderable amount of theoretical analysis has been published, and several authors
have proposed models for the linear and nonlinear susceptibilities of intersubband
transitions, {11, 12]. From a basic physics viewpoint intersubband transitions pro-
vide a ideal vehicle to test quantum mechanical predictions, because the subbands
in quantum wells can be thought of as a simple two level system. Thus the optical
properties of these subband transitions have been modelled using the idea of an

ensemble of two level systems.

Experimental work on semiconductor lasers, [13, 14, 15], and more general the-
oretical work on interband transitions, [16-19], has indicated that the dephasing
time associated with such two level systems is frequency dependent. The exact
nature of this dispersion is subject to debate, but some general features of the
frequency dependence of the reciprocal of the dephasing time, I';, are accepted.
Specifically, it is clear that there is a rapid change in I'; for frequencies below the
resonant frequency, wp, whilst only a relatively slow change in I'; for frequencies

above wy.

The following sections outline the effects that are induced in the optical prop-
erties of intersubband transitions, when dispersion of the dephasing time is taken

into account. The linear and nonlinear refractive index and absorption coefficients
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