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ABSTRACT

The constituent layers of a semiconductor quantum well
system were studied systematically and sequentially using
various spectroscopic and optoelectronic technigques such as
photoluminescence, photoreflectance, photovoltage, electro-
reflectance, or electroluminescence. Complete single quantum
well samples with various well parameters were then studied
with the appropriate techniques. The purpose of the study was
to find how the energy levels (the bound states as well as the
continuum states) of the quantum well structure were in-
fluenced by the surroundings (such as the cap layer, the
buffer or the substrate) and the well parameters. To that
effect, the well width and the alloy composition (x) of an

In,Ga As/GaAs single guantum well were varied, and the

1-x
results obtained with samples having different cap thicknesses
(the other parameters being kept the same) were compared. A
theory predicting the influence on the energy levels of the
cap layer thickness was developed, and experimental evidence
was found in modulated reflectance measurements which showed
spectral oscillations for energies above the barrier. The
behavior is explained by deriving the wavefunction of the
carriers with energies larger than the barrier (continuum
states) taking into account the finite size of the cap layer.

It was alsc found in the sequential study that in lumines-

cence, depending on the excitation used, the substirate can
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contribute to the response obtained with the complete device.
The influence of an external perturbation such as an electric
field was also studied. Electroreflectance spectra showed that
the bound states were Stark shifted, while the peaks of the
cap-related oscillations of the continuum states were shifted
linearly in energy with the electric field. Study of a
multiple gqguantum well under the same conditions showed that
the cap-related oscillations of the continuum states were
strengthened by the presence of the additional wells. The
theory also predicts that the first well(s), closer to the
surface, will be more energy selective in capturing carriers
in the continuum. This may result in different capture
efficiencies for the various wells of a multiple quantum well

structure.
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SOMMAIRE

Les couches constitutrices de structures a puits quantiques
furent étudiées de facon systématigque et séguentielle, en
utilisant diverses techniques spectroscopiques et
optoélectroniques comme la photoluminescence, la
photoréflectance, le photovoltage, l’électroréflectance ou
1’électroluminescence. Des échantillons complets & puits
guantiques simples furent alors analysés avec les techniques
appropriées. Le but de 1/étude était de déterminer comment les
niveaux d’énergie (autant les états liés que les états du
continuum) d’un dispositif & puits quantique(s) sont
influencés par leur entourage (la couche capuchon, la couche
intermédiaire ou le substrat) et par les paramétres du puits.
A cet effet, la largeur et la composition de puits quantiques
simples de InGa As/GaAs furent variées et les résultats
obtenus avec une série d’échantillons ayant différentes
épaisseurs de couche capuchon furent comparés. Une théorie
décrivant 1’infiuence de l’épaisseur de la couche capuchon sur
les niveaux d’énergie fut développée et 1’évidence
expérimentale fut trouvée dans les spectres de réflectance
modulée qui sont marqués par des oscillations aux énergies
au-dessus de la barridre. Ce comportement est expliqué en
dérivant la fonction d’onde des porteurs ayant des énergies
plus grandes que la barriére (les états du continuum) tout en

tenant compte que la couche capuchon est d’épaisseur finie.



L’étude systématique a aussi permise de déterminer gue selon
la source utilisée en luminescence, le substrat peut contri-
buer au signal obtenu avec le dispositif complet. L’influence
d’une perturbation externe, tel qu‘’un champs électrique, fut
également étudiée. Des spectres d’électroréflectance
démontrent que 1l’énergie des états liés est changée par
l’effet Stark, tandis que 1les oscillations des états du
continuum, au-dessus de la barriére, voient leurs extrema
déplacés de fagon linéaire avec le champs électrique. L’étude
de puits quantiques multiples dans des conditions comparables
a montré gque les oscillations des états du continuum sont
renforcées par l’ajout des puits supplémentaires. La théorie
prédit aussi que le ou les premier(s) puits adjacent(s) a la
surface seront plus sélectif(s) en énergie dans la capture des
porteurs dans le continuum. Il s’en suit yue les différents
puits d’une structure a puits quantiques multiples pourraient

ne pas avoir la méme efficacité de capture.
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Statement of Originality

Given below is a list of work done during the course of
this study, which to the best of the author’s knowledge, had

not been previously undertaken:

-systematic and sequential study of the component layers

of a quantum well system.

-Understanding of the influence of Si-doped GaAs substrate

on the properties of InGaAs/GaAs quantum wells.

-Theoretical study of the influence of a high potential in
the vicinity of a quantum well structure; study of the
influence of the finite-size of the cap layer on the

bound and the continuum states.

-Experimental evidence of the influence of the finite-size
of the cap layer on the continuum states of Single

Quantum Wells and Multiple Quantum Wells.

The above work led (or will lead) to the publication of the

following papers:

i) Articles:

-S. Fafard, 1992, Energy levels in gquantum wells with
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capping barrier layer of finite size: bound states and
oscillatory behavior of the continuum states, accepted on
May 29, 1992 for publication in Phys. Rev. B, August 15,

-S. Fafard, E. Fortin, A.P. Roth, 1992, Oscillatory
behavior of the continuum states in InGaAs/GaAs quantum
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-S5. Fafard, E. Fortin, and A.P. Roth, 1991, Seguential
optical study of the component layers of a semiconductor
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Appl. Phys., 66, pp.4854-4857.

ii) other contributions:

-S. Fafard, E. Fortin, A.P. Roth, 1992, Oscillatory
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wells due to capping barrier layer of finite size,
presented at the APS meeting at Indianapolis, March 16-20,
Bull. Am. Phys. Soc. 37, p. 794.

-5. Fafard, E. Fortin, F. Davidson and A.P. Roth, 1991,
Luminescence switching in InGaAs/GaAs single qguantum well,
presented at the First Graduate Student Conference on
Opto-electronic Materials, Devices, and Systems, at
University of McMaster, Hamilton, Ont. June 24-26.

-S. Fafard, 1999, Evolution of the energy levels ir
semiconductor quantum wells, presented at the
Ottawa-Carleton Institute of Physics Graduate student
symposium, Fall 1990 at University of Carleton.
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iii) Submitted or in preparation:
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Charlebois, 1991, Photoluminescence of MgInS, and
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INTRODUCTION

From the simple particle in a box to the entire crystalline
lattice, a variety of quantum mechanical textbook problemsLBo
became available for direct study and applicable to technology
due to the precision achieved with the modern epitaxial growth
techniques of solids. Indeed, Single Quantum Well (SQW),
Multiple Quantum Well (MQW), Superlattice (SL), or other
semiconduc’ or devices of reduced dimensionality* , owe their
interesting properties to the physical size of the active
layers. And so, in addition to the bandgap engineeringwa7'wvgl
which controls the depth of the well(s), size engineering of
the active layers and of the cladding layers permits to adjust
the properties of quantum well devices to a specific need"H86
Indeed, depending on the probing technique, the cladding
layers surrounding the active gquantum well region may also
contribute to the phenomena observed with the complete
deviceFFgl. Little research had been done on the influence of
the spatial extent of these cladding layers; a good understan-
ding of their physical properties, or of their influence on
the physics involved with the active layers, is required in a
multi-element semiconductor system since it is sometimes
difficult to establish the exact origin of some features

obtained in spectroscopic studies of such devices. At times,

it is tempting to forget the presence of the cladding layers

* Bgs, BB91, SC91b, MP91



and their influence on the results obtained with the complete
device, or to make use of standard excitation wavelengths in
photoluminescence without considering the consequences of this
choice on the response of the cladding layers. Whether a
transition originates from the QW itself, from the cladding
layers (including sometimes the substrate), or both, may not

be unambiguous in all instancespﬂsga.

If the carriers diffuse coherently throughout the device,
remote interfaces can become an important part of ithe poten-
tial configuration. In the ideal model commonly used in
calculations, a quantum well structure is considered to be
surrocunded by potential barriers of finite height but infinite
spatial extent on each side. In most cases, the barrier on the
side of the buffer layer extends over a large distance (of the
order of 1 um }); however the cap layer on the other side of
the well is generally much thinner, and so the energy distri-
bution of the carriers in the vicinity the well may be modi-
fied by the presence of the external surface which represents
a high potential for these carriers within the semiconductor.
The influence of the surface potential will be more important
for continuum states than for bound states since the wave-

functions of the former are not restricted to the well region.

Even in the absence of a nearby high potential, simple

calculations show the presence of resonant states in the



Intnaductian i)

continuum for energies at which a particle has a probability
of transmission above the guantum well equal to unity. These
continuum states are believed to play an important role in the

BZ84,BB86

capture of the carriers by the well even though

there is little experimental evidence to that effect and the
results are sometimes contradictoryD90'2P84. In any case, the
continuum states play an important role because they are the

states in which the carriers are first created when excitation

energies larger than the barrier are used.

To facilitate the identification of the optical transitions
observed with the strained InGaAs/GaAs system, a eystematic
and sequential study was performed on the component layers of
an InO-mGao.B_,As/GaAs SQW. The sequential study will help to
distinguish between transitions originating from cladding
layers and those whose origin is associated to the presence of
the quantum well, providing us with a good understanding of
the influence of each layer. The type of cladding layers (GaAs
substrate, buffer, and cap layers) studied here are common to
many QW systems, and so that the conclusions presented here

could be applicable to other systems as well.

In particular, this work will describe the effects of the

high potential at the device surface on the continuum

090,PA32

states of such SQWs having thin (t < 100nm) cap

layers. The influence of a high potential in the vicinity of a
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SOW structure will be considered theoretically in chapter 1.
such a configuration would represent a gquantum well device
having a cap layer of finite size. It will be assumed that the
external surface of the cap layer represents an infinitely
high potential. This will be a good assumption for energies up
to a few hundred meV in the continuum, given that the actual
height of the surface potential will be of the order of few eV
(the work function of the carriers in the semiconductor)}. The
envelope function will be required to vanish at the external
surface. This will be valid for the treatment of an ideal free
surface, and merely illustrates the fact that for the energy
range of interest, the carriers cannot escape the
semiconductor crystal. The model developed here also applies
to quantum well structures terminated with a material having a
band gap much larger than the barrier5090 (such as
AlGaAs/GaAs/InGaAs/GaAs), even though these structures will
not be discussed specifically in this work. The presence of
impurity, or defect surface states would change the problem,
but once these localized states are filled, this problem could
also be solved by assuming that tioe envelope wavefunction
vanishes at the surface, taking into account the resulting
band curvature. Such band curvature could be considered by
approximating the curved potential with a series of small

linear potential segmentsLFss’H91.

Here for simplicity and
clarity, the theory will consider analytically the cases of a

flat band potential, or a uniformly applied linear potential.
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It is found that the bound states would be influenced only in
the case of very narrow cap layers (t ¢ 10 nm); but for the
continuum states, the high potential at the surface of the cap
and the finite-size of the <cap layer produce guantum
interference in the wavefunctions which leads to oscillations
in the probabilities of finding the carriers in the various
regions of the structure. In the flat band condition, the
modulation is expected to be set mainly by sina(kbt), where t
is the thickness of the cap layer, and k, is the wavevector in
the barrier and includes the carrier effective mass. Because
of this effective mass and the cap layer dependence, the
cap-related oscillations should observable for the various
types of carriers depending on the value of t. The amplitude
of the oscillations was found to depend on the well width. As
an electric field lowers the potential away from the surface,
the extrema of the oscillations in the probabilities are found

to shift linearly with the electric field.

The theory developed for the effect of the finite-size of
the cap layer is in no way restricted to the InGaAs/GaAs
system, but since the barrier is the GaAs, the samples are
naturally barrier-terminated, and chances of getting a nearly
perfect external surface (GaAs cap layer) are greater than if
an alloy is used for the barrier, as in the AlGaAs/GaAs system
for example. The AlGaAs/GaAs samples often have a GaAs cap

layer on top of the AlGaAs barrier, and this would correspond




to a different potential configuration.

Chapter 2 will briefly describe the samples studied and the
experimental techniques used, with particular attention given
to the optimization of the experimental conditions. It will
also discuss the method used to analyze the data, and the
physics of the experimental techniques. Chapter 3 deals with
the exerimental results, and is divided in two main sections:
sect. 3-1 uses a sequential study to demonstrate the influence
of the substrate and buffer layers. The sequential study shows
that when the experimental conditions permit the excitation of
the substrate, a peak of substrate origin whose amplitude is
comparable to that of the fundamental peak of gquantum well
origin (11H) could be observed. In photoluminescence, long-
wavelength excitation, a thin buffer layer, or high intensi-
ties of excitation may enhance emission from the underlying
substrate. The nature of the contact used in the electro-
luminescence and photovoltaic effects may also influence the

relative response of the component layers.

In the second part of chapter 3, sect. 3-2, experimental
results are given for the influence of the cap layer.
Photoreflectance (PR) spectra of InGaAs/GaAs SQWs have shown
above-barrier oscillations of amplitude comparable to those of
transitions involving only bound states. The oscillations

follow the relation En = Eo + a« n° for the n-th extremum at an
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energy E| (E, is the energy of the barrier, and a is a
constant). These results demonstrate experimentally that the
continuum states are influenced by the finite extent of the
barrier on the side of the well which terminates the device
(the cap layer). Alsc as predicted, depending on the value of
t, these cap-related oscillations are observed for the various
types of carriers in photoreflectance experiments, while their

visibility depends on the well width.

Sect. 3-2 also describes the effect related to an external
perturbation such as an applied electric field. Electroreflec-
tance (ER) techniques allow quantitative control of the
applied electric field, and therefore for the study of its
influence on the bound and the continuum states in the guantum
well structures. Results showed that in the case of transi-
tions involving bound states only, the electric field influ-
ences the selection rules of the transitions and the energy
levels are Stark shifted as expected. As was the case in the
flat-band condition (i.e. in PR), the finite-size of the cap
layer did not have any drastic influence on the bound states
for the cap thicknesses studied. For the continuum states
however, the extrema of the above-barrier oscillation are
shifted linearly as the applied field is changed, and the
shifts are different for different cap thicknesses. These
findings were expected theoretically from the calculations of

chapter 1.



Finally, the influence of additional wells in the case of
MoWs is studied in chapter 4. Calculations for the bound
states (considering the exact number of wells) show that the
well adjacent to the surface will be influenced similary to
what was found for the case for the SQW. It is also
theoretically predicted and experimentally found that the
additional wells strengthen the cap related oscillations of
the continuum states. The theory also predicts that the
well(s) closer to the external surface will be more energy
selective in capturing carriers in the continuum. This may
result in different capture efficiencies for the various wells

of a multiple guantum well structure.



CHAPTER 1

THEORETICAL EVALUATION OF THE ENERGY LEVELS OF

SINGLE QUANTUM WELLS.

1-1 SQW with barriers of infinite spatial extent in
absence of an electric field...ivvoseeenarss P . e 10
1-2 Presence of a uniform electric field........ cr e aanaa 18

1-3 SQW with a finite cap layer, in absence of an

electric field....vveersenrserannaaosns e resesaraesees 21
1-3-1 Bound states....cccerevetrrssecanssaonas .o 21

1-3=-2 Continuum stateS....seceesecrsvescncnssss 25

1-4 Presence of a uniform electric field.......vcev.ts oo 39

The first two sections of this chapter review the calcula-
tions usually performed to obtained the energy levels of SQW
structures, considering the barriers surrounding the well to
be of infinite spatial extent. A slightly different approach
will be described in sect. 1-1 to calculate the bound states
in such structures. A convenient picture of the evolution of
the enerqy levels (as the well width is changed) 1is easily
obtained using this method. In the last two sections, the
problem of SQW having cap layer of finite extent will be

introduced. The resulting changes in the physical properties
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expected from these calculations will be discussed with
several examples pertinent to the experimental study of

chapter 3.

1-1 SQW with barriers of infinite spatial extent, in the

absence of an electric field.

A SQW potential is created when a semiconductor layer is
embedded between layers of semiconductor material having a
larger band gap as shown in fig. 1-la. The semiconductor with
the smaller band gap grown in the middle of the structure
forms the well, and fig. 1-1b shows the corresponding band
diagram if the barriers surrounding the well are of infinite
spatial extent. The solutions for the bound states of such a
potential are well known* , they are found by solving
separately for each type of carriers using the Envelope
Function Approximation and, for simplicity, by assuming
parabolic bands. The envelope wavefunctions (in the direction
of the crystal growth) are constructed from an exponentially
decaying @ inction in the barriers, and sine and cosine
functions for the well. Matching the wavefunction and its
derivative divided by the effective masses (the particle
current density is conserved) at the interfaces one readily

obtains the condition for the bound states:

Y 180, ws7, B88. BB91
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Fig. 1-1: a) a
Hypothetical

sQw

surrounded on

each side with

barrier of infinite

spacial extent.

barrier well barrier
b)
Corresponding b 1 veI """"" & *
band diagram if '
the electrons ?Eb
and the holes g E‘: 11H
are confined in
the well A | St L v

hh,
€ = tan (kL/2), and -§ = cotg (k L/2) (1-1)

for the even and odd states respectively. If the energy ¢ is

measured from the bottom of the well of depth V, then

Zm: 1/2 2m; 172
k= — € ' k.J = -r? (1V]-g) and £ = kb/kw =

U 1/2
m  (1Vi-g) . .

—_— i m and m are carrier effective masses in
the barrier and in the well respectively.

For the rest of sect. 1-1, an approach which gives a

convenient picture of the evolution of the energy levels as

the well width is changed (the other parameters being kept
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FF31 14 addaition to its importance in

fixed) will be presented
sample characterization, this method is particularly useful in
sample design. The even and odd sclutions of eq. (1-1) are

regrouped for convenience in one equation as follows:

(_1)(n+1) m' )
[tan[ gﬁ |(2m:c) ” - (-1) (n+1) ¥ [g -1 ] = 0

.
mb

(1-2)
where n is related to the parity of the corresponding wave-
function: n=1, 2, ..., n_ i

%ﬁ |(2m:V)/n/2 ] (1-3)

n .- 1 + INT

is just the number of gquadrants that the argument of the
tangent goes through when € - V (the confinement potential).
There is one and only one solution e (the n'® bound state)
per quadrant (i.e. per integer multiple of m/2). It is easy to
show that this implies that the energy of the n'" state of the

finite well has to satisfy the inequality:

e (L, se se (L),

where
h2 ( nm }®
ealLie) = 2 [ ] (1-4)
n 2“L L
is the n energy level of the infinitely deep well having the



o
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same width L. The latter inequality is of interest when one
wants to find the numerical solutions of eq. (1-1). It restri-
cts the energy domain in which the search for the solution €

has to be carried out. In order to take into account the band

non-parabolicityNM87, one can make use of energy-dependent
effective masses arising from various band
interactionspsgo‘cho‘BBB. Calculations showed that the use of

such energy-dependent effective masses can improve the accu-
racy of the results for the energy of the higher-lying levels
in wide wells by several meV in the case of electrons, but no
appreciable shifts are expected for narrow wells, low-1lying
states or for the heavy-holesRaa. For the system of interest
here (InGaAs/GaAs), the light holes are not confined in the
well because of the lattice-mismatched induced strain which
will displace the light hole valence band edge of the well
below that of the barrierpgs. Therefore confinement of the
light holes in SQW will not be considered since the light
holes would occupy the cladding layers (buffer and cap) which

have dimensions too large, and a barrier too low to obtain

significant confinement effects.

Instead of solving egq. (1~1) numerically (as is usually
doneWS7’BBB) in order to get the bound energy levels (en) for
the electrons and holes, it is possible to transpose eq. (1-2)
to solve analytically for L = £(e), i.e.: the well width

required to get the n® level at an energy € . We obtain:
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{n+1)

’ | (=1)
m
L(c )= __Z_h__x tann1 (-1)(m“x -—:[‘—’-—- - 1] + INT[%])(TI
n m en
b

(Zm:cn)

(1-5)

Using eq. (1-5) for energies smaller than the electrons and
the heavy holes confining potentials, v® and V" respectively,
for all the bound electron and heavy-hole states, the well-
width dependence of the energy levels (and hence of the
transitions in the well) is obtained. For excitonic transi-
tions, the energy of the transition must be reduced by the
binding energy of the exciton. This approach (using eqg. (1-5)
instead of calculating point by point) gives a powerful method
of getting an overview of the possible transitions for a given
depth of well (which is fixed by the choice of the composition

of the alloy forming the well).

For energies larger than the confinement potentials, the
electrons and holes can have any energy (continuum of ener-
gies). However, one may observe resonant states when the
energy satisfies £ = en(L,m) with n = n . where en(L,m) and
n . were defined previously in egs. (1-3) and (1-4) (£ is
measured from the bottom of the well). For these energies, the

L80

transition coefficient T over the well, which is given by

o A
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xL,\[E-%]z, (1-6)

2m
1 1 .2 w
T =1 + E sS1ln [—;E (8 + IVI)

m 172
with 1/¢ = [—‘_‘x-(c—fwn] '
1.nb
is equal to unity since the arqument of the sine term is equal
to an integral multiple of w. For energies around these
values, the transmission coefficient T can differ significant-
ly from unity if the energy is not too high above the confin-
ing potential (V). These resonances in the transmission
coefficient may create virtual levels which could have an
important role in the capture of carriersP?84.BB86 Transi-

tions involving these resonant continuum states are observ-

ableD90,BBBG,ZP84

even though experimental evidence is not
always clear-cut since these transitions could often have
energies close to that of other possible transitions. For
energies much larger than the confining potential V), € » 1
and T = 1 for all energies, hence only few resonant continuum
states, at energies close to the confining potential, are

expected for QW structure surrounded with barriers of infinite

spatial extent.

To illustrate the results expected with this model (which
considers barriers of infinite spatial extent) for an
In Ga _As/GaAs SQW system, fig. 1~2 displays the well width

dependence for X = 0.135 as calculated by the above method.
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Fig. 1-2: Wellwidth dependence of the energy levels of an Ing, 135 Gag sssAs/GaAs SQW. The
enargy of a transition ijH for a given well width is obtained from Ejyn=e; +hh; +E5 . Where

gMh . 1.380 eV at T = 77, for that alloy composition. The dashed horizontal lfnes represent the
onset of the continua (Ve = 86 meV and Vy, = 42 meV), The curves for energies larger than

the confining potential (V's) represent the resonant continuum states, for which the transmission
coefficient T over the well is equal to unity.

Knowing the well energy gap, E: = E;"G"“, and the barrier
energy gap, E: = E:“’, one can find the strained heavy-hole
gap B BP74‘P88'D90, and hence V° and v (the confinement

9
potentials) are found from

GaAs

e _ - @ x -
v = (E E7) x (1-0Q)

h GaAs hh
= - E
v = (B ™) x @,

Where Qv is the valence band offset taken here as Qv =

pP8s8,Ds0,J388

0.33 . At T = 77 K, calculations give V° = 86 meV,
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v™ = 42 mev, and Eﬁh = 1.380 eV. The dashed horizontal lines
in fig. 1-2 represent the onset of the continua: the curves
above the V’s represent the resonant continuum states found
from eqs. (1-4) and (1-3), for which T found from eq. (1-6) is
equal to unity; and the curves below the V’s represent the
energy of the bound states as found from eq. (1-5). The energy
of a transition from an electron state e, to a heavy-hole
state hhJ is simply given by the sum of these two (e + hhﬂ,
plus the value of the strained heavy-hole gap E:" which is
taken to be independent of the well width. As mentioned above,
if the transitions are excitonic in nature, this value must be
reduced by the binding energy of the exciton. As it can be
seen, this approach [using eq. (1-5) instead of calculating
point by point with eg. (1-1)] gives a powerful method of
getting an overview of the possible transitions for a given

alloy composition at a specific temperature.

The sample used in the sequential study of sect. 3-1 has a
well width of 5.0 nm, and X = 0.135, and so the possible

transitions for this sample can be found from fig. 1-2: e =

48 meV, hh = 14 meV and hh2 = 42 meV. The 11H transition is
thus at Eny= 48 meV + 14 meV 4+ 1.380 eV = 1.442 eV. Hence,

for a binding energy of 8 mevV for the excitoango,

an
excitonic 11H transition is expected at 1.434 eV (864.5 nm),

and the other possible transitions are:
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11H at E
12H at E = 1.470 eV; 843 nm,
ec-1H at E = 1.480 eV; 838 nm,
el-cH at E 1.470 eV; 843 nm,

n

1.434 eV; 864.5 nm (excitonic),

where ec-1H means a transition from the electron continuum to
hh , and similarly el-cH is a transition from e to the

heavy-hole continuum.

This section gave the necessary background to calculate the
bound and continuum energy levels in SQW under the flat band
conditions, for barriers of infinite extent. The next sections
will describe the modifications imposed on these energy levels
by conditions often encountered in actual devices, such the
application of an electric field, or having at least one

barrier of finite spatial extent.

1-2 Presence of a uniform electric field,

The previous section was devoted to the presentation of
bound and continuum states of SQW under flat-band conditions.
In this section the case of an external and constant electric
field superimposed on the band edge profile is examined with
the assumption that the barriers surrounding the QW structure
are of infinite spatial extent. The problem for the bound

states has been investigated both theoretically and
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experimentally by several authors*. The envelope function
solutions of the Schrédinger equation in the direction of
crystal growth are Airy functions instead of the sine, cosine
and exponentially decaying functions previously used to obtain
eq. (1-1). However, if the barriers are assumed infinite in
spatial extent, a constant electric field leads to a
pathological behavior of the eigenstates of the resulting
Schrddinger equation as a function of the £ie1d®P??. At zero
field the Schrddinger equation admits a small number of bound
states (given by eq (1-3) which depends on the values of L and
V), while an arbitrarily small field is sufficient to
transform the allowed energy spectrum into a continuum. This
occurs because the potential energy for the barrier on the
side of the well which is pushed down in energy with the
electric field can be taken arbitrarily negatively large at
distances large enough from the well, since the barriers are
assumed to be of infinite extent. Nevertheless, the shifts in
the energy of the bound states can be evaluated using various
numerical acrobatics. For example one can cut off the electric
field at some large distance from the investigated gquantum
well and impose the existence of an infinitely high barrier,
as is the case for a finite but large crystal. In any case,
the field leads to a shift to lower energy of the ground

electron and hole states and, thus, of the fundamental band-

Ye.g.: IM87,TG91, W87 p.306, BB91 p.302
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BM83,MC84

to-band transition Going a step further,

TG91 have studied the continuum states

Trzeciakowski et al.
assuming a finite but large crystal (so that the energy
spectrum is discrete but dense for calculation purposes). They
predict oscillatory behavior for the continuum states for
fields of polarity raising the potential, in the
semiconductor, away from the surface. The spacing between the
peaks of the oscillations decreases as the energy increases,
in a way similar to the Franz-Keldysh

oscillationsAso'cvgo'CCQI.

The study of the SQW under an applied electric field leads
to interesting phenomena such as shifts in the energy levels,
or appearance of above-barrier oscillations. But as discussed
above, it could be more informative to consider crystals of
finite size corresponding more closely to the physical situa-
tion. The next sections will treat the case of SQWs with one

of the barrier layers (the cap layer) of such finite extent.
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1-3 SQOW with a finite cap layer, in absence of an electric

field.

Most of the calculations dealing with SQWs are usually
performed using the approaches described in the previous
sections, considering barrier of infinite spatial extent on
each side of the well. However, consideration of the finite
size of the barrier(s) leads to interesting phenomena,
especially for the continuum states. For a SQW structure
having a finite cap layer, as shown in fig. 1-3a, the problem
is to solve the Schrddinger equation for the corresponding
potential depicted in fig. 1-3b. For a thick cap layer (t - =)
this potential reduces to the "regular" SQW potential problem
(i.e.: finite height, but infinite extent of the barrier on
eacl>: side) as discussed in sect.1-1. In the following
subsectiois, theory is developed for gquantum well structures

having thin cap layers.

1-3-1 Bound states:

For E < 0 (see fig. 1-3b) the wavefunction ¢(x) is cons-
tructed in the following manner: it is required that ¢(0)=0
since the potential is assumed infinitely high for x = 0;
furthermore V(x) > E in region I, and so the solution of the
Schrédinger equation takes the form @l(x) « sinh kx. 1In

regions II and III the wavefunction is obtained in the wusual
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Fig. 1-3: a) SQW with a

capping barrier of finite size;

cap of width t, well of width L

and depth V, and thick buffer a
layer.
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way: it is a combination of sine and cosine functions in the
well region, and an exponentially decaying function for the
buffer region. Matching at the interfaces the wavefunction and
its derivative divided by the effective masses of the material
(i.e. the particle current density), one readily obtains the

condition for bound states:

-2k t
2 cos kL = sin k L [(1/5 -g) -e P (178 + .g)]. (1=7)
The symbols have the same meaning as in eq. (1-1) if the
energy is measured from the bottocm of the well (e = V| -

IEl) .
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Egq. (1-7) has two limiting cases of interest: a) for large
t (i.e. a regular SQW), it reduces to 2 cos kwL = sin k“L (1/€
- £). It is easy to show that this gives the well-known eq.
(1-1) for regular SQWs; b) t - 0, i.e. a sami-infinite SQW,
leads to cos kwL = =£ gin kHL, or equivalently, -§ = cotg
k(zq)/z, which gives the odd levels only of a regular SQW
twice as wide. This is expected, since the odd levels of a
regular SQW twice as wide will always have a node at their
center, just as the semi-infinite SQW will have a node (the
wavefunction is terminated) at the surface. Since only the odd

levels are present, the semi-infinite SQW will have no bound
mh

states for L < Y. (L-e- until the second level
2i2m"Vi

appears in the regular well of twice the width having the same

potential depth).

Between those limiting cases, eq. (1-7) was used to
calculate the influence of the cap layer thickness t on the
bound energy levels of SQWs. Fig. 1-4 gives an example of
results for a system having confining energies v® = 121 meV
and V™ = 60 meV for the electrons and heavy holes respective-
ly, for well widths ranging from 0 to 10.0 nm. The effective
masses were taken to be m: = m; = 0.0665 mOPs90 for the
electrons and m: = 0.37 m, m; = 0.41 m for the heavy holes.

Those values correspond to an In Ga “As/GaAs system which

16
will be experimentally studied in sect. 3-3. The solid lines

are for the regular SQW (i.e. t-»). The —.—.—.— line is for
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Flg. 1-4: Wael width dependence of the bound states of a SQW as in fig. 1-3t: for different values
of cap thicknesses. For the electrons (top part) V 0. 121 meV, My = Mp = 0.0665 mo ; for the heavy
holes (bottom), V th . 60 meV, mw= 0.37 moand My = 0.41 m, (corresponding to an In ¢,16Gao.s4 As/
GaAs system at 4.2 K}, The horizontal line at E = 0 represents tha bottom of the walls (the eiectroqs
and the heavy holes are separated by the heavy hole band gap E " ). The horizcntal lines at the V's
represent the onsat of the continua. Two electron tevels (e 1 and e,) and three heavy hole levels (hhy,
hh,, and hh,) are shown by the curves, for 4 cap layer thicknesses: The solid line is for the regular
SQW (tinfinitely” large 1), the -.--.-. line is for the seml-infinite QW (t = 0), the other two curves in
betwesn (often superposed to the solid line) are fort=10.0nmand t=5.0nm.

the semi-infinite QW (i.e. t = 0). The two lines in between

are for t = 10.0 nm and t = 5.0 nm.

one notes first that for t > 10.0 nm, there is practically
no deviation from the regular SQW results unless the well
width is such that the highest bound level is just below the
confining potential V. Indeed, because the wavefunction decays
exponentially in the barrier of the regular SQW as e 74 (where
.
2m

172
¥ = [—g (IVI—:)] and u is the distance from the well-

h
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barrier interface), the wavefunction dies off fairly quickly
for typical values of |V| - ¢ and m; (e is the energy measured
from the bottom of the well). Therefore if t is larger than
the "penetration depth", the wavefunction at the surface is
zero anyway at a distance u = t away from the cap-well inter-
face. One also notes that the shifts in the energy levels are
smaller for the heavy holes because of their larger effective
mass. For small t however, the shifts in the energy levels are
quite significant and one could not neglect the influence of

the finite-cap if such a device were to be built.

1=-3-2 Continuum states:

For E =z 0 (see fig. 1-3b) the Schrédinger equation allows a
continuum of energy; but in order to understand the behavior
of the carriers in these states, one has to construct the
wavefunction in a similar manner as was done in the previous
section for the bound states. Since in all regions V(x) < E,
the solution of the Schrddinger equation in the various

regions can be expressed in terms of sines and cosines. In

region I, once again the infinitely high potential at x = 0
requires ¢I(0) = 0, so that @I(x) is proportional to sin khx,
k2
where — = E . And so:
2mb

@I «x 5in k. x (1-8)
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¢“ = A sin ku(x-t) + B cos k“(x—t), = E + |V|

@I” = C sin kb(x-(t+L)) + D cos kb(x-(t+L)).
The coefficients of egs. (1-8) are fouuad by matching the
wavefunction and the current density at the interfaces,

resulting in the following four equations:

£ cos kbt,

sin k.t (1-9)

1 . .
cos kbt cos kHL £ sin kbt sin kwL,

O QO W
i

£ cos kbt sin kwL + sin kbt cos k L,

The probabilities of finding carriers with energy E in the
various regions can be calculated using egs. (1-8) and (1-9).
Let us denote the unnormalized probability of finding carriers
with energy E in the cap layer by

b 2
P, = [, 12,0k, (B),%) 1% ax;

c

similarly the unnormalized probabilities for the well and the

buffer regions are given respectively by

t+L 2
P, = [, 18,,(k,(E),%) 1% ax
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(P, is sometimes called the "well occupancy"), and

t+L+Xmax

- 2
P, = Jt+L lel(kh(E}’x)l dx,

where xmsx is the upper bound at which the integration is
truncated. The truncation of the integral will not reduce the
accuracy of the results if x > t+L. Since the buffer layer
will be much thicker than the cap layer, the thickness of the
buffer layer can be taken for the value of X The substrate
region (i.e. the material beneath the first-grown barrier) is
not considered in the calculations because it is often doped
or of poorer quality: hence, the coherence of the wavefunction
will be lost after a short distance, and/or the different
doping level can result in the presence of a barrier at the

buffer/substrate interface. After integration:

t[ Sin2kbt]
5|11 e

P, = 2K € (1-10a)
Ll 2 ) , , sin 2k L sin® kHL]
pu = '2-'[(.11 + B") + (B” - A&7) —z}qi—— + 24B —'ku—L' (1-10Db)
. .2
sin 2k Xmax sin® kK Xmax ]
_ Xmax 2 2 _ b b
pb T2 [(C2 + D) + (D cz) 2kanax + 2CD kamax *
{1-10c)

The quantities of interest are the normalized probabilities of

finding carriers of energy E in the various regions. These
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quantities are obtained by dividing the unnormalized probabi-
lities by the total probability of finding carriers of energy
E in the whole device, i.e. p, = P *+ P, + p_. Thus, the

normalized probabilities of finding the carriers in the

respective regions are:

Pc = pc/pt
Pw =p“/pt (1-11)
Pb = pb/pt'

Another quantity of interest, which is associated with the
density of states in the device induced by the presence of the
well, is pt/pmN, where P,y is the unnormalized probability
of finding carriers with energy E in the corresponding box

without the guantum well:

sin Zkamax
] {1-12)

_ Xmax -
pbox - 2 [1 2kamax

Calculations show that p /p _ behaves like the probabilities

of finding the carriers in the various regions.

Of the three terms in egs.(1-10b) and (1-10c), the first
term is usually dominant because of the large denominators in
the second and third terms ({especially in eq.(1-10c)). Sub-
stituting the expressions of egs. (1-9) into the first term of

eq. (1-10c), one obtains:
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2 o+ D% = cos? kuL + sin® kwL (I/E2 sin® kbt + Ea cos kht) +

2 cos kHL sin k“L cos kbt sin kht {€ - L/&).

The well width L is usually relatively small compared to the
cap layer thickness t, and so the above term oscillates with
energy as k t changes, giving peaks of probability at certain
energies in the various regions. When the energy E -+ 0, £ » 0,
and as E increases, § - 1 and c + D > 1, so that the oscil-
lations of probability with energy disappear at higher energy;
then, the system behaves classically. In this situation, the
classical probability of finding carriers in any given region
is given by the ratio of the width of the region to the total

width of the device.

The best contrast' in the probabilities of eqs. (1-10b) or
(1-10¢) is obtained if kL is equal to an odd multiple of mn/2
at an energy slightly above the barrier. For that energy, cos
}&L = 0, sin k;L = 1; and for energies around this value, the

unnormalized probability in the buffer region becomes

4

p, ~ 1/€° sin’ kt + & cos’kt,

so that for small E, £ - 0 and p varies as sin’ kt, and

*In analogy with optics, the contrast (or the visibility) of
the oscillations can be defined as: (max - min)/(max + min);
or simply: max/min. Where here, min and max are respectively
the minima and maxima of the probabilities.
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consequently, it will oscillate with energy, having extrema

(minima and maxima) at:

E = 8t2m: n (1-13)
where n is an integer. If the buffer layer is thick (large
Xmax) , P usually dominates p  because of the xmax factor in
eq. (1-10¢). Therefore, carriers (which could have been
photoexcited in the continuum with an energy E) will usually
occupy the buffer region except at the energies around which
P, has a minimum, i.e. when sin? kgt has a zero; then p, is
dominated by p_, SO that P = p_/p, is close to unity, and
then the probability to find the carriers in the cap increa-
ses. So that depending on the energy at which carriers are
photoexcited in the continuum, they will tend to occupy
preferentially a given region. This is illustrated in fig. 1-5
which shows the normalized probabilities of finding electrons
in the cap (fig. 1-5a), in the well (fig. 1-5b) and in the
buffer (fig. 1-5c} regions for a cap layer width of 50.0 nm, a
buffer of 1.0 um, for the system of fig. 1-4 (i.e. V° = 121
mev, m: = m; = 0.0665 m ) with a well width of 3.5 nm. The
dashed horizontal lines represent the values of the classical
probabilities. In fig.1-5a one notes that Pc has sharp pro-
bability peaks, especially for small E, and outside these
"resonance" peaks the probability goes back down close to
zero, as explained above for the case khL = n/2 for small E.

For example, the values for the first three maxima of
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horizontal lines are the classical probabilities. a) is for the cap layer region, b) is for the
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probability are: 73 %, 42 $ and 26 %. That is, one has high
probability that electrons will occupy the cap layer at some
definite energies even though the cap is much thinner than the
buffer. For the present situation, the classical probability
to get carriers in the cap is 50.0 nm/ 1053.5 nm = 4.7 %. This
is a remarkable energy segregation of the carriers amongst the
various regions induced by the presence of the high potential

at the surface.

Probability peaks similar to those of fig. 1-5a are also
observed for the well region, see fig. 1-5b. The dimension of
the well being small compared to those of the cap and buffer,
the maximum values of probability in the well are smaller. As
opposed to the situation for the cap, the envelope of the
oscillation pattern decreases slowly on a smoothly increasing
background to reach the value of the classical probability
(3.5 nm / 1053.5 nm = 0.33 %) as E increases. Fig. 1-5c (the
probability in the buffer) is approximately one minus the
values of fig. 1-5a since the values for the probability in
the well are small (Pc + P" + Pb = 1). It merely illustrates
that at the energies where the carriers are not in the cap,
they occupy the buffer, except for the small fraction in the
well, and therefore, carriers photocreated in a given region

at these energies will redistribute accordingly.

As long as the thickness of the buffer layer is Kkept large
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compared to the size of the cap and well regions, the choice
of the buffer layer size will only affect the values on the
vertical axis of the graphs; indeed, for buffer layer sizes
larger than a few times that of the cap layer, the shape of
the oscillations 1is essentially independent of the buffer
size. The ratio of the probabilities of finding the carriers
in the various regicns to the classical probabilities would be
independent of the buffer size under these conditions. Oscil-
lations in the probabilities of finding the carriers in the
cap layer or oscillations in the well occupancy, such as those
of fig. 1-5a or 1-5b for example, will be associated with the
above-barrier oscillations observed in spectra of SQWs having
such cap thicknesses and well widths. Experimental results
obtained in modulated reflectivity are presented in sect. 3-3.
Reflectivity experiments should be particularly sensitive to
variations in the presences of carriers near the surface (cap

and/or well) of the sample.

Considering the wavefunction for various values of energy,
it is easy to visualize what is happening with the probabi-
lities. Fig. 1-6 depicts the wavefunction of the electrons for
the case studied above (fig. 1-5; well width 3.5 nm, cap layer

e

is 50.0 nm, V = 121 meV, m: =m

Yy 0.0665 m. and the wave-

function is independent of the buffer thickness assumed to be
very large), for the first two resonant probability peaks of

the cap (fig. 1-6a and 1-6b) , and for an off-resonance
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probability peaks in the cap layer and for an off-resonance situation for the
example of fig. 1-5. a) is for the first peak at E = 2.25 meV, b} is for the second
peak at 9.98 meV, and c) is for the off-resonance situation at E = 4.5 meV.

The region between the two vertical dashed lines corresponds to the well of
width L = 3.5 nm; to its left is the cap layer of thickness t = 50 .0 nm, and to its
right the thick buffer.
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situation, fig. 1-6c. The wavefunction for the first peak (at
E = 2.25 meV; i.e. 2.25 meV above the continuum edge) has no
node in the cap (x < 50.0 nm), whereas the wavefunction for
the second peak (at E = 8.98 meV) has a node in the middle of
the cap. The ratio of the amplitude of the wavefunction in the
cap to the amplitude of the wavefunction in the buffer (x >
53.5 nm) is larger in the first "mode", giving a higher peak
of probability in the cap. In the off-resonance case, fig.
l1-6c for E = 4.5 meV, the wavefunction amplitude is much

smaller in the cap than it is in the buffer.

The previous example satisfied the condition kL = m/2 for
small E, in which case a jcod contrast in the probabilities is
observed. Now to illustrate the case where kwL < n for small E
(i.e. the case in which there wculd be a resonant continuum
state for the regular SQW), one may calculate the probabi-
lities for the heavy holes for the same type of well (i.e. L =
3.5 nm, £t = 50,0 nm, buffer of 1.0 um, and now v = 60 meV,
m: = 0.37 m, m; = 0.41 m). Indeed, the heavy holes in such a
well satisfy the condition khL = ® for small E. Results are
shown in fig. 1-7 for the probability in the cap layer (fig.
1-7a} and in the well (fig. 1-7b). The probability for the
buffer region is not shown, because it is easily deduced from
fig. 1-7a, as explained in the previous example. Once again,
probability peaks a. 2 observed, but the spacing between their

extrema is decreased because of the larger effective mass of
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the heavy holes (a larger m; in eq. (1-13) decreases the
spacing between the En). In fig. 1-7a for the cap layer, the
first few peaks have probabilities much higher than the
classical probability (65 %, 36 % and 21 % for the first three
maxima as compared to 4.7 % for the classical probability).
However, the contrast of probability is not as high as it was
in the previous example, the probability minima havirg higher
values here. The striking feature in fig. 1-7a is the node in
the envelope pattern of the oscillations at around 24 meV. At
this energy, kg; = 7w, and the regular SQW would have a so-
called resonant continuum state. This means that a particle
incident on one side of the regular SQW has a probability of
transmission to the other side equal to unity. Similarly, in
the situation studied here, if the condition k L is satisfied,
the well forms an "open channel" for the carriers in the cap
and buffer regions. Consequently, the classical values of
probabilities are expected at this energy. Except for the
emaller energy spacing between the peaks of the oscillations,
the probabilities of finding the heavy holes in the well (figqg.
1-7b) behave similarly to what was seen for the electrons
(fig. 1-5b). Chapter 3 gives experimental evidence that for
thinner cap layers, the contribution comes mainly from the
heavy holes, whereas for a thicker cap layer the dominant
contribution is from the electrons with their smaller effect-

ive mass.
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situations of good contrast of probability at low energy
(as seen in fig. 1-5, first example), for the system of fig.
1-4, will be obtained for the heavy holes at L = 2.0 nm, 6.2
nm, 10.3 nm, etc (i.e. kML = n/2, 3njf2, 5un/2 respectively).
For the electrons, good contrast is obtained for L = 3.4 nm,
10.2 nm, etc (i.e. kKL = n/2 and 3m/2). For larger well widths
however, the argument kuL changes more rapidly with energy,
reducing the energy range in which good contrasts are ob-
served. A situation of open channel or resonant continuum
states as seen in fig. 1-7 (second example}, will be observed
if the well width is slightly smaller than the width at which
a new bound state appears (i.e. the usual condition to get the

resona.at continuum state in the regular SQW)

The depth of the potential well will influence the way in
which € reaches unity as E increases. For a shallower pnten-
tial, £ is closer to unity for a given energy, and the system
behaves more classically (as expected for a shallow poten-
tial), giving less probability contrast. The spacing between
the extrema of probability is determined mainly by sinz(kbt)
which has its extrema given by eq. (1-13). consequently, if
the product of the square root of the carrier effective mass
and the cap thickness is large, the energy difference between
two consecutive extrema of probability becomes small, approa-
ching classical behavior in the limit of "high quantum num-

bers".



Chapter 1 Theory ... SQW 39

This section predicted shifts in the bound states for cap
layer thinner than about 10 nm, and interesting oscillatory
behavior of the continuum states for cap thicknesses as large
as 100 nm, in the flat-band conditions (i.e. zero-field). Next
section will focus on these oscillatory behaviors of the
continuum states when an uniform electric field is applied to

the structure.

1.4 Presence of a uniform electric field.

It was shown in sect. 1-3-1 that the bound states of a SQW
would not be significantly affected by the surface potential
if the cap layer is larger than about 10 nm. The study of the
effect of an electric field on the bound states of SQW with
such small cap layer certainly has an interest of its own. But
for clarity, the theory related to that problem will not be
developed here, since the thinnest cap layer studied experi-
mentally was 50 nm thick. The effects of the electric field on
the bound states of the samples studied could therefore be
interpreted with the well-knowr. Stark effect as mentioned in

sect. 1-2.

In this section, the emphasis will be given on the continu-
um states in the potential depicted in fig. 1-8. An electric
field (F) is applied to the SQW potential of fig. 1-3b; the

polarity of the field is chosen such that the potential away
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from the surface is lowered. The problem with the opposite
field polarity reduces to that of a quantum well in a trian-
gular potential (formed by the slope of the applied potential
and the vertical potential at the surface). Trzeciakowski and
a176%1 pave studied similar problems, but only in the case of
parriers of quasi-infinite spatial extent. Trial calculations
(results not shown here) taking into account the finite-size
of the cap layer, for that polarity showed that the continuum
states of the square quantum well becomes discrete, and are
essentially the bound states of the corresponding triangular
well. For small energies over the square well however, these
pound states are displaced in energy depending on the depth

and width of the well, the cap layer thickness, and the
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magnitude of the field. This problem will not be studied in
details here, and for the remainder of this section, the
continuum states of the potential of fig. 1-8 will be

analyzed. Explicitly the potential is

V(x) = -|Flex for x < tor x > t + L,

-|Flex -~ V| for £t s x =t + L.

The zero-energy line, E = 0, is as illustrated in fig. 1-8.
After the proper substitutions, the Schrédinger egquation with

the above potential reduces to the Airy equation ¢ (u) - u

AS64

$(u) = 0, with the Airy functions for solutions in the

various regions:

8 (x) =8 (2(x)] = a AL [2(x)] + B Bi [z(x)], (1-14)

e (x) =& [C(x)] = a, AL [C(x)] + B, Bi [C(x)],

well

e (x) =& [2(x)] = a AL [2(x)} + B, Bi [(2(x)],

where z(x) = -x (2m/|Fle/h®)"” (1 + E/(IFlex)],

and C(x) = -x (Zm:;iFIe/hz)Va (1 + (E + IVI)/(IFlex)].

As before, the cap wavefunction must vanish at x = 0, and so

o, and B1 in eq. {(1-14) may be chosen to obtain:

§cap“ Bi [z(0)] Ai [2(x)] - Ai [z(0)] Bi [2(x)]. (1-15})
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Furthermore, going through the procedure of sect. 1-3-2, one
would obtain o, B, and «, B, of eq.(1-14), and the probabi-
lities of finding the carriers in the various regions. The
algebra is similar, except that the integrals involve Airy

functions instead of sines and cosines:

o, = n[ (Bi(z(0)] Ai{z(t)] - Ai[2(0)] Bi[z(t)]) x Bi'[£()] -

(m:/m:) 2/3

(Bi[z(0)] Ai’[z(t)] - Ai[z(0)] Bi'[z(t}]) x

Bi(£(8)1]
g, = T -(BL[2(0)] AL[2(8)] - AL(2(0)] Bilz()]) x AL'(E(E)) ¥
(m'/m)¥° (Bi[z(0)] Ai’[z(t)) - Ai[z(0)] Bi'[z(8)]) x
AiE(t)1)
a, =1 [ (a, Ai[E(t+L)] + B, Bi{£(t+1)]) x Bi‘ [z (t+L)] -
(m/m)>° (@, AL‘LE(t+L)] + B, Bi'[£(E+L)]) x

Bi[z(t+L)]]

g =T [ -(o, AL[£(L+L)] + B, Bi[E(t+L)]) x Ai‘[z(t+L)] -
. s 2/3

(o /m)¥? (o, ALY[E(E4L)] + B, Bi'[£(E+D)])

Ai[z(t+L)]]
(1-16)

After integration of the probability density (Ib(x)lﬂ, the

unnormalized probabilities for the various regions are
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obtained by substituting the appropriate limits into the

following integrated expression:

2 ! 2 x=t
b, = (200 & (2001 - @)tz )7 |
x=0
L] » F; ®=t+L
p, = (my/m)™ {£0x) 83 (£ - (8, 6x) 1)) .
3 2 ’ 2 X=Amax
p, = (200 12001 - (8,020 1)) | (1-17)

Where the primes denote the derivative of the Airy functions
with respect to their argument (the extra factors coming from
the change of variables have been taken into account by the
factor in front of p ). The normalized probabilities are found

from eq. (1-11).

To illustrate the influence of an applied electric field on
the probabilities of finding the carriers in the various
regions, calculations were performed for the SQW structure of
the previous example (i.e.: t = 5.0 nm, L = 3.5 nm, and a
buffer of 1.0 um; V for the heavy holes is 60 meV; the Zzero-
field results were in fig. 1-7). Results in fig. 1-9 show the
evolution of the probabilities as the applied field F is
changed, curve i to xi are the normalized probabilities of
finding the heavy holes in the cap layer (fig. 1-9a), and in
the well (fig. 1-9b) for electric field values between 0.0 to

10.0 KV/cm, in steps of 1.0 KV/cm. The horizontal axis
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represents the energy measured from the lower edge of the well
(see fig. 1-8). The probabilities oscillate with the energy as
expected from the flat band results of previous section. It is
now possible to follow the extrema of the oscillations as the
electric field is varied. They are found to shift monotonical-
ly to higher energies as the electric field is increased.
similar shifts will be observed experimentally at various
field in the Electroreflectance spectra which will be present-

ed in sect. 3-3-2.

To gain more knowledge on these shifts, fig. 1-10 compares
the 0 KV/cm (curve i) and the 5.0 KV/em (curve vi) spectra of
fig. 1-9b. Curve vi of fig. 1-10 was shifted in energy to show
that the peaks at positive energies (those to the right of the
vertical dashed line, labelled from 7 to 15) correspond to
those of the =zero-field situation; that is, the spacing
between the peaks is preserved, but their positions are
shifted in energy with the applied electric field. There are
two contributions to that shift: the edge of the well is moved
down in energy with increasing electric field, displacing the
peaks upward by the same amount (here +5.35 mevV/(KV/cm)), and
also numerical analysis shows that the peaks are shifted down
because now eq. {1-15) has to be used instead of eqgs. (1-8).
For the present example, the latter shift is found to be «2.49
meV/(KV/cm) from fig. 1-10, giving a net shift of +2.86

meV/(KV/cm). For E =z 0, the vertical potential limits the left



46

. SQW

Theory .

Chapter 1

| -g-1 By Ul paressny|l Se ‘I aaInd Joj aull °3 au jo uomsod

Sy} SOIEDIPUI BUI| PAYSEP [EOIISA U} PUE ‘(M aU} Ul S1aured ay) Buipuy jo Aqeqosd feolssed eyl
S| 9UI| PAYSEP [EILOZUOY B G| O} / WO Pajiage] 91om yojum sxiead ay ubire o} AB1eus ul paliys
usaq sey 1 sAINg “6-| "Bl §0 (WA/AM 0°G) 1A pUE (WO/AX 0) | SAIND usamiaq uostiedwod 10 L-1 614

(Aew) Abieuz

o0b 08 09 Oy 02 0 o2-
e e b L4 000070

1 " N 9
N | - 02000 &
i T | - o
1) 11 S
. m - ov000 E
] | - =
- - 09000 3
] i - 5
: By - 08000
5 : - <0
. __ - 00100

L L —— T T




Chapter 1 Theory ... SQW 47

of the SQW band diagram in fig. 1-8, and this is why the peaks
in probability for these energies are very similar to those
found for the zero-field situation: the separation bztween the
extrema increases as the energy is increased. However for E <
0, the left of the band diagram in fig. 1-8 is limited by the
tilted 1linear potential (caused by the applied electric
field), and then the spacing between the extrema of the
oscillations in the probabilities diminishes as the energy is
increased, as can be seen in fig. 1-10 curve vi, to the left
of the vertical dashed 1line. Another remarkable feature
induced by the applied electric field is the overall increase
in the probability of finding the carriers in the well region
at small energies. The zero~field probabilities of finding the
carriers above the well were smaller than the classical
probability (horizontal dashed 1line), but as shown in fig.
1-10 for 5.0 KV/cm, for example, the probabilities of finding
the carriers in the well region for small energies are on

average higher than the classical probability.

Chapter 1 has established the theoretical background
necessary for the interpretation of the experimental results.
Before the presentations of these results, the experimental
techniques (from the sample preparation to the various spect-
roscopic techniques) used to obtained the results will be

described in chapter 2.
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This chapter details the samples studied, and the experi-
mental techniques. Photoluminescence permits a quick determi-
nation of the energy of the ground state levels, and of the
quality of the samples. It is therefore useful for a prelimi-
nary characterization. Photoreflectance, electroreflectance,
or photovoltaic effect will allow us to obtain more informa-
tion about the intermediate levels in the QW structures.
Electroreflectance is particularly adequate to quantitatively
study the effects of the applied electric field. Because
modulated reflectivity measurements are potentially more
sensitive to the oscillations in the density of carriers near
the surface than transmission or other possible type of
modulation techniques, photoreflectance and electroreflectance
will be used to observed the cap-related above-barrier oscil-

lations described in chapter 1. Moreover, reflectivity spec-
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troscopy is easily performed in contrasi: to other techniques
such as transmission which may require etching of the sub-
strate, especially at above-gap energies. Electroluminescence
is a technologically interesting alternative to photolumines-
cence, the carriers being excited electrically instead of

optically.

2-1 Sample growth and preparation:

In this work, the semiconductors used to construct *he
quantum wells are InGa  As for the adjustable low bandgap
material, and GaAs for the barrier. The lattice mismatched
between InGaAs and GaAs restricts the choice of the alloy
concentration to X < ~0.25. For values of X larger than 0.25,
dislocation in the crystalline structure may occur, relaxing
the strain in the layers. To avoid relaxations of that lat-
tice-mismatched induced strain, i. .s also necessary to Kkeep
the total thickness of the strain layers smaller than a

critical thicknessBHgo

. In practice, this will not impose any
restriction on the thicknesses of SQW for the range of X
mentioned above. Choosing a particular X value, and taking
into consideration the strain induced shift in the InGaAs
energy gap for that value, it is then possible (using the
theoretical background of chapter 1) to predict the interband

transivions of the SQOW as a function of the well width as

illustrated in fig. 1-2 or 1-4. Custom designed samples with
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the desired well width and composition are then grown by
Metal-Organic Vapour Phase Epitaxy (MOVPE) on commercially-
avzilable GaAs substrates (fig. 2-la). The ~ubstrate are
oriented in the (100) direction, and Si doped to n = 1 x 10'®
cm™® giving good electrical conductivity even at low tempera-
tures. Fig. 2-1b sketches an undoped GaAs buffer layer grown
by MOVPE on top of the above substrate. The epitaxy was done
at the Inst-itute for Microstructural Sciences at the National
Reasearch “uvuncil of Canada (NRCC) by Dr. A.P. Roth and his
group. The epitaxial material has a typical residual n-doping
concentration in the range of 10!* em™. More details on the

RM87  1n the sequential

growth technigue are given elsewhere
study, buffers with thicknesses 0.5 and 2.0 um were investi-
gated order to test the relative response of the underlying
substrate as the buffer thickness is changed. Fig. 2-lc
represents (not to scale) the complete SQW having a Dbuffer
layer of tnickness xmax and a cap layer of thickness t. The

buffer and cap layers of the complete SQW sample are of the
same nature as the buffer layer of fig. 2-1b, and they are
grown on a substrate as in fig. 2-la. Well widths between L =
2.0 and L = 12.0 nm have been grown. For convenience, the band
diagram of the complete SQW is shown in fig. 2-1d where the
labels bear their usual meaning: V° and V'™ are the confining
potentials for the electrons and heavy-holes respectively, e,

and hhj are the energy levels (measured from the bottowm of the

well unless otherwise specified) for the confined electrons



Chapter 2 Experimental techniques 51

Fig. 2-1: back contact top contact
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and heavy-holes respectively, ij H denotes the transition from

h hh

the i*" electron level to the j' heavy-hole level, E:'J

is the
strained heavy-hole band gap and E;h would be the strained
light hole band gap. E;h is not shown here because it would be

below the valence band of GaAs as explained in sect. 1-~1.

For ER, EL, or PV, electrical contacts are needed to apply
an electric field, or to create a built-in field to separate
the photocreated carriers. To that effect, a semi-transparent

gold thin film, a few mm> in area, could be evaporated (using
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Fig. 2-2: SQW sample with electrical contacts.

a cryopumped evaporator) on the front surface of the sub

strate, buffer, or complete SQW samples. Fig. 2-2 illustrates
a complete SQW sample with such a gold barrier, with an A12°3

guarding pad, and with indium contacts in the back of the
sample. The guarding pad was evaporated before the deposition
of the gold electrode to protect against short circuit near
the position where the signal leads are bound with a thermally
activated, electrically conducting epoxy. The ohmic contacts
were formed on the (n-type) substrate by heating a small piece
of indium at 300 °C for few minutes in an inert atmosphere.
Ohmicity was always checked between the two indium contacts by

tracing an I-V curve, whereas an I-V curve between the indium



Chapter 2 Experimental techniques 53

and the gold contacts would display typical diode-like recti-
fication. The experiments described in this work have used the
above type of Schottky configuration (i.e. a barrier on top,

and an ohmic contact on the substrate layer in the back).

The component layvers could be analyzed individually by
performing experiments on the sequence shown in fig. 2-1, or
series of complete SQW samples with different parameters could
be studied, by using the various techniques described in the

following sections.

2-2 Photoluminescence (PL):

Photoluminescence is the radiative process by which a
material (bulk semiconductor, or QW structure in our case)
emits a photons after recombinations of thermallized photo-
created electron~hole pairs, or excitons. Consequently, PL and
the techniques based on PL such as Time-Resolved PL, or PL
Excitation, provide us with powerful tools for a quick charac-
terization of the energy 1levels and an assessment of the
quality of the samples studied, or for a detailed analysis of
the dynamics of the carriers. The energy-spread in the width
of the spectral lineshape will indicate the quality of the
samples. For example, fluctuation in the alloy composition or
the width of the well of a QW structure, would broaden the PL

peak. In this work, only CW (continuous; i.e. not Time-
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Resolved) PL will be used ,except for the results presented in
fig. 3-6 and 3-7 which were obtained with a pulsed laser so
that high intensity of excitation could be used without
damaging or heating the samples. In that case, a boxcar

integrator was used to measure the amplitude of the signal.

PL, has the advantage that it does not necessitate any
additional sample preparation since it does not need any
electrical contact (if transparent electrical contacts are
present, it is then possible to measure the PL as a function
of the applied electric field as described in sect. 3-3}.
However, the results can be dependent on the choice of the
wavelength of excitation. Indeed, the absorption coefficient
of the semiconductor varies rapidly above the energy gap (~ 60
cm™'/meV), consequently the penetration depth of the exciting
beam of light will depend on the energy of the probing
photons. To illustrate this effect, fig. 2-3 shows the

"%y for

transmission profile using Beer’s law (I/I, = e
values of a between 1x10' cm™ to 1x10° em™', for x between 0
and 1000 nm. For instance, for a probing wavelength in Gaas at
125 meV above the gap (A ~ 800 nm at room temperature), a =
1.4x10° em” F2%; and at 650 mev above the gap (A = 600 nm at
room temperature), o = 4.7x10% cmd, corresponding
approximately to curve i and v in fig. 2-3. The choice of the
type of laser used to excite the PL, will determine the

wavelength of excitation (Ahx)' Different wavelength of
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Fig. .2_-3: Transmission profile in a (semiconductor) material for absorption
coefficient values between 1 X 10%cm-fand 1 X 105cm .

excitation will correspond to different absorption coefficient
a(r_ )i and depending on a(r_), a significant fraction of the

intensity of the probing beaw reaches the underlying layers
(such as the substrate in a gquantum well sample). Part of the
optical response obtained may then originate from these
layers. Hence, a Jjudicious choice of the excitation
wavelength, or a sequential study as the one performed in

chapter 3 may be necessary.

The experimental set-up for PL is shown schematically in

fig. 2-4. The sample is placed in an optical cryostat which
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Fig. 2.4: Experimental set-up for PL experiments using two lenses to collect
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keeps its temperature constant, and is excited with a filtered
laser beam at a wavelength A, with a power P, focused on an
area A, giving an exciting intensity I = P/A. The laser
light scattered from the sample it filtered-out, and the
emitted PL is collected and passed through a spectrometer. The
dispersed PL is then detected with an appropriate
photomultiplier (PM) using standard synchronous methods. The
signal is then digitized, stored, and analyzed with a
computer. The typical apparatus consisted of: an optical
1iquid nitrogen cryostat (custom designed for routine

measurements at T=77 K), or an optical liquid helium cryostat
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(for measurements between T - 1.8 K and T = 295 K); a CW Argon
ion laser at A_= 488 nm or 514.5 nm, or an HeNe laser at
€22.8 nm, with the appropriate Fabry-Perot interference
filter, or a prism, to isolate the laser 1line; a 1.0 m
spectrometer equipped with a 1200 grooves/mm grating giving a
dispersion of 0.8 nm/mm; and GaAs or InGaAs Hamamatsu PM
detecting up to A=1.0 um, or in certain cases, a Si-detector
which could be placed directly at the exit window of the
cryostac if the spectral dependence of the PL needed not to be
studied. The sample in the 1liquid nitrogen cryostat was
mounted on a cold finger in thermal contact with the liquid;
and the sample in the liquid helium cryostat could be immersed
in superfluid pumped helium for measurements below the lambda
point, or placed in a controllable flux of cold helium vapor

for the higher temperature.

The efficiency of the detection will be very much affected
by our ability to collect the PL emitted from the sample. The
preferred method to collect the PL consists of two biconvex
lenses (L1 and L2) positioned to optimized the signal reaching
the PM as sketched in fig. 2~4. The formalism involved in the
optimization of the PL collected is elementary, but leads to
useful considerations, the lack of which could severely
deteriorate the quality of the experimental results. To that
effect, Appendix 1 gives a description on how to optimize the

optics of such a two lenses system in order to maximize the
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amount of light collected in PL experiments. Other system,
such as mirrors, can be used to collect the PL; they can be
optimized using considerations similar to that of Appendix 1,
or Appendix 2 which describes how to optimize the efficiency
of a single mirror system in the case of a white light source
with a monochromator. Furthermore, the angle at which the
probing beam hits the sample may influence the PL spectra. For
example for QW structures the direction of the propagation of
the light and its polarization will influence the selection
rulesf. The angle at which the PL is collected will also
influence the amount of light collected. Fig. 2-5 illustrates
a laser beam hitting the sample at near normal incidence, and
the PL being collected along the sample width. Semiconductor
materials like GaAs have relatively high indices of refrac-
tion. Consequently, a large fraction of the probing beam will
be reflected at the surface. For example at room temperature,
light at A=632.8 entering GaAs at normal incidence, with
n=3.86 and k=0.20, will be reflected with R=35%. And part of
the PL, at A = 920 nm for example, trying to exit the crystal,
with n = 3.6, will be reflected internally. At normal inci-
dence R = 32%, but a large fraction of the PL (at a wavelength
at which the sample is transmitting light) created beneath the
surface may get trapped within the sample since the critical

angle for total internal reflection will be small for such a

Y w87, p.52.;KS90
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Fig. 2-5: Total internal reflection and critical angle in a semiconductor
siab, with n = 3.6 {8, = 16°), in PL experiments.

high index of refraction; e = sin™ (1/n) = 16°, as illus

trated in fig. 2-5. This is why the choice of the angle at
which the PL is collected will have a significant influence on
the efficiency of the detection. Collecting the PL perpendi-
cularly to one of the surfaces of the sample (i.e. from the
edge or from the face) will optimize the amount of PL reaching
the detection system. Collecting the PL from the edge is
easier experimentally, and will have the additional advantage
that if the material is transmitting well at the wavelength of
emission, the sample may form a waveguide for the PL into the

collecting system.

Even tough CW PL is a gquick and very useful method for

characterization of the sample, by its nature, it favors the
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transition having the lowest energy (11H transition for the
QWs). Information about the higher 1lying energy levels is
usually necessary for a complete characterization. Such
information can be obtained by doing other type of experiments
such as the Photoluminescence Excitation (which is experi-
mentally more complex), or alternatively PR, ER or PV which

are described in the next two sections.

2-3 Photoreflectance (PR) and Electroreflectance (ER):

Modulation spectroscopy is recognized has a powerful tool
to study interband transitions in bulk semiconductors or
intersubband transitions in gquantum well heterostructures*.
This section will describe the major two techniques, used here
to modulate the reflectivity of our samples. In PR a secondary
chopped beam of photons modulates the carrier concentration
and/or the surface electric field (which modulate the dielec-
tric constants) of the sample wiaile a probing beam of DC
monochromatic light is scanned. Together with a large DC
component, the light reflected from the sample will contain a
modulated component. The amplitude of the modulated component
depends on the energy of the probing beam relative to the
energy levels of the sample. As was the case for PL, contact-

less samples can be studied by PR. In ER the modulation is

*ABO, P91, RJ89%, P88, RJ8B7, JD89, KS%0, PG88, PCI0
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achieved by applying an alternating voltage (which modulates
the electric field) across the sample, through a semitranspa-
rent Schottky barrier (as described above in sect.i). There
exists methods other than the Schottky configuration to apply
the voltage in ER, such as immersing the sample into an
electrolytic solution, but this method is obviously not
suitable at low temperatures where most of the interesting
data are obtained. While the small alternating voltage modu-
lates the electric field, a bias DC voltage may also be
applied to analyzed the properties of the sample at various
values of the electric field. Therefore, PR has the advantage
that it does not necessitate electrical contacts, whereas ER
can be used to quantitatively control the electric field
applied to the sample. PR or ER experiments on guantum well
structures give spectra with typical derivative lineshapes
associated to the intermediate transitions (such as 12H, 21H,
22H, etc) as well as to the more dominant transitions such as
the 11H or the barriers energy gap (GaAs gap), or other
intersubband transitions at above-barrier energies involving
continuum states such as the ones described in sect. 1-3 and
1-4. For this reason, a large part of the experimental work
(e.g. see sect. 3-3) will be based on results obtained with PR

or ER.

Spectra obtained with bulk semiconductor material will

display features associated with the interband transitions,
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Spectra obtained with bulk semiconductor material will

display features associated with the interband transitions,
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present in the energy range scanned, such as the fundamental
gap Eq. Oscillations associated with  the Franz-Keldysh
effect* are often observed at above-gap energies. These
oscillations are very different from the ones related to the
continuum states of a Quantum Well structure having a finite
cap iayer as described in sect. 1-3 and 1-4. The Franz-Keldysh

osciliations follow the relation
E =E +a (n- 1/2)%7, (2-1)

where E_ is the energy of the n-th extremum, E would be the

energy of the gap, and

/3
o = [ JHEhT/J
4(2u)

is related to the electric field F, and to u, the electron-
bnle reduced mass. A plot of the experimental values of En Vs
(n - 1/2)2/3 gives an accurate measurement of the energy gap
Eo, and of the electric field F. Furthermore, if the electric
field F is changed by varying the voltage across the sample
v,), then the electric field can be calibrated as a function
of the applied voltage., Comparing these values of field with
the equation F = F + V /d (which would be valid for uniform

field), would give information about the thickness (d) of the

Y 280, p.140, P91
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intrinsic region of the sample across which the voltage is
dropped, and about the built-in field (Fo). The above proce-
dure will be demonstrated with a GaAs epilayer in the sequen-
tial study (sect. 3-2). Franz-Keldysh oscillations may also be
observed in spectra obtained with Quantum Well samples since

CCc91,CVa0
they also contain a large fraction of bulk material .
Therefore the electric field and thickness of these samples

can also be calibrated using the Franz-Keldysh effect (see

sect. 3-3}.

Because of the derivative nature of the lineshape and the
sensitivity of the technique to almost all the transitions,
the spectral features obtained with ER or PR of Quantum Well
heterostructures can sometimes be complicated. So a careful
analysis of the lineshape may be required to accurately
determine the energy positions of the various transitions. A
spectrum S(E), where E is the photon energy of the probing

beam, may be fitted usingAgO:

ie -m
S(E) = Re[z ce . (E-E, + il ) ’]. (2-2)

Where Re[ ] denotes the real part, and the summation is over
all the transitions participating to the signal. Ej is the

energy of the jth

transition, c, is the amplitude, FJ is the
broadening factor, ej is the phase, and m, is related to the

order of the derivative which is determined by the type of
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critical point. For example mj=5/2 and HH=3 would correspond
to third derivatives of 3-D and 2-D critical points respect-
ively, whereas mj=1/2 and n”=1 would correspond first deriva-
tives of 3-D and 2-D critical points respectivelyﬂso'zgl'Tgl.
First derivatives are expected for bound systems such as
excitons, impurities or isolated (uncoupled) quantum wells
when the electron/hole pair cannot be accelerated by the
alternating field*. Nevertheless, many authors have analyzed
guantum well structures with third-derivative
1ineshape5291’690. For that purpose, the lineshape of a
typical ER spectrum of the 11H transition obtained with a 5SQW
was analyzed using various values of m. Results of the fit
are shown in fig. 2-6 for m values between 1 to 3 by incre=-
ment of 1/2. These values of m, would cover various dimension-
alities and different orders of derivatives. It is clear from
that figure that the fit obtained with a third derivative of a
2-D critical point ("ﬁ=3) is far better than the one obtained
with a first derivative for such a critical point (nu=1). The
third derivative lineshape could be explained because the
wells in the InGaAs/GaAs system are not very deep (shallower
than about 100 meV for the heavy holes), therefore the elec-
tric field and the thermal energy may delocalize the carriers.

In any case, the energies (EJ) obtained using either exponents

are all quite comparable within a few tenths of meV (here E

'rP91, PG88, G90, GS89, J89, HQI1
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Fig. 2-6: Fit of the spectral lineshape obtained in ER for the 11H transiti

onof a
SQW at T = 77 K. The best fit (solid curve) obtained with different values of m; in
eq. (2-2) are compared for the same spectrum (crosses).

= 1.3508 * 0.0001 eV), but the analysis yielded broadening
values ranging from FJ=3.4 meV for n5=3 to FJ=0.7 meV for

n5=1, in agreement with the findings of otherszgl.

The experimenial set-up used for the PR or the ER is
schematically represented in fig. 2-7. The regquired beam of
monochromatic light is obtained by dispersing the 1light
emitted by a 30 Watts quartz iodine source with a spectrometer
such as the one described for the PL in sect. 2-2. The visible
and infrared (IR) photons emitted by the tungsten filament are

collected and directed to the entrance slit of the
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Fig. 2-7: Monochromator using a single mirror to collect the white light emitted
from a tungsten source, and set-up used in PR and ER experiments.

spectrometer with a single concave mirror. Appendix 2 des-
cribes how to maximize the amount of light collected with such
a system. The monochromatic beam exits the spectrometer, and
is reflected, with another concave mirror, on the sample
through one of the optical windows of the cryostat. The sample
inside the cryostat is positioned in such a way that the
reflected light is directed on a silicon detector placed

outside the exit window. For PR, the modulating light was
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mechanically chopped, and could be introduced by a third
window situated between the entrance and the exit windows. A
filter was placed in front of the detector to cut the scat-
tered modulating light. The PR modulation source was either a
second monochromator operated at a fixed wavelength or an
attenuated argon-ion or HeNe laser. The energy of the modula-
ting photons was larger than the energy gap of the barrier
(GaAs), and larger than the energy of the probing beam as
well. Within the above conditions, the spectra were not
affected significantly by the choice of the energy of the
modulating light. In ER, a small alternating voltage was
applied to the sample contacts (the Schottky configuration
used is described in sect. 2-1), simultaneously with an
adjustable NC bias. The PR or the ER signal from the detector
was measured with a lock-in amplifier, digitized, stored and

analyzed with a computer.

Even though PR and ER experiments provide valuable informa-
tion for the characterization of the energy 1levels, their
possibilities of practical applications are 1limited. Spectra
nbtained with other optoelectronic techniques such as PV or EL
also provide useful information about the energy levels, and
have definite possibilities for practical application such as
energy selective detectors and emitters. These techniques are

described in the next section.
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2-4 Photovoltage (PV) and Electroluminescence (EL):

Samples with a Schottky barrier, as described in sect. 2.1,
can also be studied by PV or EL technigues. PV, as for ER or
PR, will be sensitive to the intermediate transitions in
quantum well heterostructures. PV may also be used to study
electric field effects. Unlike the modulation techniques,
which give derivative-like lineshapes, PV will be sensitive to
direct changes in the optical properties due to modification
in the absorption coefficient related to the various energy
levels. EL, as for PL, will favor the lowest transition, but

the carriers are pumped electrically instead of optically.

PV uses a set-up very similar to the one described in the
previous section for ER. The light from the spectrometer is
chopped, and sent through the gold electrode; the sample is
used as a light detector, the PV being measured by standard
synchronous techniques. For EL, the sample was biased with
small-duty-factor pulses of forward voltage, and the light
emitted through the semi-transparent gold contact was dis-
persed with the spectrometer and detected with the PM as
described in sect. 2-2. for PL. The signal from the PM could
be measured with a boxcar integrator, or if the duty factor of
the pulse permits (i.e. if it is not too small), with a
lock-in amplifier. In order to obtain a larger signal-to-noise

ratio, a spectrometer with a larger aperture (and hence a
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lower resolution) having a focal length f5= 25 cm could be

used to disperse the EL.

combining the information provided by the individual
techniques of the above sections may allow for a better to
understanding of the physical processes giving rise to the
various spectral features. Alternatively, instead of analyzing
a sample with various techniques, a specific technique may be
used to study sequentially the component layers of a multi-
layers sample. This may provide valuable information about the
origin of the spectral feature. In any cases, the techniques
chosen here, luminescence, PR or ER, and PV, complement well
each other, and may in some ways be inter-connected. For
example, a sample in a PV configuration can be used to study
the effect of an electric field on the PL.

It is known thatSC9la'HBSZ

the OW luminescence intensity
quenches rapidly with the electric field, and that the quench-
ing rate is dependent on the excitation intensity. For exam-
ple, fig. 2-8 illustrates typical results obtained at T = 77 K
with a SQW (L = 12.0 nm, X = 0.165, t = 65 nm; see fig. 1-4).
To show how the PL is quenched with an applied electric field,
the logarithm of the wavelength-integrated PL signal 1is
plotted as a function of the voltage which was applied to the

sample through the Schottky barrier, for various intensities

of excitation from ~ 1 W/cm2 to ~ 10 mW/cmF. The corresponding
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spectra (not shown) would show a narrow (typically ~ 5 meV of
FWHM at about 1.350 eV) 11H peak in the flat band condition,
whicn would be broadened, slightly shifted in energy, and

quenched by increasing the electric field"BBz'KYBG'MC84.

of
interest here, is the total amount of PL emitted by the QW as
shown in fig. 2-8: the curves are characterized by two plat-
eaus where the amount of PL emitted is not very much dependent
on the applied veltage, joined together by a threshold region
where the guenching occurs. For the plateau in the region of
the positive voltages (forward bias near the flat band condi-
tion) the SQW emits up to almost 20 times ("ON state") more
light than in the "OFF state" (i.e. the plateau in the region
of negative voltages; larger electric field). It is also
remarkable how the threshold is displaced toward higher
electric field as the intensity of excitation is increased. In
other words, the more PL there is, the larger the electric
field it takes to gquench the PL, as mentioned above for
excitation intensity dependent quenching rate. The quenching
has been attributedscgla to the enhanced dissociation of the
excitons into free carriers under the influence of the elec-

tric fields and/or carrier density. Srivinas et a15c?1a

also
found that at low excitation, the photoluminescence process is
excitonic, and at high excitation and high field, the process
is bimolecular. Bimolecular recombination between free car-

riers in parallel with a strong nonradiative decay mechanism

have been often associated with slopes around values of 2 on a
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contactless sample (circles).
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logarithm plot of the photoluminescence versus excitation

FSSS,FBBS. other authorsOF‘QO. MK86,M86

intensity have found
interesting periodic variations of the indices m of the Ipl o

I:x relationships with the well width of the QW samples. They

have analyzed and correlated these periodic variations of this
index with the carrier trapping efficiency of the well. It is
therefore interesting to plot the dependence of the PL inten-
sity on the excitation intensity for the results of fig. 2-8.
To that effect, fig. 2-9 shows logarithmic plots of the PL vs
I, for various values of applied voltages (i.e. vertical cuts
through the curves of fig. 2-8), and the corresponding plot
for a virgin sample (i.e. without electrodes). The I aIﬁx

relationships for the "ON" and the "OFF" plateau, for the case
with no applied voltage and for the sample with no electrode,
all have values of m between 1.5 and 1.8, as found from the
slope of the lines in fig. 2-9. But for an applied voltage of
-0.4 V, which is just in the (shifting) threshold region, the
"slope" is much higher, reaching about 2.6 (actually it |is
clear that the relationship I, I:(does not hold for that

situation since the logarithmic plot is not linear). From fig.
2-8 and 2-9, it is clear that the electric field favors the
non-radiative processes, resulting in an onset region for the
PL, which can affect the PL vs Iex relationship significantly.

It is also clear that samples prepared in a PV configuration

may have interesting practical applications, as electrically

or optically switchable monochromatic light emitter.
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As a second example of how the techniques discussed in the
present chapter may be inter-connected, it is possible to show
that the actual the mechanism responsible for the PR is the

surface photovoltaic effectpg1

. This is shown by shining a
chopped secondary light beam, as in PR, on a sample with a
Schottky barrier. The alternating voltage created by the the
PV will induce an ER signal of a probing DC monochromatic
beam. The ER spectrum generated in this way will not differ
significantly from the usual ER spectrum obtained by applying
an alternative voltage with an external power supply. To
conclude this chapter, fig. 2-10 illustrates this particular
example by comparing an ER spectrum excited with a voltage
applied externally with a power supply, in curve a); and an ER
spectrum excited with the PV obtained from illumination of the
sample with a chopped beam with the appropriate intensity, in
curve b). The next chapters will present and discuss the
experimental results for the influence of the surroundings,
and of the well parameters on the energy levels of QW struc-
tures, as studied with the techniques mentioned in the present

chapter.
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Most of the experimental results are contained in this
chapter. It is partitioned in two main divisions. Section 3-1
describes the results obtained in a sequential study which was
performed to determine the influence of the substrate and
buffer layers on the response of complete SQWs. Sect. 3-2
deals with the results obtained with SQWs having various cap
layer thicknesses and/or well widths. The latter section gives

the experimental evidence nf the influence of the finite-size



Chapter 3 Experimental results 76

of the cap layer on the continuum states of SQWs described
theoretically in chapter 1. Unless otherwise specified, all
the results presented were obtained a T = 77 K. The sequential
study 1in sect. 3-1 was performed on an InoJasGaOJmsAs/GaAs
SQW with a nominal well width L = 5.0 nm, and its component
layers. The energy levels of this SQW can be found from fig.
1-2. The five samples studied in sect. 3-2 had a composition X
= 0.165, and are listed with their parameters in table 3-1.
Their bound states can be found by inspection of fig. 1-4, and

also the continuum states of sample 1 had been studied

theoretically in sect. 1-3 and 1-4, fig. 1-5 to 1-10.

Table 3-1: Paramaters of the samples studied in sect. 3-2.

sample # 1 2 3 4 5
well width (nm) 3.5 3.5 3.5 12.0 8.0
cap thickness (nm) 50 65 100 65 65

3.1 Sequential study of the influence of the substrate and

buffer layers:

The component layers of the SQW to be studied sequentially

and systematically were sketched in fig. 2-1. The details
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about the sample growth and preparation was given in sect.
2-1, and the details about the experiment techniques were

given in the other section of chapter 2.

3-1-1 Substrate:

The optical response of the substrate was investigated in
the spectral range of interest using PV, EL, and PL (A“m=
632.8 nm) : see fig. 3-1la, b, c respectively. Clearly two
dominant features are present, indicating the intrinsic (peak
I) and extrinsic (peak II) nature of the substrate. Peak I at
822 nm (1.508 eV) is associated with band-to-band recombina-
tions across the GaAs gap (1.508 eV at 77 K). Peak II at about
838 nm is related to the introduction by the Si dopant of an

acceptor level 35 meV above the valence bandLBBG

amphoteric dopant in GaAsKDGB. The difference in relative

;31 being an

amplitude between peak I and II from one technigue to another
is attributable to different degrees of reabsorption. In the
case of PV, for energies larger thein the gap, the signal
increases monotonically because, as the wavelength is de-
creased, the absorption coefficient increases and more light

is absorbed in the very narrow active depletion width.
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3-1-2 Buffer and substrate:

Results obtained with a 2 pm thick buffer layer grown
epitaxially on the substrate are shown in fig. 3-2. Curve a is
a PV spectrum having a natural logarithmic wvertical axis to
highlight small-amplitude features at long wavelengths. Curve
b is a PL spectrum with A .= 514.5 nm. Curve c and d are EL
spectra with a barrier and an ohmic contact on the buffer
layer respectively. The ohmic contact was a semi-transparent

thin film of evaporated AuceM85

Note that spectra ¢ and d
are broader due to the use of a low-resolution spectrometer,
given that the signal-to-noise ratio was small in the configu-
ration studied. The impurity related "peak" originating from
the substrate (peak II of fig. 3-1) is weakly-apparent or
non-apparent in PV, PL and in EL spectrum ¢, the gap-relatead
peak being the dominant feature. In EL spectrum d, the
impurity-related peak originating from the underlying sub-
strate is the dominant feature: in this case the n/n+ barrier
present at the epilayer-substrate homojunction generates the
EL, explaining the predominance of a peak of substrate origin
in spectrum d. Also, in the latter situation, a PV spectrum
(not shown) showed the impurity peak and the gap peak having
roughly the same relative magnitude, whereas for a barrier on
the buffer (fig.3-2 a) the relative amplitude of these peaks

was * 1:200. Band-to-band EL is not observed in d because of

reabsorption through the GaAs buffer layer. The impurity-
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related peak of the substrate is not observed here in PL:

using the Kknown absorption coefficientp85, one estimates that

only = 10 % of the exciting light at 514.5 nm goes through

the 2 um buffer layer.

For a thinner buffer layer however, it is possible to see
the impurity-related substrate peak in PL, as shown in fig.
3-3 for a buffer 0.5 um thick. Curve a is for A_ .= 514.5 nm,
in that case, 2 % of the exciting light reaches the substrate;
and curve b is for A = 632.8 nm. In the latter case about
15 % of the exciting light is transmitted through the buffer,

resulting in a more prominent impurity peak from the substrate

(as seen previously in fig. 3-1, peak II).
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3-1-3 Complete SQW:

Fig. 3-4 shows PV (curve a) and PL (curves b and c) results
obtained with the complete SQW sample having a buffer of 450
nm, a well with X = 0.135 and L = 5.0 nm, and a cap with t =
85 nm. Curve b is for A= 514.5 nm and curve ¢ is for
A= 632.8 nm. The 11H transition in the QW at A = 864.5 nm,
the impurity-related substrate peak and/or peak(s) related to
an intermediate transition in the QW, and the GaAs gap are
clearly visible in PV. PV shows all the peaks because the
sample is profiled in depth as the wavelength is scanned and
the absorption coefficient is changed, and it would be sensi-
tive to intermediate QW transitions such as 12H. In PL, A=
632.8 nm excites throughout the stacking down to the sub-
strate, and so in addition to the 11H peak, the impurity-
related peak from the substrate is observed. Also the small
dip in curve c) around 820 nm is an indication of the resonant
reabsorption in the over-layer at the GaAs gap. The situation
is quite different for excitation at 514.5 nm; most of the
absorption/recombination occurs above the substrate (in the
cap, QW and buffer layers), and so the impurity-related peak
originating from the substrate region is not observed. The
GaAs band-to-band recombinations are not prominent in the
complete SQW sample because photocarriers are efficiently
captured by the quantum well and they relax to the confined

B84

energy levels (emitting LO phonons ), giving rise to the 11H
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transition.

While trying to predict which transitions could produce the
higher energy peak{(s), observed around 838 nm, in the PIL
spectrum excited at longer wavelength (curve c¢ of fig. 3-4),
one finds that the higher levels in the QW could give transi-
tions in the vicinity of A = 838 nm (see calculation in sect.
1-1, fig. 1-2). However, non-equilibrium photocarriers in the
QW region relax non-radiatively into the fundamental electron
and heavy hole levels, giving rise to the 11H transition, and
unless either the e or the hhl level begins to saturate,
carriers in the higher energy levels would normally not
recombine radiatively to give such peaks in PL. Estimates
based on the density of carriers, and on the density of states
in the QW suggest that neither the e nor the hh1 levels were
saturated with the (low) intensity used to excite spectrum c
of fig. 3-4. And so, the higher energy features of that
spectrum are not of QW origin, but rather originate from the
substrate, as seen before in sect. 3-1-1 and 3-1-2. To confirm
this assessment, the PL results of the butfer alone can be
compared with those of the SQW sample. To that effect, fig.
3-5 reproduces the low-intensity PL results of fig. 3-3 and
fig. 3-4. The same broad feature is observed with the buffer
alone and with the SQW when excited with 632.8 nm (fig. 3-5 b
and d), whereas no such feature is seen with A .= 514.5 nm

in either case (fig. 3-5 a and c}. Similar comparisons should
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be made to verify the origin of ambiguous transitiens (i.e.,
observable QW transitions having the same energies as other
possible transitions in the cladding layers) as was the case
for the PV curve a) of fig. 3-4, or in the case of high-
intensity PL measurements on samples using optically-active

substrates like the one used here’ 7892

Fig. 3-6 give an example of high intensity PL measurements
excited with a pulsed dye laser at A = 600 nm obtained for
three intensities of excitation at T = 5 K 878  pResults at T
= 77 K were similar, the peaks being shifted by about 5 nm
towards longer wavelengths., The spectra show the 11H peak, and
as the intensity of excitation is increased, a peak at higher
energies becomes prominent. Because of the higher intensity of

® W/em®), the peak at

excitation used here (I, up to ~ 10
energies higher than the 11H peak could be associated with the
saturation of the 11H transition, so that a peak involving an
excited level such as the 12H transition would appear. How-
ever, studying a corresponding buffer layer (i.e. a 0.5 um
GaAs buffer layer grown on a Si-doped substrate, as in fig.
2-1b) under the same conditions leads to spectra such as those
shown in fig. 3-7. Fig. 3-7 shows the PL excited with a pulsed
YAG laser at A = 532 nm obtained for three intensities of
excitation at T = 77 K. For the lowest intensity, only the PL

related to the GaAs gap is observed, but has the intensity is

increased, the impurity-related peak originating from the
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Fig. 3-6: PL spectra of a 5.0 nm InGaAs/GaAs SQW at T = 5 K for high intensities
of excitation. IO ~105W/cmi? , and the SQW is grown on a 0.5 pm buffer.

{ L L L L | L L 1
+ T=77K
,..@ Eg GaAs
5 !
S « 101
k 4]
B
2 | xs
- Io
X 50 Wt 1/ 10 I
T L T L) I T ) T L] ] T L} ] T
800 825 850 875

Wavelength (nm)

Fig. 3-7: PL spectra at T=77 K fora 0.5 pm buffer for high excitation intensities
(1, ~ 10°Wicm?),
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substrate becomes prominent. Comparing the results of fig. 3-6
and 3-7, it is clear that at least part of th.. peak observed
with the SQW in fig. 3-6 was attributable to the impurity-
related peak originating from the substrate. And so it is
clear that in high-intensity PL measurements, such impurity
peaks may be present even when short excitation wavelenr ths
are used. In such a situation, a significant amount of the
exciting light is transmitted through the buffer layer into
the substrate (even though the percentage of light transmitted
may be small); and because of the high concentration of
carriers photocreated at the surface, carrier diffusion away
from the surface will enhance the responsc of the substrate at
the expense of the QW transition(s). These substrate peaks can
be misinterpreted for, or superimposed on, QW transitions,
which could appear as the QW ground states begins to

saturateFHBga.

Depending on experimental conditions, it is also possible
to observe substrate-related peaks in EL as shown in fig. 3-8.
Curve a is obtained when a semi-transparent gold barrier is
deposited on the cap layer of the SQW sample and low voltage
pulses are applied (current up to 20 mA here). Only the 11H
transition is observed, indicating that recombination occurs
at the top of the sample in the depletion region created by
the gold Schottky barrier, which extends into the QW region.

However, when the current is increased above a given value
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(= 25 mA in this case), irreversible changes occur, leadingto
a spectrum with a broad feature in the vicinity of 840 nm: see
curve b. PFurther increases in voltage/current produce a
relative decrease in amplitude of the 11H peak with respect to
the broad peak. Finally, only the broad peak was observed,
even at low current. The explanation may be that after the
application of relatively high voltage/current pulses, the top
dold contact became ohmic and the resultant EL was then
generated at the substrate-epilayer homojunction barrier,
displaying the impurity-related peak of the substrate. Similar
"econtact formation" was also observed with the buffer-
substrate alone leading to EL spectra similar to fig. 3-2 ¢

and d.

The calculations based on the model of sect. 1-1 (see fig.
1-2), predicted the following possible transitions for the 5.0

nm sample studied above:

11H at E = 1.434 eV; 864.5 nm(excitonic),
12H at E = 1.470 eV; 843 nm,
ec-1H at E = 1.480 eV; 838 nm,
el-cH at E = 1.470 eV; 843 nn,

where ec-~1H means a transition from the electron continuum
edge to hh, and similarly el-cH is a transition from e to

the heavy-hole continuum edge. The last three transitions have
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energies close to the energy of the broad feature observed in
the PL spectra excited at 632.8 nm. And so, one could have
been tempted to assign one of these transitions or combination
of them to that broad peak. The sequential study showed that
this peak originated from the substrate and not from the QW.
The only peak of QW origin observed in PL here was the 11H.
The other transitions calculated above are more commonly

observed with other techniques such as PLE, PR, or ER.

In conclusion to the sequential study, it was shown that
when GaAs substrates highly doped with Si are used as the
building block of the QWs, care must be taken in the inter-
pretation of the results of spectroscopic studies performed on
the complete OW sample. This type of substrate, which is often
used to get good electrical conductivity even at very low
temperatures, has an energy level in the gap associated with
the dopant impurity. This impurity level may produce a peak
which happens to occur at an energy where other QW transitions
could have been observed. The sequential study was used to
demonstrate that the peaks observed around these energies were
not of QW origin, or at best they could be a convolution of
the QW and the substrate peaks. In PL when experimental
conditions allow the exciting light to reach the substrate
{(long wavelength of excitation, thin buffer layer, or high-
intensity excitation), one may get a peak originating from the

substrate of amplitude c¢omparable to that of the peak
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originating from the fundamental QW transition (the 11H peak).
Therefore, a judicious choice of the wavelength of excitation
and/or a sequential study may be required if some QW transi-
tions are thought to be observable and might be coincident
with peaks originating from the cladding layers. This could
avoid misinterpretation of the physical origin of the peaks
observed in PL spectra obtained on such QW devices. For
characterization purposes, it is therefore essential to use
wavelengths of excitation having a high absorption coeffi-
cient, and compare these results with those obtained on a
sample having the corresponding buffer without the QW. It was
also shown that the use of a relatively thick buffer layer may
help to isolate the QW from substrate influence, but this is
likely to introduce some conductivity problem in electrically-

active devices.

Using graphs such as fig. 1-2 to predict the well width
dependence of the energy levels as a guide, and some caution
to aveid the presence of unwanted peaks originating from the
cladding layers, SQWs of different well widths and cap layer
thicknesses will be studied in the next sections in order to
understand better the physics of transitions involving
continuum states. In particular, oscillatory behaviors, as
predicted in sect. 1-3 and 1-4, will be observable with ER and
PR techniques. And so before presenting these results in next

sections, it is desirable to study the response of a buffer
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layer, grown on a Si-doped substrate, by PR and ER for future
comparison with the results obtained with the SQWs. Fig. 3-9a
shows a PR spectrum obtained on a 0.5 um thick buffer layer.
Fig. 3-9b shows ER spectra for various values of applied DC
bias. The PR spectrum displays typical lineshape which is
associated with the gap of ¢GaAs, and some F.-K. oscillations
due to the built-in field. These F.-K. oscillations are
becoming more prominent as the applied voltage increases the
electric field in the ER spectra of fig. 3-9b. The extrema
follow eq. (2-1), and a plot of the experimental values of E
vs (n - 1/2)aﬂ gives the values of the electric field applied
to the sample. Fig. 3-10 shows these plots for the spectra of
fig. 3-9b. The values of the electric field are calculated
from the slope of the lines of fig. 3-10; and the lines
intercept the y-axis at the value of the energy gap. Fig. 3-11
plots these values of electric field as a function of the
applied voltage: the slope gives the thickness of the
intrinsic (undoped) buffer region, and the intercept gives the
built-in field. Values of 0.57 + 0.03 um and 29 KV/cm were
obtained here respectively. This is in good agreement with the
actual thickness cbtained from the growth parameters of 0.5
um. Similar calculations can be performed to obtain the values
of the electric field on SQW samples if F.-K. oscillations are

present in their ER spectra.
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a)

Buffer 0.5 um
2 T=77K

Photoreflectance

L L L AL L R S AL LN R AL AL A R L
1.475 1.525 1.575 1.625 1.675 1.725
Energy (eV)

Electroreflectance

7t v rr r 1 1t r Tt
1.475 1.525 1.575 1.625 1.675 1.725
Energy (eV)

Flg. 3-9: Spectra obtained with a 0.5 um buffer layer at T = 77 K. a) PR, b) ER for
various bias voltages, showing F.-K. oscillations at above gap energies. The integers

correspond to the indices (n) of the peaks used in fig. 3-10.



96

Experimental results

Chapter 3

"AWl GOG+ puB AW G96- UdaM]B(] %Z sobe)|oA Seiq SnoleA Joj ‘Y /2 = | 1e Jaynq
wl G0 B 10} SUoNe|IoSo YsAp|a)-zukei4 ay} 10} diysuone|a! maﬁ:-s sAn3 :0L-¢ "Bid

m.\NﬁN\N B ﬁc
0°¢ 1 7% o0& 0¢ 0’1 00
T T T T T SR S T TN SR SUNE T —/, 3 3 9 .
” o 107 | 005
] AW G96+="A i
- .lcmm.N
- L 009T O
] D
” m.ommm m
] P 2P
2/ g =
i kthﬁmRXWLHB\? m<NKN<~q|~M“N JYaug \V + MNanMN [ QUGEW 4
.....__..._...._...._.....omm.H




|
i

Chapter 3 Experimental results 97

50 ] L 1 PO W SR T TR VN R N 1 L | I 2 P
~ ] !
< 40+ d =1/slope=0.57 £0.03 ym [
E ; F =28.6 KV/cm :
~ 30 o
3 :
Q . X
8. 20 A n
8 A i
5 - _ X
Y X
R ] i

0 T L} L] L] l T ¥ 1 L] I T L) L L) l LI L) T T
-1.0 -0.5 0.0 0.5 1.0

Applied voltage V. (V)

Fig. 3-11: Calibration of the electric field with tha applied voltage, as found in fig.
3-10 from the F.-K. oscillations. The thickness of the buffer is found from the slope.
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3-2 Influence of the cap:

Unlike the substrate or buffer layers, the cap layer cannot
be studied without a well. The interesting properties of the
cap layer are due to the presence of the well. And so in order
to verify the influence of the cap layer, several samples
having various cap layer thicknesses, or well widths, will
have to be compared. It was shown theoretically in section 1-3
and 1-4 that the continuum states of a SQW would be signifi-
cantly affected by the tinite size of the cap and the presence
of the high potential at the surface. The well occupancy, or
the probabilities to find the carriers in the adjacent layers
(cap and buffer), will oscillate depending on the energy of
the carriers. Section 3-2 will show that PR an ER spectra
display above-barrier oscillations which are related to the
cap layer thickness, Section 3-2-1 describes PR results which
will be valid to study the case with no electric field as in
section 1-3., Section 3-2-2 presents ER results obtained to
study of the influence of the cap layer in SQW in the presence

of an electric field as described in section 1-4.

3-2-1 Without an electric field:

Because the epitaxial material is undoped, the band curva-
ture at the external surface of the contacless samples should

be minimum, so that PR (using low-intensity of excitation)
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will be an appropriate technique to study a near flat band
condition as in fig. 1-3b. The modulating beam will vary
slightly the electric field, and the test beam will create
photocarriers which will have to redistribute among the
various regions according to their most likely positions
predicted by the probabilities of finding the carriers in the
various regions. It was shown in sect. 1-3 that for the flat
band condition the oscillations in the probabilities of
finding the carriers in the various regions would vary with
the energy. The energy variations were determined mainly by
sin? kt which has its extrema given by eq. (1-13). It is also
expected that for a given t, the spacing between adjacent
extrema will depend on the value of m;, so that for large
enough t, the oscillations due to the heavy holes which have a
large effective mass, will be very dense and therefore dif-
ficult to detect experimentally, while the electrons will
still give observable oscillations because of their smaller
effective mass. Hence, the type of carriers causing detectable
oscillations is expected to change from the heavy holes to the
electrons as t is increased. It was also shown that the
contrast in the oscillations would be better for thin wells,
and so as a first example, sample 1 has a well width of 3.5 nm
for X = 0.16, and a cap layer of 50 nm. The bound states for
such a SQW can be found from fig. 1-4: such a well has one
electron and one heavy hole bound state. The corresponding

experimental 11H peak is identified in fig. 3-12, curve a,
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which shows a 77 K PR spectrum. For energies below the band
gap, an other feature labelled g is observed. It will be clear
from the ER spectra of sect. 3-2-2 that this feature origina-
tes from two transitions involving the above bound states and
some unbound {continuum) states (to be discussed with fig.
3-15 below). For energies above the GaAs gap (above the
barrier), a series of oscillations appears. If one uses the
model of a barrier of infinite spatial extent on each side of
the SQW, the only guantum-well-related feature which could
occur at above-gap energies would in this case correspond to a
transition from the resonant continuum state of the heavy
holes to the GaAs electron band edge at about 30 meV above the
GaAs gap. The spacing between the extrema of oscillations is
increasing as the energy increases. This is very different
from the F.-K. oscillations, in which case the spacing between
the extrema decreases as the energy increases (as seen previ-
ously in fig. 3-9). If one numbers the extrema consecutively
as it is usually done for the F.-K. effect (see for example
fig. 3-9 and 3-10 of sect. 3-1-3), instead of a E = E + « (n

2/3

- 1/2) dependence, one obtains a fit of the form En = E +

{3

o n°: see fig. 3-13 curve i). If the heavy holes are mainly

responsible for the oscillations, the slope obtained from this
graph would correspond to a cap layer thickness of t = 44 nm

n2h?
> J for the
gt m

according to edq. (1-13) which predicts a = [

flat band condition. It is interesting to compare the results

to a sinz(kbt) plot, for t = 44 nm, and where the heavy hole
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effective mass of GaAs enters in kb: see curve c¢) of fig.
3-12, and compare with curve a). Considering the simple
assumptions used in this simplified model, it reproduces quite
remarkably the minima and maxima of the experimental PR
spectrum throughout the range of oscillation; near the GaAs
gap, the oscillations of curve c) of fig. 3-12 are very dense,
and therefore may not have been resolved experimentally, or
may be convoluted with weak FK oscillations resulting from a
small residual electric field, or slightly modified by this
small field through eq. (1-15). Furthermore, the apparent
irregular variations in the oscillation pattern for energies
around 20 meV above the gap may be associated to the node seen
in the pattern of the oscillations of the probability of
finding the heavy holes in the cap layer as seen in fig. 1-7a
when kHL = 7n (i.e. where the regular SQW would have a resonant
continuum state). Also the first few peaks of the oscillations

of the electron continuum states (as seen in fig. 1-5) may be

convoluted to those of the heavy holes.

The sin® kbt factor modulates the probabilities of finding
the carriers in the various regions, and thus it is expected
to yield the positions of the extrema; the amplitude of the
oscillations in the probabilities is found to decrease as the
energy over the well increases as seen previously in fig. 1-7.
However, the oscillations in the PR spectrum of fig. 3-12 seem

to vanish more rapidly than predicted by the calculations.
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This may be partly related to the penetration depth of the
probing light which varies rapidly in this spectral range. The
cap layer thickness found from the slope of a E vs n° plot is
slightly different from the nominal value (also verified with
SIMS measurements); this is likely a consequence of neglecting
the actual line shapes in the PR spectrum when numbering the
extrema. The exact positions of the calculated peaks of the
well occupancy of the heavy holes predicted by eq. {1-10b)
were shown in fig. 1-7. The corresponding energies are marked
by the crosses in fig. 3-12, where the above~barrier transi-
tions are from the peak of the oscillations of the well
occupancy of the heavy hole continuum to the band edge of the
electron continuum (or to the single electron bound state;
however this can be ruled out since it would also result in
oscillations at energies below the gap, which have not been
observed). The PR line shape was fitted using eq. (2-2) with
these values of energies (marked by the crosses) for the Ej's.
To fit the data, the energies (Ej) and the order of the
derivative (m,

]
broadenings (Fj) and phases (ej) of the transitions were left

= 2.5) were fixed, and the amplitudes (cj),

as fitting parameters. The fit obtain~ with the Ej’s calcu-
lated for a value of t = 50 nm is in excellent general
agreement with the experimental spectrum: compare curve b)

with curve a) of fig. 3-12.

As explained above, for larger t, it is expected that the
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contribution to the oscillatory spectrum should shift from the
heavy hole to the electron continuum. To illustrate this case,
sample 2 has a cap layer thickness of 67 nm and the same well
width as sample 1. Fig. 3-14a displays the above-barrier PR
results for this SQW sample (the below-gap results =-not shown-
were comparable to those obtained in fig. 3-12a, as expected
for bound states related transitions). As in fig. 3-12, the
crosses in fig. 3-14 show the theoretical positions, similarly
to fig. 1-5b but for t = 67 mn, for the transitions which were
used in eg. (2-2) to fit the line shape of the PR spectrum
(see curve b). The E vs n? fit for this sample (fig. 3-13,
curve ii), gives a slope which corresponds to a 67 nm cap
layer if one uses the electron effective mass in eq. (1-13).
As well, curve c) of fig. 3-14 showing a sinz(kbt) plot with

k. containing the electron effective mass, and t = 67 nm, can

b
be compared to the experimental results of fig. 3-14 curve a.
The agreement with the actual thickness confirms that for
larger t, the type of carriers responsible for the observable

? oscillations changes from the heavy holes to the electrons.

Sect. 1-3 showed that, for barrier terminated samples (as
L is the case for the InGaAs/GaAs system), the contrast in the
é cap related quantum interference will be more pronounced for
E thin wells (such as the well width of samples 1, 2 and 3). The
reason why the oscillations shown here are so strong (their

amplitudes are even larger than the amplitude of the
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transitions involving bound states) is therefore a favorable
combination of cap and well thicknesses, as well as the low
intensity of the modulating light. Fig. 3-13 also shows the E
vs n° plots obtained with samples having other well widths
and/or cap layer thicknesses: the above-barrier oscillations
in the PR spectra obtained with these samples were smaller in
amplitude, and the ER results will be clearer, so that the

cap-related oscillations obtained with these samples will be

discussed more extensively in the next section.

3-2-2 With an electric field:

To study the influence of an applied electric field on the
above-barrier oscillations attributed to the finite-size of
the cap layer, ER experiments were carried out. The results
for sample 1 are in fig. 3-15 for bias voltages from +1400 mV
to -1400 mV by step of 200 mV in curves i to xv respectively.
For positive bias the sample approaches the flat band
condition, since the built-in field caused by the presence of
the Schottky barrier at the surface is canceled by the applied
voltage. Comparing the ER spectra of fig. 3-15 at positive
biases with the PR spectrum of sample 1 in fig. 3-12, it is
clear that the near flat band condition (as encountered in PR)
occurs between curve v or curve vi, at a bias voltage of about
+0.5 V. The spectra display features associated with the 11H

peak, some intermediate transitions (previously labelled g in
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fig. 3-12)labelled A and B , the GaAs gap, and the cap-related
above-barrier oscillations. As the field is increased, the 11H
peak is Stark shifted. The Stark shift for this sample \is
small because the well is narrow. Also the amplitude of the
11H peak evolves from a maximum at both extremities of applied
voltages to a minimum for an applied voltage near 0 V. This
couid be explained by the leakage of the carriers from the
well into the adjacent layers as the electric field tilts the
bands. Also, from the gradual displacement with the applied
voltage of the peak A and B in the ER spectra of fig. 3-15, it
is clear that the intermediate feature labelled R observed in
PR spectrum (fig. 3-12) was composed of at least two transi-
tions (labelled A and B in fig. 3-15) which are separated with
the electric field. From calculations, A is associated with
the real-space indirect, bound-unbound 11L transition; and B,
which is shifting towards higher energies as the field is
increased, is associated with the el-cH transition. The
extrema of the cap-related above-barrier oscillations in fig.
3-15 are shifted with the electric field, and also the spec-
tral energy range for which the experimental oscillations are
visible increases with the electric field. This can be direct-
ly related to the electric field dependence of the cap-related
oscillations in the probabilities of finding the carriers in
the various regions as seen in fig. 1-9. Indeed, fig. 3-1%¢ for
the experimental results and fig. 1-9 for the calculations

display similar behaviors: for example, for a fixed energy
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apove the barrier, the amplitude of the oscillations of fig.
1-9 becomes larger for the stronger electric field; and the
displacements in the extrema of oscillations are shifted
towards higher energies. The latter shift for the well oc-
cupancy was found to be +2.9 meV/KV/cm in sect. 1-4 (see fig.
1-10) . The shift predicted by calculations is slightly smaller
than the value found experimentally, from fig. 3-15, = 4.3
meV/KV/cm, probably because the actual potential configuration
is not exactly that shown in fig. 1-8 due to non-uniformity in

the field related to band bending near the surface.

For the same sample, it is interesting to compare the
theoretical prediction of the variation of the well occupancy
(p) as a function of the applied electric field for a fixed
energy above the well, to the experimental results. Fig. 3-16a
shows the calculated P as a function of the electric field
for four different energies: 8, 9, 10, and 11 meV above the
edge of the well. This is compared to the experimental ER
signal obtained at fixed wavelength (fixed energy above the
well) as the bias voltage is varied (fig. 3-1eb). It is
difficult to compare the two quantitatively because the actual
values of electric field are not known since the built-in
field cannot be evaluated for this sample; nevertheless it is
clear that gqualitatively the experimental results vary as

theoretically expected.



111

Chapter 3 Experimental results
|| 1 1 [ i | I i Y

a)
Q
'--6 -E-Ecemer=+11meV -
-~
'R
.'g -E-Ecenter=+10meV -
Q
-~
QL "
':E E.Eceuter:' 9 meV
S
Ah -
Al E-E . =+8meV

l M I
-15 0.0
Electrzc field (KV / cm)

y 4oaa -l . 'R T DU T S YRR NN S UET N SN (N NN M TN S T N S S

b)
o " A =820.0 nm (+11 meV) _
a A =820.5 nm
S (+10 meV, -
5
9
TE A =821.5 nm (+9 meV)
E - -
2
Q
< +8 meV) |
Fﬂ e

LN B S SN N B BN B SR RN N S Sumn Zum RN SEN NN BEN R SN BNNE NN MR IR SN BN JNNE e |

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Applied Bias Voltage (V)
Fig. 3-16: a) Calculated elactric field dependence of the well occupancy (P, ) for a

fixed energy

above the center of the well (8, 9, 10, and 11 meV). b) ER measured at

fixed wavelengths (8, 9, 10, and 11 meV above the barrier) as a function of the
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Since the non-Franz-Keldysh above-barrier oscillations are
related to the size (thickness) of the cap layer, they are not
expected to be strongly influenced (i.e. shifted in position
relative to the other spectral features) by the temperature.
Fig. 3-17 shows the ER results of sample 1 obtained at various
temperatures, for a bias voltage of -1.0 Volt (i.e. curve xiii
of fig. 3-15); the horizontal axis represents the energy
measured from the 11H peak. The 11H peak itself was shifting

HQ91,V67 1y is clear from fig.

as expected with temperature
3-17 that as expected the temperature does not affect substan-

tially the positions of the peaks.

The ER results obtained with sample 2 are shown in fig.
3-18 for bias voltages from +1400 mV to -1400 mV by step of
200 mV in curves i to xv respectively. As expected, for
energies smaller than the gap, the spectra are similar to that
of fig. 3-15 for sample 1 which had the same well width.
However, the above-barrier oscillations are very different
from those of the previous sample which had a different cap
layer thickness. The PR spectrum of fig. 3-14 had demonstrated
that as expected the carriers contributing to the observable
oscillations changed from the heavy holes to the electrons as
the cap layer thickness is increased. This was expected from
the m; dependence of eq. (1-13). The ER spectra of fig. 3-18
also show the spectral oscillations which are related to the

variations in the well occupancy due to the electrons for a
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cap thickness of 65 nm: Fig. 3-13 curve iii) shows the E  vs
n? plot for this sample, obtained from the ER spectra curve v)
of fig. 3-18 (at a bias voltage of +600 mV near the flat band
condition). The values of the cap layer thickness obtained
from the slope are in good agreement with the growth para-
meters and with the one found from the PR spectrum of fig.
3-14. As the voltage is changed toward the negative biases,
the extrema of oscillations are shifting quite rapidly with
the increasing electric field (= 6 meV/KV/cm). Indeed, from
sect. 1-4 a larger shift is expected for a thicker cap layer
(for example, for that sample, the edge of the well would be

displaced by 6.9 meV/KV/cm).

sample 3 (same well width as sample 1 and 2) which has a
cap layer thickness of 100 nm will further verify that accord-
ing to eq. (1-13), the oscillations of the continuum states
will depend on the cap layer thickness t. The ER results of
sample 3 are shown in fig. 3-19, for bias voltages between
+1200 mV and -1400 mV by step of 200 mV, corresponding to
curve i to xiv respectively. Once again the below gap results
are similar to those obtained with the other two samples
having well widths of 3.5 nm. The ER spectra obtained near the
flat band condition, give oscillations which correspond to the
electrons for a cap layer thickness of 100 nm. For example,
the energy positions of the extrema of oscillations for that

sample are plotted in a E vs n® in fig. 3-13 curve 1iv), and
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the slope obtained is in good agreement with a cap layer
thickness of 100 nm for an electron contribution. However, for
this sample the shift of the extrema of oscillations with the
electric field is cuite different from what would be expected
for the potential configuration shown in fig. 1-8. The extrema
are displaced by = 3.5 meV/KV/cm, whereas for example, the
edge of the well would be shifting quite rapidly (10.4
meV/KV/cm), and so one would expect a larger shift than the
one observed. Also, the spectra at large positive bias seem to
have a structure in the vicinity of 30 meV above the barrier,
which could be associated to the usual resonant continuum
states of the heavy holes. This seems to indicate that for
large enough cap layer thicknesses, the usual resonant
continuum states become more significant, whereas for thinner
cap layers, the quantum interference created by the finite
size of the cap layer would dominate the spectra under certain

conditions.

The first three samples, which had a well width of 3.5 nm,
gave stroag cap-related above-barrier oscillations as expected
for narrow wells. The last two samples studied here have
larger well widths, and gave above-barrier oscillations which
were weaker relative to the other spectral features. Sample 4
has a nominal well width of 12.0 nm and a cap layer width of
65 nm. According to fig. 1-4, this sample would have two bound

electron levels, and three bound heavy hole levels. The ER
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spectra are shown in fig. 3-20, curve i to xlv are for bias
voltage from +1200 mV to -1400 mvV by step of 200 mV respecti-
vely. As usual, the peak labelled 11H is the transition
between the first level of the electrons and of the heavy
holes, and the feature associated with the gap is labelled
GaAs. This sample shows only very weak cap-related above-
parrier oscillations, not visible at first observation;
nowever it will be shown below (in fig. 3-24) that these
oscillations are actually present. For energies above the Gals
gap, the spectra of the last two samples are dominated with
Franz-Keldysh oscillations, especially for the negative
biases. From a En vs (n - 1/2)2"3 plot obtained with the F.-K.
oscillations, one can calculate the electric field for the
different bias and use these values to calibrate the field as
a function of the applied bias, as was done in sect. 3-1 fig.
1-9 and 3-10;for example curve xiv in fig. 3-20 at -1400 mV,
corresponds to an electric field of 20.7 KvV/cm. Furthermore,
the dependence of the electric field on the applied voltage
gives a direct measurement of the thickness of the undoped
regions across which the voltage is applied, and of the
built-in electric field (as was done in sect. 3-1 fig. 3-11).
It is found from fig. 3-20 that the electric field varies
linearly with the applied voltage correspondingly to a 0.8 um
undoped region (the difference with the thickness expected
from the growth parameters (1.08 um) is probably due to

non-uniformity in the applied field); the built-in electric
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field is 3.0 KvV/cm, which means that the electric field should

be zero at = 240 mV, i.e. between curve vi and curve v.

Several features are observed between the 11H peak and the
GaAs gap. From standard calculations, the labelled peaks could
be assigned to: A: 12H, B’: 13H, B: 11L and/or 21H, C: 22H, D:
21L and/for 23H, and E: ec-3H. Where as usual, ijH denotes the
transition between the i-th electron state to the Jj-th heavy
holes states; ilL here denotes a transition between the i-th
electron state and the unconfined light holes at the Gaas
valence band edge in the cap or buffer regions; and finally
ec-jH would be a transition between the GaAs conduction band
edge and the j-th heavy hole level. One also notes that the
various peaks are Stark-shifted as the electric field |is
changed. For example, fig. 3-21 displays the shift of the 11H
peak position (found from lineshape analysis as described in
sect. 2-3) as function of the applied voltage.For the range of
electric field studied here, the total shift in energy of the
11H peak is 3.5 meV, and seems to behave as expected in a

quadratic fashion®2>2

as shown by the solid line in fig. 3 21.
The energy variations of the other peaks of fig. 3-20 are less
pronounced, except "E" which seems to shift in a peculiar way:
it is strongly displaced toward higher energies as the magni-
tude of the electric field is increased. The behavior of this

feature will be discussed further in connection with similar

peaks observed with the next sample. Also the amplitude of
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some features is changing with the applied electric field: for
example "A" which is associated with a transition forbidden in
absence of field (12H is odd-even parity), seems to strengthen
as the magnitude of the field is increased (i.e. toward
negative applied voltages); and peak B’ which is allowed in
zero-field (13H odd-odd parity) is weak, and almost only
observable for applied voltage close to the zero-field situa-
tion. All these amplitude variations related to the parity of
the transitions are expected from symmetry consideration of

the carriers wavefunctionswa7.
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Sample 5 has a nominal well width of 8.0 nm, and a cap
layer thickness of 65 nm (same as sample 4 and 2). According
to fig. 1~4, this sample should have two electron and two
heavy hole bound states. The ER results for this sample are
shown in fig. 3-22; curve i to xv are for bias voltages from
+1400 mV to -1400 mV by step of 200 mV respectively. The
results are similar to those of the previous example except
that fewer transitions are observed 1in the energy range
between the 11H peak and the GaAs gap, as expected since this
sample has two instead of three confined heavy hole levels.
Here again the spectra are dominated by the Franz-Keldysh
oscillations at above-gap energies especially for negative
biases, but it will be seen below (fig. 3-24) that this sample
also contains some weak cap-related above-barrier oscilla-
tions. As with the previous sample, the F.-K. oscillations
were used to calculate the electric field values for the
different applied voltages, and from the dependence of the
electric field on the applied voltage, it was found with this
sample that the undoped region was 1.2 dm thick (again compare
with the nominal value of 1.07 um); and that the net built-in
electric field was 1.0 KV/cm. And so for example, the electric
field is 12.5 KV/cm for curve xv at =-1400 mV, and would be
zero at Vv, = 120 mV (i.e. between curve vii and viii). The
below-gap assignment for the features at energies above the
11H peak, is as follow: A: 12H, B: 11lL,: C: 21H and/or ec-1H,

D: 22H. As before, the amplitudes change with the electric
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field, and the peaks are shifted in energy. Once again, peak A
(12H), strengthens as the electric field is increased, and
peak D (22H) 1is stronger near the zero field situation,
following the selection rules. The shifts in energy of the
11H, B, and C peaks with the electric field are plotted in
fig. 3-23. The total shift (1.0 meV) of the 11H peak is not as
large as the one obtained with sample 4, because of the
smaller range of electric field covered, and because of the
different well width giving a different Stark shift, but the
functional relationship seems to be quadratic here again. Peak
B is also shifting towards smaller energies in a similar
fashion, and becomes convoluted with peak C for positive bias.
It is quite remarkable to observe the peculiar shift of peak
C, which is similar to the one observed with the previous
sample (peak E, fig. 3-20)., When compared to the usual Stark
shifts, it shows a much stronger displacement (here 21 meV)
toward increasing energies (instead of decreasing), and it is
linear (instead of quadratic) with a slope of 1.5 meV/KV/cm
before saturating as the electric field approaches to :zero.
This type of shift is too large and has the wrong functional
field dependence to be accounted for by the Stark effect
alone. It could be argued that the peak B and the shifting
peak C are just a single transition which broadens with the
electric field, but this is unlikely because the broadening
would be asymmetric, and exaggeratedly large (no such

broadening has been observed with other transitions). It could
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Fig. 3-23: a) Stark shift of the 11H transition , b) shift in energy of the intermediate
transitions labeled B and C in fig. 3-22; for sample 5at T = 77 K.
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alsc be argued that the shift is in reality an exchange of
amplitude between two transitions as the electric fleld is
varied, but the continuity of the gradual displacement between
consecutive spectr. and the quality of the lineshape fit (not
shown) obtained using eq. (2-2) with just a single transition
favor the hypothesis that "c¢" is the result of just one
transition with a strong positive shift. Moreover, the transi-
tions which are believed to give the peaks with the peculiar
shifts involve continuum states in all cases: the electron
continuum states for peak E of fig. 3-20 (sawple 4) and for
peak C of fig. 3-22 (sample §), and the heavy holes continuum
states (el-cH) for peak B of fig. 3-15, 3-18 and 3-19 for
samples 1 to 3. These large positive shifts may be understood
recalling that the continuum states are strongly affected by
the finite-size of the cap layer and the high potential at the
surface. The carriers in the continuum states should relax to
the first peak of the well occupancy (or equivalently, of
P, /P, which is shifting toward higher energies as the field
is increased, and so the transitions involving the continuum
states would be displaced accordingly. Calculations based on
eq. (1-12) and (1-11), (or see fig. 1-9) showed these large,
positive and quasi-linear shifts with the electric field: ~1
meV/KV/cm, and 1.4 meV/KV/cm for electron continuum states for
a cap layer thickness t = 65 nm and well widths of 12.0 nm and
of 8.0 nm respectively. The value of the shift obtained

experimentally with sample 5§ (1.5 meV/KV/cm) compares
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particularly well with the calculated value of 1.4 meV.

The last two samples (4 and 5) having a larger well width,
with a cap layer thickness of 65 nm, did not show strong
cap-related above-barrier oscillations. Nevertheless, it
should be possible to observe the oscillations corresponding
to a cap layer of 65 nm for the electrons for these samples.
Indeed, repeated slow scan at higher sensitivity of the
positively biased ER spectra showed these oscillations. Fig.
3-24 displays the results obtained with sample 4 and 5,
together with spectra v) of fig., 3-18 for sample 2, for
comparison. It is clear from fig. 3-24 that all the sample
having a cap layer thickness of 65 nm, sample 2, 4 and 5, gave
oscillations with extrema at similar energies, only the
amplitude of the oscillations of the samples having wider

2 plot for the oscillations

wells is smaller. The E vs n
extrema of sample 4, 5 are plotted in fig. 3-13 curve v, and
vi respectively. It is clear that all samples with a cap width
of 65 nm have similar slopes, which correspond to oscillations

due to the electrons.

It is interesting to consider the amplitude of the 11H
peak, relative to the other spectral features, for all 5
samples (see fig. 3-15, -18, =19, -20, and -22). The first 3
samples having a well width of 3.5 nm had small 11H peak, and

the amplitude seems to increase as the well width is
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Fig. 3-24 ER spectra at high sensitivity of sample 4 and 5 (compared with
spectrum of sample 2 which has the same cap layer thickness) showing the
cap-related above-barrier oscillations.

increased. Sample 4 with L = 12.0 nm has the largest 11H peak.
Indeed, for an egual well depth, it is plausible that the
capture efficiency of the well improves if the well are
widerf@l, This seems to indicate that there is a well width
dependent trade off between the continuum states and the bound
states: narrow wells display strong cortinuum states features

and weaker bound states related transitions, whereas the

opposite is true for larger well.

In sect. 3-2, PR and ER have proven to be excellent techni-

gues to verify the theoretical model of chapter 1 for the SQWs
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having cap layers of finite extent, in the flat band condition
and with an applied electric field respectively. These
techniques are not significantly influenced by the underlying
substrate layer, as may be the case for the luminescence which
may necessitate a sequential study as in sect. 3-1. To
complete the study, chapter 4 will extend the SQW model of

chapter 1 to deal with MQW and will present experimental

results obtained with a MQW sample.
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The case of a SQW is studied theoretically in chapter 1,
and experimental results obtained with SQW samples are presen-
ted in chapter 3. The main conclusion from these chapters was
that the SQW continuum states were very much affected in
structures having relatively thin cap layers. The physical
properties of MQWs are generally enhanced by the presence of
the additional wells. And so, there is a great interest for
devices based on MQWs for practical applications, and for the
study of the basic physics involved in such structures.
Therefore, chapter 4 will extend the model of the SQW of
chapter 1 to deal with MQWs. The theory developed here for the
bound states will consider a finite MQW structure with a
finite number of wells, and with a cap layer of finite size.

For the continuum states, similar to what was done in chapter
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1, a particular attention will be given for structures with
finite cap layers. Finally, chapter 4 will present experi-
mental results obtained with a MQW sample having the same well
width, alloy composition, and cap layer thickness as sample 5
of chapter 3. And so it will be possible to directly compare
the experimental results obtained with the MQW, with those of
the SQW. Such a comparison will help to understand the changes
induced by the presence of additional wells on the cap-related

gquantum interference in the continuum states.

4-1 Theory for bound states:

It is a common practice to apply the Kknown theory of
superlattices to MQWs having only few wells, even though one
of the assumptions at the basis ~f the theory of superlattice
is that there is an "infinite" numker of wells so that the
cyclic boundary condition is satisfied. Therefore, at the
beginning of the present section, the superlattices theory
will be applied to an InGaAs/GaAs system to give an example of
what type of results are expected in the case of superlattices
for that system. The theory for MQW structures with a finite
number of wells an a finite cap layer thickness will then be
presented; and examples will be given on the evolution of the
bound states as the number of wells and/or the cap layer
thickness are changed. It is then possible to compare the

exact resul s expected for a MQW with those obtained assuming
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a superlattice.

Let us consider a MQW composed of n (n > 1) wells (width L,
depth V) separated with barriers of thickness d, or the
corresponding superlattice (i.e. n - ). Depending on the
value of d (and of the effective mass of the semiconductor
forming the barrier) the wavefunctions of the individual wells
may overlap with the wavefunction of the adjacent wells. For
large enough d (typically few ten nanometers), the overlap is
not significant, and the MQW will have n degenerate bound
states having the same energy as the corresponding SQW. For
thinner d, the degeneracy is lifted, and the MQW or the
superlattice will accommodate n bound states having different
energies, in the vicinity of the energy of the SQW bound
state. The thinner the barrier is, the larger the energy
dif ference will be between the lowest and the highest of these

MDW90, MDR90O

n levels. This gives rise to mini-bands (and

therefore mini-band gaps) in the case of superlattices (i.e. n
» ). The width of the superlattice mini-band can be evaluated

w87,BB91

theoretically wusing Bastard’s equation (i.e. an

equation from a Kronig-Penney modelLBo

)
cos kwL cos kbd - 1/2 (£ + 1/€) sin kL sin kbd = cos q(L+d)
(4-1)
where k“, kb, and g are the well, barrier, and superlattice

wavevectors respectively, and £ = kbm:/kum;. The mini-band
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width obtained by solving eg. (4-1) is the largest value that
the energy difference between the highest and lowest of the n
levels of the MQW can take. And so it is instructive to solve
eq. (4-1) for an InOJGGaOJ“As/GaAs superlattice system. Fig.
4-1 displays the well width dependence of the bound states of
the corresponding SQW (or the isolated MQW), together with the
bandwidth associated with superlattices having barrier thick-
nesses of d = 10.0 nm and 5.0 nm. As expected by considering
the overlap of the wavefunctions, superlattices with thin

barriers, higher lying e-ergy levels, or light carriers (the

electrons), will have larger bandwidths.

For most applications, satisfactory accuracy is achieved in
evaluating the bound states of a MQW by finding the energy
level(s) of the corresponding SQW, and then f£finding the
bandwidth of the corresponding superlattice as discussed
above. However, if the exact energy positions of the bound
levels of the MQW are desired, one must solve the Schrédinger
equation for the band diagram depicted in fig. 4-2, consider-
ing the exact number of wells, and also the finite-size of the
cap layer:the wavefunctions in the cap and buffer layers are
denoted by ¢ and 2  ; 0': denotes the wavefunction in the
i-th well, and ¢T is for the wavefunction in the i-th barrier
(i.e. the barrier to the right the i-th well). Taking x = 0 at

the cap/first well interface gives:
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Fig. 4-2: Band diagram of a MQW with n waells of width L and depth V,
separated with barriers of thickness d.

sinh k_(x+t)

Qcapa sinh kbt

@j = a] sin k [x-(i-1)x(L+d)] + by cos k [x-(i-1)x(L+d)].

%’ = a} sinh k [X-L-(i-1)x(L+d)] + b, cosh k [x-L-(i-1)x(L+d)].

-kbx

(4-2)

The wavefunction and its derivative divided by the relevant
effective mass are matched at all the interfaces of the MQW

structure to obtain the condition for the bound states:

*t.he expression for o“p vas chosen such that for large t, it

reduces to Qcaya e kbx
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a" sin kL + b”" cos KL + £'(a" cos kL - b" sin k L)y =0
n W n W n W n W
(4-3a)
where
al = £ (a;, cosh kd + b} sinh k d), 1<i<n
L b . b :
bl =a (sinh kbd + bl_1 cosh kbd), 1 <i<n
a? = 1/€ (arcos k"L - b: 5in kwL), 1=1i=n
b’= a” sin kL + b" cos k L 1 =1i=n.
i i w i w
al = § cosh k t/sinh kt, bl =1
(4-3Db)

It is easy to verify that for large t, eq. (4-3a) reduces
to eq. (1-1) for the SQW in the case n = 1; also for n = 2,

eqg. (4-3a) reduces to the expressionBZB4,W87

for the Double
Quantum Well (DQW) having barriers of infinite spatial extent
on each side of the DQW structure. The levels associated with
the first electron bound states for well(s) of width L = 8.0
nm and depth V = 121 meV, and barrier(s) of thickness d = 10.0
nm are found from fig. 4-3 which shows the values of the
L.H.S. of eq. (4-3a) in the case of a SQW, DQW, and so on, up
to a MQW with 6 wells. Fig. 4-3a is valid for cap layers
thicknesses larger than about 10.0 nm*, and fig. 4-3b is for a

cap layer thickness t = 2.5 nm. Bound states are obtained if

the L.H.S equals 0 as prescribed by eq. (4-3a). As expected,

*Appendix 3 elaborates on an interesting analogy which can be
found between fig. 4-3a for the bound states of the MOW with n
wells, and the Legendre’s polynomial Pf
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Fig. 4-3: Condition for the first bound electron state(s) for well(s) of width L = 8.0
nm and depth V = 121 meV, and barrigr(s) of thickness d = 10.0 nm. 1 is for a SQW,
2is for a DQW, and so on, 6 is for a MQW with 6 wells. Bound states exist at the
energies at which the L.H.S. of eq. (4-3a} is equal to 0. a) is valid for cap layers
thicker than about 10 nm, and b} is for t = 2.5 nm. For a thin cap layer, a Tamm state
appears at higher energy.
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the MQW has the same number of bound states and wells. For
example in a) (i.e. for "thick" cap), the energy of the bound
state of the SQW is found to be 35.62 meV, and the 5 levels of
the MQW with 5 wells are: 34.91, 35.20, 35.62, 36.04, an 36.36
mev* . In the latter case, the energy difference between the
highest and lowest levels is 1.45 meV. For the corresponding
superlattice, the value found for the bandwidth from fig. 4-1
is 1.68 meV, and so the energy splitting of the levels of MQW
with only 5 or 6 wells is comparable with the bandwidth of the
corresponding superlattice (n -» ). Sect. 4-3 will give
experimental results obtained with a MQW having 5 wells as
described above. The spacing between the levels of the MQW
electron ground state found above is to small to be resolved
experimenta11y0T89, but lineshape broadening associated with
that "bandwidth" could be observed. In any case, fluctuation
in the well width, or in the depth of the well due to small
variations in the alloy composition, would induce changes in

LS90

the energy levels larger than those obtained for the

splitting associated to the overlap of the wavefunctions.

In fig. 4-3b, for a cap layer thickness of 2.5 nm, the SQW
level has been shifted toward higher energy by 3.0 meV from
35.6 to 38.6 meV because of the thin cap layer as was explain-

ed in sect. 1-3-1. The n-1 lowest levels of the MQWs are not

t , ] . , ,
Appendix 3 gives an interesting alternative to evalulate the
bound states of MQW.
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perturbed significantly by the thin cap layer, however the
highest level of each MQWs is shifted to the same energy has
that of the corresponding SQW with a thin cap layer. This
single level at higher energy was labeled "Tamm state" in
reference to Tamm’s work' in 1932 which pointed out that the
inclusion of the neglected surface in a Kronig-Penney model
results in electronic states localized at the surface of a
solid. This is also similar to the "Tamm states" found by Ohno
& Mendezogo who observed similar 1levels in "terminated"
superlattices: i.e. a superlattice having its last barrier of
a different height, similar to the problem studied here if t=0
and the potential at the surface was considered of finite
height. In any cases, the last well has a different electronic
environment which perturbs its energy levels. In particular,
here for the MQW sample with the thin cap layer, the well
adjacent to the cap would be in an environment similar to the
one described in sect. 1-3-1 for the SQWs. The cap layer
thickness dependence of the 5 energy levels of the MQW with 5
wells of fig. 4-3b is shown in fig. 4-3c. As mentioned above
the 4 lowest levels are not influenced significantly by the
thickness of the cap layer (here, their energy is increased by
~ 0.4 meV between t ~ 10.0 nmm and t = 0 nm), but the Tamm
state increases its energy by 16 meV from t ~ 10.0 nm and t=0

nm.

Y From reference 1 of 090: I. Tamm, Phys. Z. Sowjetunion 1,
733 (1932).
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Fig. 4-3c: Depepdence on the cap layer thickness of the 5 ground state electron
levels of a MQW with S wells with L = 8.0 nm, d = 10.0 nm; and V = 121 meV.

(In, ,g Ga, g ,AS/GaAs at T=5 K)

The examples of the present section showed that for the cap
layer thicknesses studied experimentally in this work, the
energy levels of the bound states will not be affected by the
size of the cap layer. As was shown for the SQW, this will not

be. the case for the continuum states which are discussed in

next section.
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4-2 Theory for the continuum states:

The band diagram corresponding to the MQW problem studied
here was shown in fig. 4-2. The solution for the continuum
states (i.e. energy larger than the barrier) is obtained in
the same way as was done in sect. 1-3-2, but now the calcula-
tions have to be carried through all the interfaces as done in
sect. 4-1. Taking x = 0 at the surface where the potential is
assumed infinitely high, wcw(x) x sin k % in the cap layer,
and if the wells are separated by barriers of thickness d, the

solution in the region of the i'" well is given by:

¢: = a: sin k [x=t=(i-1)x(L+d)] + b: cos k [x-t-(i-1)x(L+d)],

(4-4a)

and for the i*" barrier (the barrier following the ith

well):
QT = a? sin kb[x-t-L—(i-l)x(L+d)] + b? cos kb[x—t-L-(i-l)x(L+d)].

(4-4b)

The wavefunction in the buffer region for a MQW having n wells
is just LN Q: . The wavefunction and its derivative divided
by the relevant effective mass are matched at all the inter-
faces of the MQW structure to obtain the coefficients of egs.

(4-4a) and (4~4b):
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a'l' ~ £ cos k t, b'l' = sin k t, (4-4c)
L. b - b . .

a = £ (al_1 cos kbd b1-1 sin kbd), i>1

LA b . b .

bI = ab4(51n kbd + bl_1 cos kbd), i>1

af = 1/€ (ajcos kL - b sin k L), 1=isn
b?= aT sin k L + b: cos k L 1 =i =n

Integration of the probability density (I#(x)I?) in the

various regions gives the unnormalized probabilities:

sin 2kbt
P = t/2 [1 - —szt—], (4-5)

cap

for the i'" well:

w 2

R [ N O

I)——+2a"b

2k L 1 kKL
W W

sin 2k L sin’k L
W W w ]
i

and for the i'" barrier: i < n (n well):

sin 2kbd + 2a° B
2kbd i 1 kd

and finally for the buffer:

_ Xmaxi b 2 b 2 b2 _ _b
P~ — [(an + b “)+(b a

%)

sin 2K Mmax sinzk Xmax
b b b b
2kbxnax n n kamax ]
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The normalized probabilities of finding the carriers in the
various regions of the MQW are then calculated from eqs.(4-5)
in a manner similar to that used in egs. (l1~11) for the SQW

case.

The cap-related oscillations of the probabilities of
finding the carriers in the various regions will be affected
by the presence of additional wells of the MQW. As a first
step towards the illustration of the changes induced by the
additional wells, the case of a Double Quantum Well (DQW) will
be investigated theoretically here. For example, consider two
wells with the characteristics of the single well of sect.
1-3-2, fig. 1=-5, (well width 3.5 nm, cap layer is 50.0 nm, V"
= 121 meV, m: = m: = 0.0665 m , buffer 1.0 um) separated by d
= 5.0 nm. The normalized probabilities of finding the carriers

W b )
pl' lr Pll' le’
structure are obtained from eqgs. (4-4) and (4-5). Fig. 4-

in the various regions (Pca P Py} of such a MQW
4a,b,c show the probabilities of finding the electrons in the

cap layer (P ), over the first well (Pg), and over the

cap
second well (Pi) respectively. Comparing with fig. 1-5 for the
SQW, one sees that the probabilities peak at around the same
energies, but the peaks are sharper and higher, giving even
better contrasts. A remarkable feature in the first well of
the DQW (the well adjacent to the cap), in fig. 4-4b, is that

at the peaks, the probabilities are higher than the classical

probability in contrast to the situation of the SQW where they
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Fig. 4-4: Energy variations of the normalized probabilities of finding the electrons in

the various regions of a Double Well separated by a barrier of width d = 5.0 nm, for

the structure of fig. 1-5. a) is for the cap layer region and b) is for the first well, c) is

for the second well. Compare with fig. 1-5 for a single well.
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were lower (fig. 1-3b). However, in the second well (the well
adjacent to the buffer) in fig. 4-4c, the values of the
probabilities at the peaks are smaller than the classical
probability, as in fig. 1-5b for the SQW. These results show
that the first well, closer to the surface, will be more
energy selective in capturing carriers in the continuum. This
may result in different capture efficiencies for the various

wells of a MQW structure.

Trial calculations with wvalues other than 4 = 5.0 nm
indicate that the sharpest contrasts in the probabilities
(sharps peaks with high maxima and low minima) are obtained
with small values of kd (i.e. kd smaller than m for E < a
hundred meV). Whenever Kk d is equal to a multiple of n, extra
features are observed with the probabilities. However, a
detailed analysis of all the parameters involved in MQW in the
vicinity of a high potential (or other structures such as the
double barrier potential) is beyond the scoupe of this work.
Calculations with more than two wells have indicated tha% the
trend described above (sharper peaks with higher maxima and
lower minima) continues as the number of wells is increased.
And so it may be possible to observe better the influence of
the finite size of the cap layer on the continuum states of
MOW having the same parameters as those SQWs which showed only
weak cap-related oscillatory behavior (samples 4 and 5). To

that effect, the next section will present experimental
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results obtained with a QW with 5 wells equivalent to the SQW

of sample 5.

4.3 Experimental results:

The experimental results discussed in the present section
were obtained on a MQW sample having 5 wells of nominal width
I, = 8.0 nm, with barriers of thickness d = 10.0 nm, a cap
layer of 65 nm, and a buffer of 1.0 um. Fig 4-5 shows a PV
cpectrum obtained with this MQW at T = 77 K. The labels of
fig. 4-5 corresponds to those of fig. 3-22 showing ER spectra
obtained with the corresponding SQW with the same well width
and alloy composition; the PV spectrum displays typical
staircase features associated with the 2-D density of state of
the carriers confined in the well. This is in contrast with
the derivative nature of the features of fig. 3-22, typical of
the ER. The PV spectrum of fig. 4-5 was chosen to illustrate
the effect of inter-well fluctuations of the parameters from
the growth conditions. The peak labelled 11H’ originates from
the 11H transition from one (or more) of the 5 wells which
have a slightly smaller well width, or smaller alloy concen-
tration (since the peak is at higher energies). The energy
difference between 11H and 11H’ is about 12 meV. This value is
much too large to be accounted by the bandwidth due to the
overlap of the MQW wavefunctions (calculated to be ~ 2 meV in

fig. 4-1 or 4-3). From calculation, this would correspond to a
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Fig. }»5: Log (PV) spectrum of a MQW sample, at T = 77 K, with 5 wells of 8.0 nm,
4 barriers of 10.0 nm, and a cap of 65 nm (nominal values).

well about 1.0 nm narrower, or a indium composition smaller by
about 1%. This interpretation is further confirmed by PL
(spectra not shown), which shows a satellite peak also at an
energy about 12 meV higher than the main 11H peak. The
relative amplitude between the 11H and 11H' peak in the PL
spectrum suggest that only one of the wells has different
parameters. The other wells of the MQW are giving a 11H peak
at the same energy of that of sample 5 of chapter 3, confirm-
ing that the only difference (apart for the well which gives
rise to the 11H’ peak) between this MQW and the SQW sample 5

of chapter 3, is that the MQW has 5 wells instead of one (with
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the same cap layer thickness t). Hence the ER results obtained
with this MOW should be compared with those of the SQW sample
5 in fig. 3-22 to understand the influence of additional wells

on the above-barrier cap-related oscillations.

The ER spectra obtained with the MQW sample, at T = 77 K,
are shown in fig. 4-6 for bias voltages between -1.4 and 1.4 V
by increments of 0.2 V. For bellow gap energies, the spectra
are comparable to those of fig. 3-22, except for the 11H’ peak
explained above. The energy difference between the 11H and
11H’ found by electrorelectance is also about 12 meV. The
feature labelled B, associated with the continuum states (as
explained in sect. 3-2-2), is shifting as in fig. 3-22 for the
SQOW. For above-gap energies, the cap-related oscillation are
much more pronounced than those seen in the spectra of the SQW
in fig. 3-22. This was expected because the presence of
additional wells in the case of MQW was found to enhance the
contrasts oscillations of the probabilities of finding the
carriers in the various regions of the MQW structure (see
sect. 4-2). The above barrier oscillations of fig. 4-6
resemble closely to the oscillations observed in the ER
spectra of sample 2 (in fig. 3-18) which has the same cap
layer thickness, but a narrower well width. At positive
biases, the spectra display the cap-related oscillations for
the corresponding cap thickness for the electrons. As the

negative bias increases the electric field, the extrema of the
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oscillatjons are shifted towards higher energies.

JD89,FP88,TB90 of

The 1literature contains several examples
results which show above-barrier spectral structures observed
in modulation spectroscopy of MQW samples. If thin cap layers
were used, it is possible that some of these results may
incorporate cap layer effects as discussed here. This may help

TBS0

to interpret the results of Tobler which describes gquadra-

tic above-gap oscillations.

Sect. 4-3 has shown experimentally that the above-barrier
oscillations related to the finite-size of the cap layer as
discussed in chapter 1 were enhanced by the presence of
additional wells as predicted in sect. 4-2, Further work
remains to be done with MQWs because the cap layer thickness
of the sample used in this work was to large to possibly
observe any shifts in the bound states associated with the
size of the cap layer as predicted in sect 4-1; and the
barrier thickness and well width used here did not permit to
resolve the splitting of the bound levels (as shown in sect
4-1) in the MQW sample (i.e. the overlap of the wavefunctions

was to small for the present values of L and d).



CONCLUSIONS

The model of a SQW in the vicinity of a high potential was
developed in chapter 1 to take into account the finite-size of
the cap layers of SQW devices. The theory was presented for
the bound states and for the continuum states of such
structures. The theory predicts shifts in the energy of the
bound states for cap layer thicknesses smaller than about 10.0
nm, and energy-dependent oscillations of the probabilities of
finding the carriers in the various regions for the continuum
states of the SQW structure with cap thicknesses as large as
100 nm. The theory also predicts that an applied uniform
electric field can shift the extrema of the cap-related
continuum states oscillations, and increase the well occupancy
at small energies above the barrier. InxGab«As/GaAs
semiconductor heterostructures with cap layers between 50 nm
and 100 nm were used to verify experimental'y the theoretical
model of chapter 1, after the samples were well characterized

with a sequential study.

As expected from the theoretical considerations,
transitions involving bound states only, did not show any cap
layer related effect for the cap thickness studied (the
smallest cap thickness was t=50 nm), but the ER spectra could

be used to verify that the transitions follow the expected
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selection rules, and are Stark shifted with the electric
field. Systems with thinner cap layers were studied by Mcison

et alHE9O

in order to reveal the effect of the cap layer on
the bound energy levels in AlGaAs/GaAs guantum wells. The blue
shift in the transitions involving bound states expected for
thin cap layer was not observed, supposedly because of surface
states. In the present study, the influence of the cap size on
the continuum states was clearly demonstrated: cap-related
energy-dependent oscillations were observed in PR (for the
flat band condition) and ER {(for the applied electric field)
spectra at above-barrier energies. The spacing between the
extrema of the oscillations increases as the energy above the
barrier 1is increases, as expected (for the flat band
condition) for extrema of oscillations determined mainly by
sinz(kbt). For a 50 nm thick cap layer the carriers mainly
responsible for oscillations were the heavy holes, and for
thicker cap layer the carriers giving the major contribution
to the oscillations changes to the electrons which have a
smaller effective mass. The extrema of the oscillations were
found to shift linearly with the applied electric field, but
these shifts were not always in perfect quantitative agreement
with the model (especially for thicker cap), probably because
of band bending near the surface. For the thicker cap layer,
the sample seems to recover the character expected for barrier
of infinite extent on each side, the usual resonant states

giving contribution to the spectra. It would be interesting to
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study experimentally samples with cap layer thicker than 100

nm in order to follow the above trend.

Chapter 4 has extended the model of the SQW of chapter 1 to
deal with MQW. For the bound states, the theory considered the
finite number of wells, and the finite-size of the cap layer.
This showed that for cap thicknesses smaller than about 10 nm,
the energy of the well closest to the surface would be
modified similar what was predicted for the SQW, and similar
to the Tamm states predicted and observed with superlattices
terminated with a barrier having a different height. For the
continuum states, it is predicted and observed in this work
that that the contrast in the cap-related oscillations is
enhanced by the presence of additional welis in the case of
MOW. For example, cap-related above barrier oscillations were
clearly observed in the ER spectra of the MQW, whereas these

oscillations in the corresponding SQW were weak.

In summary, one cannot assume the barrier to be infinite in
extent in many actual guantum well systems, and the cap layer
thickness (and its nature: barrier-terminated sample like the
InGaAs/GaAs system, or well terminated sample like it is often
the case with the AlGaAs/GaAs system) must be considered in
the design of the samples since it may significantly influence
the properties of the system. Future work could try to verify

the effect of a (very) thin cap layer on the bound states of
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SQW and MQW as predicted in chapter 1 and 4, and also try to
verify the energy splitting due to the overlap of the
wavefunctions in MQW having a small number of wells. One could
also study the present model in the presence of other external
perturbations such as an applied magnetic field, or apply the
present model to heterostructure systems based on different
semiconductor materials, or to structures with a different

potential configuration.



APPENDIX 1

COLLECTING PL WITH 2 LENSES

A particular emphasis will be given on the optimization of
the experimental conditions, in order to get a maximum of
sensitivity from the apparatus, and so to avoid unnecessary
sample perturbations while probing their energy levels. A lack
of attention on the specific characteristics of the equipment
required, or the exact position of the optics could severely
deteriorate the quality of the experimental results. In the
present appendix, a short description will be given on how one

can maximize the efficiency of a set-up using two lenses to

collect the PL.

The experimental set-up for PL was shown schematically in
fig. 2-4. The sample is placed in an optical cryostat, and is
excited with a filtered laser beam. The emitted PL is col-
lected and passed through a spectrometer, the dispersed PL is
then detected with the PM. Two biconvex lenses (L1 and L2) are
positioned to optimized the signal reaching the PM as sketched
in fig. 2-4. The sample, at a distance d from the optical
window inside the cryostat, is assumed to be a point source of
PL (i.e. isotropic emission of PL originating from the point
nf excitation), the cross-section of the cone of light coming
out of the optical window with a plane at a distance d+§ from

the sample will be a circle of radius r = r;g%;il, where r, is
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the radius of the window. If the focal length of L1 is chosen
equal to the distance d+3, the rays coming out of L1 are
parallel, the image being projected at ». And so, the second
lens L2 placed at a distance d12 will produce an image of the
PL emitting sample at its focus, magnified by a factor M=f /f
(i.e. the ratio of the focal lengtns of the lenses). The rays
going through the slits will proceed in the spectrometer as
shown in the fig. 2-4, and reach the back mirror of the
spectrometer. From simple geometrical consideration, the image
formed in the spectrometer at a distance fs will then have a

f
ff. In practice d and r are fixed
2

lateral half-width r=r

(for example for the liquid nitrogen cryostat used in the
experiments, d=5.0 cm, r= 1.0 cm), so in order to maximize
the throughput, & and hence f1= d+& are chosen so that r, is
equal or smaller than the radius of the lenses used (typical-
ly, r = 25 mm), therefore f= 12.5 cm. The magnification M
has to be minimum to avoid light hitting outside the narrow
entrance slit, so that £ is chosen as large as possible: i.e.
£.=12.5 cm. The distance d12 will not influence very much the
throughput because the rays are parallel between the two
lenses, so it can be a useful adjustable distance in the
optical setup. fs is also fixed; it is the focal length of the
spectrometer used: here, £= 1.0 m. Similarly, r is chosen
equal to the half-width of the mirror in the back of the
spectrometer: r= 6.5 cm. This fixes the value for f2 = fs ;i

&

# 38 ocm. These values will optimize the efficiency at
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collecting the emitted 1light and directing it to the PM
through the spectrometer. Other system, such as mirrors (see
appendix 2 which describes how to optimize a set-up using a
single mirror with a white source for a monochromator), can be

used to collect the PL; they can be optimized using similar

considerations.

Sec. 2-2 also explained that the choice of the angle at
which the PL is collected will have a significant influence on
the efficiency of the detection. Collecting the PL perpendi-
cularly to one of the surfaces of the sample (i.e. from the
edge or from the face) will optimize the amount of PL reaching
the detection system. Collecting the PL from the edge is
easier experimentally, and will have the additional advantage
that if the material is transmitting well at the wavelength of
emission, the sample may form a waveguide for the PL into the

collecting systenm.
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OPTIMIZATION OF THE EFFICIENCY OF A MONOCHROMATOR

USING A SINGLE MIRROR TO COLLECT THE LIGHT

The required monochromatic beam of light for PR, ER, or PV
was obtained using a set-up as in fig. 2-7. The light emitted
by a 30 Watts quartz iodine light source is dispersed spectro-
meter such as the one described for the PL in appendix 1. The
visible and infrared (IR) photons emitted by the vertical
tungsten filament of width w.=1 mm are collected and directed
to the adjustable entrance slit (of width w ) of the spectro-
meter. Appendix 1 described how to maximize the amount of
light collected with two lenses for PL experiments. However,
achromatic lenses could be required for experiments such as
PR, ER, or PV because the broader range of wavelength covered.
So it is often more convenient to collect the light with a
single concave mirror which will not suffer from chromatic
aberration. So here a description will be given on how to
optimize the amount of light collected with a single-mirror
system as shown in the fig. 2-7. Say the photon flux exiting
through the aperture of the box containing the filament is ¢°,
and the cross-section of the light cone at a distance o fronm
the source has a diameter h = a0 (where a is source dependent
via the size of the aperture, and the aperture-filament

distance). The mirror (which is assumed to reflected 100% of
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the light) of radius r and focal length f is placed at o, and
produces an image of the filament on the entrance slit (which
has a width ws) at a distance i=fo/(o-f), and magnified by a
factor g=f/(o-f). The rays going through the slit will form a
cone which has a half-width y=f r /i at a distance f from the
slit. If ¢e” is the photon flux reaching the back mirror
(which has a half-width r ) of the spectrometer at a distance
f’5 from the slit, the overall efficiency of the collecting

system is e = /¢= £ec . It is the product of the

¢e!‘l‘ b

fraction of the light collected by the mirror (cm), times the
fraction which passed through the slit (cs), times the frac-
tion which reach the mirror in the back of the spectrometer

. _ 2 2 _ _
(cmb). It is easy to show that €= mr /h”, eu—ws/gwr, £ =

rtr::'J / nyz. And so after simpliiications:

£ = — {(2-3)

Eq. (2-3) is valid for WS gu, and it can be shown that the
optimum efficiency (e') is obtained if

£/#
fr /fr = m- z 2 (2-4)

where f/;!fE and f/#m are the spectrometer and mirror f-number
respectively, and if the back mirror of the spectrometer is

just completely covered (i.e. y=rmb). Then the optimum values
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for i and o are:

L]
1l = r/r
fs m/ mb

o= (fsrm/rmh)/(fsrm/frmg-l), and (2.5)
2
o "rbs
£ = — (fr /fr -1).
2.2 S m mb
a fswr

Egq. (2.5) indicates that the optimum efficiency for a
chosen spectrometer improves proportionally to the radius of
the mirror collecting the light, and is inversely proportional
to its focal length, i.e. it improves inversely proportional
to the f-number of the mirror (f/#n). Spherical aberrations
imposes the 1limit on how small f/#la can be chosen. For the
system used, fB=100 cm, r = 8 ¢cm, o=0.7, rm=6.5 cm, f=29.3
e¢m, and so egs. (2-5) are valid and give i'=81 cm, and
o =46cm, and e'=7% (wB/wr), where the efficiency is directly
proportional to the slitwidth (which is adjusted according to

the resolution requirements).

If the f/# of the mirror is not smaller than a factor of
two with respect to the f/# of the spectrometer, then the
optimum efficiency is not as good. Indeed, if eq. (2-4) is not

£/#
satisfied, i.e. for the case ?7?3 < 2, the optimum efficiency
m

is obtained if i’ = o = 2f; and then

Tw r Tw 2
L . [1]
0w £2 40w £/¥,
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Therefore if the f-numbers are almost matched, the optimum
efficiency is inversely proportional to the mirror f-number,
also the resolution may be affected because then the mirror at
the back of the spectrometer (and hence the grating) will not
be entirely covered (to cover entirelv the mirror at the back
of the spectrometer using a single mirror with the same f/#,

one would have to place the source at infinity !).

In conclusion, to get a good efficiency in collecting the
light with a single-mirror set-up, a mirror with a f-number
smaller than half of that of the spectrometer must be used

with the values obtained from egqgs. (2-5).

The monochromatic beam which exits the spectrometer, is
reflected, with another concave mirror, on the sample through
one of the optical windows of the crystal. The efficiency of
this process is 100 % as long as the distance between the
mirror and the exit slit is not too large so that the light
exiting the spectrometer could be entirely contained on the
mirror. Within this restriction, the mirror will generally be
placed as far as possible from the slit in order to increase
the intensity of the light hitting the sample (i.e. decrease
the magnification so that the area of the image of the slit on

the sample is decreased).
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ANALOGY BETWEEN THE CONDITION FOR BOUND STATES OF MQW

AND THE LEGENDRE’'S POLYNOMIALS

Readers familiar with the Legendre’s polynomials must have
noticed the striking resemblance between fig. 4-3a which shows
the conditions for the bound states of the MQWs, and the graph
of Legendre’s polynomial. For comparison purposes, fig. A-1
reproduces the Legendre’s polynomials from Pl(-x) to PG(-x),
for x between -1 and 1. These polynomials can be found using
Rodrigues’ formula:

n
P (x) = 1 __d

" [(x*~1)"1,
2 n! dx

or using the relation between consecutive polynomials:

1

Pn«-l (x) = n+l

[(2n+1)} X Pn(x) -n qu(x)]"

where

P1= X,

P, = 1/2 (3x° - 1),

P, = 1/2 (5%° -~ 3x),

P, = 1/8 (35x? - 30%° + 3),

P = 1/8 (63x° = 70x° + 15X), ...
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Fig. A-1: Legendre's polynomials. Compare with fig. 4-3a for the MQW bound
states.

The resemblance is most likely link to the possibility to
expand the condition for bound states in the asymptotic form
of the sines and cosines of eg. (4-3a) near the energy at
which a bound state occurs. There is no a priori reason why

eq. (4~3a) would satisfy Legendre’s differential equation

(1-x3)Y’’ = 2xY’ + n(n+l) ¥ = 0O

for energies close to a bound states, but in any case the
resemblance can be very useful to evaluate the energy
positions of the MQW bound states. Indeed, the bound states

are found if the R.H.S of eq. (4-3a) equal 0. And so, one can
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Fig. A-g: Evalution of the bound states of a MQW using the Legendre's
polynomials, knowing the energy of the bound state of the corresponding SQW,
and the bandwidth of the corresponding SL.

approximate the R.H.S of eq. (4-3a) with the Legendre’s
polynomials and then use the known values of the zeros of
Legendre’s polynomial (of order equal to the number of wells
in the MQW) to evaluate the energies of the bound states. The

zeros of the first few polynomials are as follow':

-1\2

n=2: * 3

n=3: 0, * (3/5)'7°

n=4: + [(15 - 120%)/35)73, & [(15 + 120%)/35)"°
*

see p. 916 of ASeé5.
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Fig. A-2 gives an example for a MQW with 5 wells and
Ps(-x), where the energy in eq. (4-3a) was normalized to the
bandwidth of the corresponding superlattice after subtracting
the energy of the bound state of the corresponding SQW. As it
can be seen on the figqure, PS(—x) reproduces the zeros quite
well. And so in summary, instead of solving the MQW levels
with eq. (4-3a), one can approximate their energies by first
finding the energy of the bound state of the corresponding SQW
and the bandwidth of the corresponding superlattice, and then
associate the energy range of this bandwidth to the range of
-1 to 1 of the Legendre’s polynomial of the same order, and

make the correspondence with the zeros of that polynomial.
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