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Abstract

The purpose of this research project is to study the opto-electrical properties of
InGaAsP quaternary  systems. Inj ,GayAs P epilayers lattice matched to
InP  and Iny_GaAsyPy/InP Multiple Quantum Wells (MQWs) grown by Chemical-
Beam Epitaxy (CBE) are being studied systematically using the Photovoltaic (PV) effect.
At first, the Schottky barriers on the interfaces (metal-semiconductor, metal-insulator-
semiconductor) are determined as an important factor for the electrical and optical
properties of the samples. The AwinP and Aw/InGaAsP barrier heights for the
Ing 1Gag 3450 4P 36 quaternary epilayer are experimentally observed and the values for
¢p directly derived from the PV spectra below 200K. The current-voltage (I-V)
characteristics for two Awing7,Gag 28450 68P0.3/InP MQW samples are plotted to
evaluate the leakage current contribution to ¢g in the formed Schottky contacts. Samples
with identical Schottky contact deposition but with an insulating layer on the front surface,
have shown much smaller leakage curreni and yield enhanced barrier heights. Several well-
defined spectral structures in the PV spectra of the MQWs, interpreted in terms of sample
characteristics, are studied as function of temperature. The photovoltaic signal in the
temperature interval 4-300K has maximum amplitude at about 150-180K for the MQW
samples and at about 190K for the epilayer. An applied electric field changes the
integrated intensity and spectrally shifts the allowed and forbidden transitions observed in
bias dependent PV spectra of various InGadsP/InP MQWs. The combined effect of two
external factors, the thermal ionization and the electric field on the shape and magnitude of
the /1H exciton peak, are discussed in terms of exciton binding energy and field
ionization. The optically induced changes and energy shifting of the J/H exciton peak are
observed, when excitation dependent double beam experiments are conducted on the
Ing 12Gag 28450 68Po 3/InP MQWs. The photomodulation of the internal fields through

carrier transport results in observing effective nonlinearities at milliwatt power levels. The
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experimentally measured transition energies for the MQWSs show good agreement with the

envelope wave function calculations. The observed Schottky barrier heights and band gap

energies are consistent with the interpolation scheme estimations.
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Sommaire

L'objectif de ce travail de recherche est d'étudier les propriétés optiques et
électriques des systémes quarternaires de InGadsP. Des couches épitaxiales de
Iny 4GayAs,Py.y sur InP et des puits quantiques multiples creés par croissance épitaxiale
par jets chimiques sont soumis & une étude systématique en utilisant I'effet photovoltaique.
Initialement, les barriéres de Schottky aux linterfaces métal-semiconducteur, métal-
isolant-semiconducteur sont determinées comme un facteur important pour les propriétés
optiques et électriques des échantillons. Les hauteurs de barriere de AwlInP et
Au/lnGaAsP pour la couche épitaxiale Jng7Gag34spe4Po36 sont observées
expérimentalment et les valeurs de ¢p sont directement dérivées des spectres
photovoltaiques au-dessous de 200K. Les caractéristiques courant-voltage (I-V) de deux
échantillons de puits quantiques multiples de Ing 7oGag 28450 68F0.32/InF sont tracees
pour évaluer ¢p & partir du courant de fuite dans les contacts de Schottky. Les
échantillons avec une couche isolante sur la surface avant et une deposition de contact
Schottky identique montre beaucoup moins de courant de fuite et donnent des hauteurs de
barricre plus élevées. Plusieurs structures spectrales bien definies dans les spectres
photovoltaiques des puits quantiques multiples sont interprétées par rapport aux
caractéristiques des échantillons et etudiées en fonction de la température. Le signal
photovoltaique dans [lintervalle 4-300K a une amplitude maximale aux environs de
150-180K pour les puits quantiques multiples, et 190K pour la couche épitaxiale. Un
champ électrique appliqué change [lintensité intégrée et déplace spectralement les
transitions permises et interdites observées dans les spectres photovoltaiques. L'effet de
deux facteurs externes combinés, lionisation thermique et le champ électrique, sur la
forme et I'amplitude du pic excitonique 71H, est discuté par rapport a I'énergie de liason
des excitons et de ionisation par champ. Les changements provoqués optiquement et le

déplacement énergétique du pic exctonique 7/H sont observés, quand deux faisceaux

v



lumineux sont incidents simultanément sur les puits quantiques multiples de
Ing 12Gag 28450 68Pp 30/InP. La photomodulation des champs internes ainsi produite
aboutit & I' observation d'effets nonlinéaires au niveau du milliwatt. Les énergies de
transition mesurées expérimentalement sont en accord avec les calculs de la fonction
d'onde d'enveloppe. Les hauteurs de barriéres de Schottky et les énergies de la bande

interdite obsevées sont compatible avec les estimations obtenues par interpolation.
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Introduction

The recent advances in ultrathin structure preparation techniques have made
possible the production of new electronic semiconductor devices with higher performance,
based on variations of the potential in series of barriers and wells, along a direction
perpendicular to the layers of growth. All of these semiconductor quantum
heterostructures can be designed with the desired physical properties by adjusting the
composition of the materials and the thickness of the layers. The research and
development of device fabrication have also been extended from III-V binary and ternary
to III-V quaternary systems, which offer the possibility to independently control the band
gap and the lattice constant with minimum lattice mismatch, Since the early 1970s, when
the first growth of In;.,Ga,4s,P ., lattice matched to InP was realized(l], the quaternary
systems has attracted great interest and become widely used in various applications, such
as lasers, light emitting diodes, photo-detectors etc. The reasons for InGaAsP being so
attractive for device fabrication are:

- the possibility to change the composition y over a wide range of band gaps varying from
1.35eV (.92um) to .75¢V (1.65um)

- the spectral range of the band gaps contains the region of lowest loss and dispersion for
optical fibers presently used in communications

- the possibility to grow well controlled thin films and multiple quantum well structures.

A number of opto-electronic and transport devices based on the semiconducting
quaternary In)Ga,As,P)_, have previously been reported [2-7), however the physical
properties of this system are the object of many recent studies!8-14). The research on the
excitonic effects in Inj,Ga.ds,Pr, based MQWs has been conducted using
electroabsorption and photoconductivity techniques(2.6:121; the electric field effects on
lattice matched /nGaAsP/InP QWs have been studied and the Stark shift on the ground

state exciton has been measured!2. 12, Experimental research, interpolation with the



material parameters for the related binaries InP, Inds, GaAs, and GaP has been used to
obtain their various physical parameters{15-18]. Although the interpolation scheme is an
approximation, it still provides useful material parameters over a wide range of allcy
compositions. Based on it, the band gap variations are extrapolated(18] and different
optical constants calculated(16: 17],

This study does a parallel research on the opto-electrical properties of InGadsP
quaternaries, with emphasis on the opto-electrical and carrier transport properties of the
excitons in various Iny ;Ga,As,P;,/InP MQWs. We use the photovoltaic detection as a
fairly simple and powerful method to study the photovoltaic signal as function of
temperature, the external electric field, and the varied intensity excitation in InGaAdsP
quaternaries.

The thesis is organized in five chapters. The first chapter briefly describes the
lattice constant variation with x and y composition, based on Vegard's law for InGadsP
lattice matched to InP system and discusses the energy band gaps of In I_xGaxAsyP Iy
quaternaries and their dependence on the binaries composition. The second chapter gives a
theoretical evaluation of the energy levels as well as the exciton binding energy in quasi-
bidimensional structures. It also reviews the theory of the photovoltaic effect used to
study the Quantum Well (QW) transitions and the effect of an applied electric field on the
energy levels. The description of the samples, the preparation techniques and the
experimental methods used to analyze them are outlined and discussed in the third chapter
as experimental techniques. In the fourth chapter, the experimental results are presented
and analyzed. The experimental data collected for the quaternary epilayer, the slightly
mismatched sample and the lattice matched samples with same x and y composition, but
different contact deposition is compared and the possibilities for future device applications

discussed.



I. Quaternary Compounds

The quaternary material 4;,B,C,D,.), is constructed of four binary compounds
AC, AD, BC, and BD, using an interpolation scheme. Thus, the quaternary material
parameter 0, as a function of the quaternary alloy composition (x,y) can be formulated as
a combination of the constituent binaries:
0x,»)=(1~x)yB,c +(1-x)(1-y)B,p +5Bye +x(1-3)By  (L1)
This interpolation relation is used to derive different material parameters of the
quaternaries by giving By some physical basis (such as band gap, lattice constant,
deformation potential, etc.}.
If we consider the binary material parameters of Gads, InP, Inds, and GaP, then
from eq.(1.1), the quaternary parameter Q(x,y), of In; ,Ga,As P, will be:
0(x,9)=(1-x)B,,,, +(1- )1~ ¥)Byp + 9By, +x(1-¥)Bor  (12)
Equation (1.2) will be considered for the theoretical evaluation of some of InGaAsP

parameters and compared with the experimental results.

1.1 Lattice parameters and composition of In; yGayAsyP .y lattice
matched to InP

The term "lattice matching” means that both materials InGadsP and InP have the
same lattice constant and expansion coefficient. In multilayered semiconducting structures,
where very thin epitaxial films are deposited , it is of great importance to obtain small or
no mismatch between the layers. All of their optical and electrical properties depend on

the quality of the heteroepitaxial growth. The effect of lattice mismatch strain can be

considered as reasonable, if Iﬁf-lso.z% [18],where a, is the lattice constant of the

quaternary and Aa is the difference | @ 0t~ Fp | .



The lattice constant a, for the quaternaries is known to obey Vegard's law for
lattice matched systems, i. e. to vary linearly with the alloy composition, and can be
deduced from that of the former binaries. For In;_Ga,As, P, ,, (using eq.1.2), we obtain:

a,(%,) = (1-£)ya,y, + (1= 1)1 )@ + Do, +X(1-V)cr  (13)
Taking the following binary constants from ref. 18: Ay, 4=6.0584A, agp=5.4124,
aGaa5=5-6535A, and ap,p=5.86875A, eq.1.3 is reduced to:
a,(x,y)= 01896y - 0.4176x +0.0125xy +5.86875 A. (1.4)

The lattice matching relation between x and y compositions then can be written as:

0.1896y

X = 0<y<l). 1.5
04176 0.0125° (0<y<1) (1.5
For the lattice matched MQW's (x=0.28, and y=0.68) in our study we find [£#| < 0.24% at

300K, which is on the limits of lattice matched samples. The epilayer (x=0.3, y=0.64) is a

structure relatively easier to grow and shows almost perfect lattice match of [+ <0. 026%

Da |
9

at 300K For one of the MQW sample we have studied (x=0.32, y=0.56) the lattice

mismatch is bigger: l-ﬁjl <0.43% at 300K, which shows that it is strained.

The statement of Vegard's law appears to be valid for the InGaAdsP quaternary
over the range of compositions 0<x<0.47, 0sy<1. Figure 1.1 shows a three-dimensional
representation of the lattice constant a,, over this range.

The second parameter playing an important role in the fabrication and performance
of InGaAsP heterostructures is the thermal expansion coefficient o.. A small fraction of
mismatch caused by the difference in o. for the different layers is present in most growth
conditions. S. Adachil19 P-54] has derived the dependence of this difference with the y
composition, which is: otg-oty,p=1.18y, where o is the thermal expansion coefficient of

the quaternary, and oty,p=4.56x10-6C"-! . Therefore for the most studied composition



in this research (y=0.68), the thermal expansion coefficient for the quaternary is
aq=5.36x10'60°'1. Assuming a linear relation between the lattice constant and the
temperature, the dependence of the lattice constant on the thermal expansion coefficient
can be formulated as(20, P.55]:
a,(T)=a,(0)1+a,T), (1.6)

where a,(T) is the lattice constant at any given temperature and a,(0) is the lattice
constant at OK. Considering eq.(1.4) and eq.(1.6), for Ing 79Gap 23450 63F 32//InP MQW
(sample 1), the lattice mismatch is smaller at lower temperatures , of the order of

Jj;;"— <0.1% at 4K.

6.0584

Inds

y

Fig. 1.1 Three dimensional representation of the lattice constant. The bold line covers the region
where the quaternary is lattice matched to InP.



1.2 Band gap variation with composition

Extending to further simplification the relation between x and y for lattice
matched system, relation (1.5) can be given in the approximated form [19, p-5];
x=047y, (0<y<1) (1.7)
Then combining eq.(1.4) and eq.(1.7) with a good degree of accuracy the quaternary
material parameter can be written:

Q(x,y)=Q(»)=a+by+o’, (1.8)
where a and b are determined by the end-point materials and ¢ is the bowing parameter.
The bowing is a measure of the change in the crystal potential across the alloy field. The
direct band gap energy Eg is the most important parameter for device application. The
variation of the band gap energy with composition (from eq.(1.8) may be written in the

form:
Ez*,(y)=a+by+c:y2 (1.9)

Eg(InP)

Eg(fn 053G o248 )
Eg(Inds)

Fig. 1.2 Three dimensional representation of the ) ,Ga,As,Py.y energy gap. The dotted curve
covers the band gaps for compositions lattice matched to InP.



The E, gap for InGaAsP lattice matched to InP has been measured by different techniques
such as photoluminescence (21, electroreflectivity [22], and summarized by S. Adachi
(ref 19, p.81), and the experimental data fitted to the relation:
E,(y)=135-0.72y+012)%, eV (1.10)

For the MQW (sample 1) with y=0.68, eq.(1.10) gives Eg(0.68)=0.916eV(1.350p.m) at
300K, For the quaternary epilayer Eg(0.64)=0.938eV(1.3 18um) at 300K. The comparison
of these results to our experimental values of Eg(0.68)=0.915eV(1.35lum) and
Eg(0.64)=0.903eV(1.369um) respectively, shows reasonable agreement with the
approximated general relation.

A visualized model of the three-dimensional surface of the band gap energy E,
versus x and y is shown in fig.1.2. The corners represent the direct gaps of the binaries:
E (InP), E,(InAs), E4(GaP), E,(GaAs), and the curves can be obtained from the
interpolation scheme using equation(1.1). The dotted curve connecting the band gaps of

InP and Iny 53Gag 474s represents the lattice matched quaternary system.



II. Theoretical background

This chapter reviews the theoretical background necessary for understanding the
opto-electrical properties of layered semiconductor heterostructures. The envelope
function approximation method is being used to calculate the energy levels of the quantum
wells. For the theoretical calculations we consider a model with finite potential barriers
and give analytical solutions for the energy levels of a well with a given width. We also
discuss the excitonic effects in two-dimensional systems and show that the binding energy
of the iwo-dimensional exciton may be up to four times larger than in the three-
dimensional case. This energy increase becomes important when the thickness of the well
is less than the bulk exciton diameter. The basic concepts of the photovoltaic effect are
outlined and the dependence of the photogenerated current on the absorption coefficient
derived. At the end of this chapter we show the influence of an external electric field on
the ground state exciton and discuss the related Quantum Confined Stark effect. The
relations giving the temperature dependence of the band gap and the exciton in QWs are

also outlined.

2.1. Quantum well energy levels

The fabrication of semiconductor quantum heterostructures has three basic
configurations: a single heterojunction separated by an interface, 2 single quantum well,
and a multiple quantum well, or a superlattice. By adjusting the composition and
thicknesses of the layers, these configurations can be designed with the desired optical
properties. A single quantum well consists of ultrathin layer with thickness of d, <1004,
sandwiched between thicker layers (dg) of a semiconductor with larger band gap
(dw<<dp). A multiple quantum well is formed as an array of barriers and wells with a total

number N (dy,<<dg) and displays the optical properties of a single quantum well, except
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that the optical density of the structure along the growth axis z is multiplied by the number
of periods, N -fig.2.1. Another important class of thin heterostructures is the superlattice,
which consists of ultrathin layers of wells and barriers. In superlattices, the electronic
wave functions of the wells overlap and their properties differ from those of MQWSs. All
these structures with reduced dimensionality, offer the possibility of adjusting their optical

properties for different practical applications!23].

[0 I Y I I
THRENE
..... I
R B D
M Y 1
MM
b B
R 1 Y ) g I
SRR HEH
AR I B I
e

Fig.2.1 Schematic views of a single and a multiple quantum well.

For the interpretation of the experimental findings, the knowledge of the energy
structure is necessary. To describe the electronic states in quantum wells and superlattices,
different methods were developed in the 1980s. They can be summarized as tight-binding
calculations?4],  pseudo-potential  formalisml25,  and  envelope function
approximation(2627). In our study we use the envelope function approximation as an
accurate and flexible method to describe the electronic states in QWs. Since it has been
reviewed before, in the following section we outline its statements withoiit going into deep

discussions.



To derive the energy states in the QW we will consider a rectangular quantum well
with finite barrier heights . A semiconductor hcterostructure formed by material A is
sandwiched betwsen two layers of material B with band gap energy larger than A. A and
B are assumed to be perfectly lattice matched and to have the same crystallographic
structure -fig.2.2. In this theoretical model the matching for InGaAsP is considered to be
perfect. In the envelope function description, the problem is finding the boundary
condition of the slowly varying wave functions of the heterostructures, taken as identical

in both host materials. Then the electron wave function will have approximately the

forml26 p-671-
Y=Y e ul® (O (2), @
AB
where #,,(r) is the Bloch function in material A or B, z is the growth direction, % is the

transverse electron wave vector, and x,(z) is the envelope wave function, considering the

potential in the well as given by:

0, |z] <-L2—’
re={ "}, (.2
V,, 2>
2
V(z)
VT - ————
B A B
_______ E;
_______ E,
I E, _
-Lzl?. Lz/2 z

Fig.2.2 Energy profile of a square well.
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where L, is the thickness of the quantum well, the Schrodinger equation describing the

motion of the particles along z, can be written as:

[— S +V(Z)]x(2) = Bx(), @3)

where m* is the electron effective mass, E is the confinement energy of the carrier, 3(z) is

continuous everywhere and (jm |z(z)| is finite. Since V(z) has a known value, the

-yt

solutions of eq.2.1 can be obtained. For both cases in eq.2.1, 2(z) is the sum of the two

plane waves with opposite wave vectors. Inside the wells, where V{z)=0, these vectors are
tk,:
Zm

AE 2.4

k=

Outside the well, ¥(z)=V,, and the vectors are k!

_|2my .,
b= 27, - ) @5)

In the case of a symmetric potential the wave function x(z) can be chosen either even or

odd, then for both types of states, inside the wells #(z),the solutions of eq. 2.3 can be
written:
%(z) = Bcosk,z, for even states (2.6)
v(z)=Asink,z, for odd states, 2.7
where A and B are constants. Outside the well, the wave functions 2(z) have to be
normalized and ] z(z)| not to diverge, when z —» +oo , and the solutions are:
v(z) = Ce™", for even states (2.8)
x(z)= De**, for odd states, (2.9
where C and D are constants. The relations between both wave vectors &, and k, are:

;1_—1& tan(k y -’-;'—) = ;l;ka, Jor even states (2.10)

A B
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——l_—k,, cot(k,l -[-g-) = -1— — kg, for odd siates (2.11)
m, My
Inserting the values for k, and &, from eq.2.5 and eq.2.6 to eq.2.9 and eq.2.10, the

discrete values of the energy E, are:

tan Zm:E L\ m—‘_‘ V—"—l), for even states (2.12)
h 2 my\ E

cot Zm;E L =— m—f(ﬂ-—l , jor odd states (2.13)
2 m\ E

The last two equations give the dependence of the energy of the bound and continuum
states on the width of the quantum well with a particular ¥, chosen. The energy
eigenvalues E, may be determined from eq.2.12 and eq.2.13 if we know the effective
masses m*g and m* , V, and L,.

The above expressions are obtained under the assumption of nondegenerate bands
for both electrons and holes and the allowed transitions being those, that occur between a
quantized electron and a hole states with the same quantum number j (Aj=0)- fig.2.3a.. In
quantum wells the conduction band electron energy states are similar to eq.2.12 and
eq.2.13., but the valence band is degenerate at k=0, which makes more complicated the
energy and wave functions associated with them. The upper two states of the valence band
can be referred to, as heavy and light hole bands. Sincc a.y perturbation can lift the
degeneracy, there are different confinement energies anc the heavy and light hole states
split in two sets of levels. Also when the perturbation brecks the symmetry of the system,
the selection rules are relaxed, transitions can occur from either of the hole states to the
conduction band; thus transitions with different quantum number Aj# 0 may become
allowed- fig.2.3b. This is the case for instance when an electric field perpendicular to the
layers is present in the quantum wells. The splitting decreases with the increase in the

thickness of the well and can not aiways be optically observed. The light and heavy hole

12



components are easily observed in narrow well QW samples, where the exciton binding

energy is larger and the Bohr radius smaller.

E\"-E¢

E"-Ef

=1

=2

i1

Elhh -E le

=1

Ellh_Ele

hh

lh

Fig.2.3 a.-Possible electron-hole transitions in a quantum well; b.-Possible electron-hole transitions
as a result of splitting between heavy and light hole states.

By applying eq.(2.12) and eq.(2.13) to a JnGadsP quaternary system, the energy

levels for different transitions at any given temperature can be obtained. In our case for

InGadsP/InP MQWs, where x=0.28 and y=0.68 and the well width is L=80A, computer

program calculations give the possible transitions at 4K with the following energiesl28l;

11H - 998 meV

11L - 1042 meV
2]1H-1116 meV

I2L - 1154 meV etc.

Here 11H means a transition from the first electron state, £,¢, to the first heavy hole state,

E/#h, 1L is a transition from the first electron state, £, to the first light hole state-E, /.

Later, in the experimental part the observed transitions will e compared to the calculated

results.
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2.2 Excitons

The concept of excitons in semiconducting crystals has been the subject of
considerable interest in the past [29-33] In general, optical transitions in undoped
semiconductors are dominated by the electron-hole Coulomb interaction, forming bound
electron-hole pairs, called excitons. The existence of pronounced narrow peaks in the
lower energy side of the band gap in the absorption spectrum is evidence of the excitonic
nature of the various transitions. Therefore, the process of absorption of a photon
corresponds to the creation of an exciton, which can move as a whole through the crystal
with zero net charge transfer. An exciton has a set of energy levels analogous to those in a
hydrogen atom, with a binding energy of a few millielectron volts. This slightly reduces the
energy of the excited state and explains why less photon energy is required for the exciton
transition than for band to band transitions.

The effects of the formation of exciton states are most directly observed in the
optical properties of a crystal in the vicinity of its various absorption edges. In the
following section we will consider the theory of excitons involving the electron and hole
interaction, without discussing in detail the framework of the theory, which is thoroughly
reviewed in ref30. The envelope function, Wy, describing the electron and hole motion
and the influence of all other atoms is a solution of the two-particle Schrodinger equation:

2 2 2
N g B ¢ ¥_-EY¥,, 2.14)
2m, 2m, e(O)‘r, - r,,]

where £(0) is the static dielectric constant of the crystal, m. and m; are the effective

masses of the electron and hole, respectively, and |r, ——r,,] is the distance of separation. The

solutions of equation (1.14) give a series of bound states with energies:
g B _
E,=E -—%, n=123,., (2.15)

’
n2

where R, is the exciton Rydberg energy given by:
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R =—e—— eV 2.16
= @16)

and the exciton Bohr radius, a; ,is:

2 o
& = % Y @2.17)

where £(0) is the static dielectric constant, and 1], is the exciton reduced mass written by:

11,1 (2.18)
ma mf mh

The exciton makes a dominant contribution to the band edge of the PV spectrum , which

we discuss in the experimental section 4.3.2.

2.2.1 Excitons in quasi-two-dimensional systems

In QWs, in contrast to bulk materials, the excitons are confined to the direction
perpendicular to the layers. This confinement makes the excitonic effects stronger in QWs.

The total Hamiltonian for the relative motion of the electron-hole pairs can be

written[34:.210];

2
v - %vi 2V s W coons .19)
L]

h2

H=—-—
2m,

where the first two terms are the kinetic energy of the electron and the hole, Vouoms i8
the Coulomb potential, and V¥, is the confinement potential. The two-dimensional
Schrodinger equation associated with this Hamiltonian, has solutions in the plane
perpendicular to the layers as a series of bound excitonic lines at positions [35. P-701;

E® s =E +Em+E,_ (2.20)

Prominent peaks are those with i=j, then eq.(2.20) becomes:
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w2 R,
2m""L§ (nj_Jl-)

EP=E_ + = J=123,.. (2.21)

where R, is the three-dimensional exciton Rydberg energy, given by eq.(2.16), and the
second term is the confinement energy of the electron - hole pair, where »z, is the reduced
exciton mass.

In comparison to the three-dimensional binding energy, the two-dimensional

binding energy will result from the substitution of #—> n—1 in eq.(2.15):

ro = Ke (2.22)

= (-
We can see that the lowest two-dimensional exciton energy associated with #=1 may be
up to four times larger in a two-dimensional system, than it is in a three dimensional one:
Rffml =4 31.)»::1 (2.23)
This effect becomes important, when the thickness of the well is less than the bulk exciton
radius. Equation(2.23) also shows that the exciton ground state in the two-dimensional

case is farther from the band gap than in the three dimensional one:

R.

E’=E_- , n=1,23,.. 2.24
R (B O ’ @29
From eq. (2.17) and eq. (2.23) the 2D Bohr radius will bs:
a3D
al = -;- (2.25)

In the calculations above for simplicity, we have assumed that the static dielectric
constants of the well €(0),,, and the barrier £(0)g, are the same. However, when

£(0),>(0)g , the two dimensional binding energy will have the form[34, p-213]:

w_(#0),) _Re
& "[em),,) (n-47" @29
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and the increase in the exciton binding energy can be considerable. We will demonstrate
this effect in our samples. Adachi (ref. 19, p.157) had summarized the experimental data

for InGaAsP lattice matched to InP quaternary and made an interpolation of Ry as

function of the y composition in the quadratic form:
R®(y)=48-29y+10y° (2.27)

The application of eq.2.27 to sample 1; the three-dimensional excitonic Rydberg
energy can be calculated and has a value of RZ) =2.7+3.3meV and the corresponding
two-dimensional is R?® =11+13meV . Taking into account the dielectric constant of the
quaternary €,,(0)=13.48 (28] and epp(0)=12.5 119, P-66] | the two-dimensional exciton
Rydberg energy is : RZ =12.8-+153meV , which correspond to a characteristic
temperature interval 149-179K (kT = &2, where k=8.6x10-¢V/K, is the Boltzman
constant). These values are close to the maximum of the excitonic signal that we find
around 150-180K for the MQWs and 190K for the quaternary epilayer and discuss later in
section 4.3.2.

In summary, in the two-dimensional case the exciton ground state energy is up to

four times larger than in the three-dimensional one, where the relative separation between

the electron and the hole is aﬁfg = %. This results in a relatively large binding energy and

enhanced exciton oscillator strength in quasi-bidimensional heterostructures.

2.3 The photovoltaic effect

The photovoltaic effect (PV) is a general expression indicating the appearance of
an external voltage in an illuminated solid(semiconductor). The PV in semiconductors can
be associated with the variation of the electronic structure at a p-» junction or a metal-
semiconductor surface barrier. The photogenerated carriers move in response to local

fields establishing a potential difference. We will only consider the internal fields at the
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Schottky barrier. The direct contact between metal and semiconductor results in

redistribution of charges. This deformation of the band edge at the interface is called

"Schottky barrier”. To illustrate the barrier, at the metal-semiconductor contact, we take

the work functions for the metal and the semiconductor to be @,,, and @, respectively,

and consider the case of n-type semiconductor, where ®@,, > @ -fig. 2.4a. After contact,

the electrons must leave the semiconductor surface in direction to the metal and an

equilibrium is established, when the Fermi levels of both sides line up. The potential

difference between the two work functions, gV,=®,,-®; , is called contact potential. The

barrier defined by the difference of the metal work function, ®,, , and the electron affinity,

% , will be:

1

|
b-----o--oocC s g
|

(2.28)

Fig.2.4 Metal/n-type semiconductor energy band diagram: a.-thermal equilibrium; b.-forward bias;

c.-reverse bias.
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The last equation shows that the barrier height is determined by the potential difference
qVp and the doping step & of the semiconductor.

To describe the current-transport properties in the metal-semiconductor barrier,
different approaches have been used [36-38]. In our study we assume that the carrier flow
is caused by thermionic emission only. At zero bias, the electron flux from the
semiconductor into the metal is given by the standard thermionic equation [36. p-171};

T (o
J":qND(E!::?) e (H], (2.29)

where m,* is the electron effective mass of the semiconductor, Np is the donor density in

the semiconductor, & is the Boltzman constant, and ¥ is the built-in potential. From the
-5
theory of semiconductors e ¥ =N, / 2(2mm kT / v’ )2. Then eq. (2.29) becomes:

4

J, = ﬂqm,‘k’T’e_(” ) = A‘T’e{%"‘%), (2.30)

' h3
where 4" = ih?-qm:k:’ is the Richardson constant and ¢ is the barrier height.

When a forward bias voltage ¥, is applied to the junction (fig.2.4b), the effective
bamier in the semiconductor becomes q(Vp-¥,) and the electron flow from the
semiconductor to the metal is enhanced by a factor of {e@2*1)}. The current-voltage

relation for the junction is, therefore:

J= J,[e[%"l) —1], (2.31)

where J, is the diode saturation current, or the reverse bias leakage current.
When a measuring technique with a small resistance R, in series with the
semiconductor is used (the measuring circuit is shown in section 3.1), the current-voltage

relation is:
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J= J,[eg(L"k;ﬂ—l] (2317

Equations (2.31) and (2.31') refer to 2 situation, when the system is in the dark, with no
incident radiation. However, under illumination with photon energies ho, larger than the
band gap of the semiconductor E,, ho>E,, photon absorption generated electron-hole
pairs in the depletion region lead to a generated current Jy. and the total current of the
junction is modified to:

A
J—J,[e T l] J; (2.32)

Then, the open circuit photovoltage across the illuminated Schottky bartier is:

V., =£1n[1+i). 2.33)
q J

To derive the spectral responce of the junction, as a function of the wavelength in the
region ho>E,, we assume the density of the photons in the semiconductor to vary
according to the law: ® =&  ¢™™, where a is the absorption coefficient, ®,, is the total
incident photon flux, and x is the distance within the semiconductor. The electron-hole
generation rate by the photons has the general form[39.p-4211;

G(x)=-nd®/dx=node %, (2.34)
where 1 is the quantum efficiency, equal to the number of excited carrier per photon.

Then, the current generated inside the depletion region can be written asl37, p.645);
J, ==n[Ge)de =@, (1- ), 235)

where W is the boundary of the depletion region. Applying eq. (2.35) into eq. (2.33) for

the photovoltage produced by the photon flux @,, we obtain:
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@ \1-e MW
V., = +T ln|:1+ .| )] (2.36)
q J

The last relation shows the dependence of the absorption coefficient, a{l), on the
photovoltage ¥y generated under the illumination of the Schottky junction. The variation
of Vpy with temperature will depend on the variations of «(1), W, and J; with

temperature. The influence of each of these factors on the photovoltaic spectra will be

discussed in the experimental section.

2.4 The effect of an applied electric field on the QW structures

The effects of an applied electric field on the optical properties of quantum wells
has been previously considered experimentally(40-45] and theoreticallyl40:46-43l. In this
section we will outline the consequences of the application of an electric field to the MQW
structures. We will consider the thickness of the barrier and the height of the potential step
large enough, so that the wave functions of the first few levels do not overlap from one
well to the other. With these assumptions the properties of the sample are the same, as
those of a set of independent quasi-two-dimensional QWs. An applied electric field
perpendicular to the QW layers has the following consequences: electrical heating (Ohm's
law); widening of the excitonic line; displacement of the optical transitions; ionization of
the exciton and selection rules change, followed by the appearance of forbidden
transitions. The object of our interest are the last four effects and each of them will be

discussed separately.
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2 4.1 Displacement of the spectral structures

In QWs , in contrast to bulk materials, the excitons are confined to the direction
perpendicular to the layers, which makes the excitonic effects stronger. Large energy shift
occurs, due to a major change in the potential of the well -fig, 2.5. The field pushes the
electrons and the holes to the opposite walls and modifies the corresponding wave

functions. High electric fields can be applied, because the electron and hole wave functions

e — i e — —— ——aamm —— ——

E3+Econf
el B
1 E—— hl
2 —_—— e
3 f—_————

Fig.2.5 The effect of an applied electric field on the QW energy levels and wave functions.

deformation is suppressed by the walls of the QW and also high fields are possible at
moderate applied voltages across small width wells. Due to the large exciton binding
energy there is enough electron-hole correlation to retain most of the oscillator strengths
up to fields of the order of 105V/cm.

The effect of an electric field perpendicular to the QWs represents the Quantum
Confined Stark Effect (QCSE). To explain the energy shift, we consider the lowest lying
heavy (E€-E" ) and light (E2-E}) hole excitons, giving the transition position at

energy.
vy, = E, + E{(F)+E*(F)-R,. (2.37)
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Here, E¢;(F) and EWh(F) are the ground state electron and heavy hole confinement
energies under an applied field. The quantity Tw,, will be affected by the variations of the
subband energies E¢ (F) , E*" (F), and the exciton binding energy R, Detailed analysis
on the role of R,, in Gads/4IGaAs QWs have been completed by G. Bastard[26. p.315],
The derived dependence of the heavy hole binding energy on the applied electric field for
different QW thicknesses, shows that in narrow QWs (quantum well width, L<100A), the
exciton wave function changes very little with the applied field F. The main source for the
red shift of the exciton resonance is the dependence of E¢(F)+E" (F) on the field
source, whereas R, contributes little to this shift for narrow Gads/AlGaAs QWs. This
follows from experiments showing saturation of R, at higher fields [40], So far, there is no
experimental evidence for the contribution of R,y in InGadsP/InP MQWs. In general, we
can say that the spectral shift of the ground state exciton is a super-position of E¢ (F),
EPk (F), and Rey. Therefore, the energy shift direction will depend on how each of this
factors is affected by an applied electric field.

2.4.2 Selection rules change and appearance of forbidden transitions

When an electric field is applied to a quantum well, there is a secondary
consequence related to the lowering of the symmetry, and thus the strict transition
selection rules change. In addition to Stark shifting, the electric field may also result in
Stark splitting of the degenerate exciton levels. Depending cn the transition selection rules
for p and s excitons under an applied electric field, the appearance of forbidden transitions
may occur. In two-dimensional systems the selection rules state, that optical transitions
occur between quantized electron and hole states in the valence and conduction bands of
the same quantum number. Thus allowed transitions are those, which occur between
quantized electron and hole with the same quantum number j, i.e. Aj=0 (fig.2.3). In the

absence of an electric field, transitions with Aj=0 are forbidden, however when an electric
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field is applied, the wave functions of the electron and the hole change, their overlap is not
exactly orthogonal and transitions with Aj=0 become allowed. Their appearance can be
derived from the selection rules for the interband transitions, which we will not discuss

here.

2 4.3 Broadening of the excitonic peaks

Another consequence of an applied electric field to QWs is the broadening of the
excitonic peaks. The field pushes the electron towards one and the hole towards the
opposite wall of the well, which resulis in reduction of the Coulomb energy. However,
when the thickness of the well is less than the three-dimensional exciton radius, the exciton
is still bound up to high fields- 105V/cm. The walls of the well inhibit field ionization, and
electrons and holes do not tunnel rapidly through the heterostructure barriers. The single-
particle tunneling rate can be estimated from the widths of the tunneling resonances; if the

resonance has half-width at half maximum of the energy response AE , then the life time of
a particle in the state is oc-?AhE _ The broadening can be observed experimentally in the

QW spectra with different detecting techniques. In the present work we use the field

dependent PV effect to study the broadening of the /1H exciton.

2.4 .4 Tonization of the exciton

To ionize an exciton into an unbound electron-hole pair, the electric field has to be
of magnitude high enough to provide energy that is at least equal to the binding energy of

the exciton across the Bohr radius, and the ionization field can be written as:

FoBe (2.38)

¢
92,
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where R,, given by eq. (2.16) is the excitonic energy, and a,, given by eq. (2.17) is the

exciton Bohr radius. In two dimensions for 7=1, the ionization field will be:

F> -“i‘#: 38R (2.39)
Hom qao,x
(%)

The last relation shows that in quasi-two dimensional structures the energy required to
field-ionize the bound electron-hole pair is up to eight times higher than in three
dimensional semiconductor. It also explains why strong excitonic features are present up
to high electric fields in quantum wells. In our study the electric field required for the
jonization of the exciton in InGadsP at 212K was found to be of the order of
F, 2(1.02+1.22)x 10"V / cm, where a,,,,=250A (ref.17).

In summary, the electric field-induced changes on the ground state exciton lead to
a variety of effects, including Stark shifting, Stark splitting, broadening of the excitonic
peaks, and ionization of the excitons. All these effects are very important in understanding

the optical properties of QW structures and their application in opto-electrical devices.

2 5 The effect of temperature on the optical transitions

The variation of the energy gap with temperature is believed to result from two
mechanisms. First, there is a shift in the relative position of the conduction and valence
bands of the crystal, as a result of a change in the interatomic distances, and second, there
is a shift in the relative position of the conduction and valence bands, as a result of the

temperature dependent electron(hole) - lattice interaction.
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9 5 1 Temperature dependence of the optical fransitions

First, we will consider the deviation of the lattice constant, which directly changes
the energy level and the band gap energy position. For most semiconductors, at first
approximation this effect is linear at high temperatures. For III-V semiconductors the
dependence is non-linear at low temperatures and the temperature induced change in the
band gap energy E(7), can be expressed with the following empirica! relation!4%):

ol?

E(T)= Eg(o)~m,

(2.40)

where Eg(O) is the value of the energy gap at OK, and o and P are constants depending on
the material. Experimentally, the temperature dependence of the energy gap for nr-v
compounds can be fitted well to Varshni's relation (eq.2.40), and for our MQW system

(9=0.68) will have the form:

44%x107°T?
T+270 °

where a=4.4x10-4eV/K and p=270K are Varshni's coefficients deduced in section 4.2,

E (T)=0.989~ (2.41)

The last equation shows that with the increase in the temperature, the band gap shifts to

lower energies.

9 5.2 The effect of electron-phonon interactions

The temperature dependence of the broadening function I"(T), which describes the
influence of the electron-phonon interactions on the excitonic peak width, can be

expressed as a sum of two components [50];

I,
(=T, +—/— 2.42
( ) ] e h:r“ _1 ( )
where T, is temperature independent and is affected by the fluctuations in the layer

thickness, I} is a measure of the phonon broadening, and @, is the phonon frequency.
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The excitonic linewidth increases as a function of temperature, but above ~150K the rate
of increase is greater due to increase of the thermal population of phonons. Therefore, the
temperature dependence of the excitonic linewidth is the sum of ', and the temperature
dependent term, proportional to the density of the thermally activated optical phonons.
The broadening parameter for the MQWSs is found less than the one for GaAs. For
instance for Gads/AIGaAs MQW, T, is found to be of the order of 2meV and
I)=5.5meV[50].

At high temperatures, excitons are unstable against collisions with thermal
phonons. The phonon energy can be much higher than the exciton binding energy. Thus a
single exciton-phonon collision can ionize the exciton and release a free e-h pair, If the
temperature broadening of the excitonic resonances is interpreted as a life time reduction,
due to the thermal phonons scattering, the excitons lifetime may be as short as 0.4ps in
Gads at room temperaturel50], Due to the enhancement of the exciton binding energy in
quasi-bidimensional systems, excitonic structures are still pronounced even at room
temperature. The photovoltaic spectra of InGadsP MQW materials show strong excitonic

features at room temperature, (discussed in chapter four).

2.5.3. Excitonic effects: temperature dependence

The excitonic effects have strong temperature dependence, because the exciton
line follows the band edge shifts. With the temperature increase the excitonic peak shifts
to lower energies together with broadening of the half-width at half-maximum due to the
increased role of the phonons. The excitons are thermally dissociated, when the thermal
energy exceeds the exciton binding energy R,, , or:

kT, =R, (2.43)
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Therefore excitons are stable at temperatures I lower than the thermal ionization
temperature Tjo, or: T <T,,,. For the lattice matched InGaAsP/InP MQW samples our
experimental value of the ionization temperature was found to be 7=150-180K.

‘This chapter describes the theory applied to the basic properties of quantum wells
and their application to InGaAsP/InP MQWs and InGaAsP epilayers lattice matched to
InP. The next chapter will deal with the description of the samples and the experimental

techniques used in conducting the various experiments.
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I11. Experimental techniques

3.1 Sample preparation

This study is based on the experimental research of the InP substrate, the InGadsP
epilayer lattice matched to InP, and complete InGadsP/InP MQWs grown by Chemical
Beam Epitaxy (CBE). The deposition was completed by Dr. A. P. Roth at the Institute for
Microstructural Sciences of the National Research Council of Canada (NRCC). The
growth technique is described in detail in ref 20, pp.87-106 and will not be discussed in
this chapter. The parameters of the epitaxial growth process are connected with the optical
and structural properties of the QW heterostructures and their performance in device
application(51]. The lattice matching between InGadsP and InP is critical and defines the
choice of x and y concentrations within the limits of 0<x<0.47 and 0sy<1. The samples
that we have studied are mostly lattice matched, aithough when multiple quantum wells
are grown it is very difficult to control exactly the same thickness of the layers, especially
for ultrathin heterostructures. The quaternary epilayer and the MQWs were grown on the
(100) side of InP substrates (S-doped) with good conductivity characteristics. The epilayer
structure (sample 4) consists of 30004 buffer layer of /nP and 1500A thick InGadsP
epilayer followed by 300A thick InP cap layer. Figure 3.1a. shows the stacking of the
layers. The complete MQW structure consists of a 30004 buffer layer of InP, ten periods
of 80A thick InGaAsP wells separated by nine periods of 320A thick InP barriers, and a
cap layer of undoped InP with thickness of 320A. Figure 3.1b shows the typical
configuration of the MQW with x=0.28 and y=0.68 (sample 1 and sample 2). The strained
sample (sample 3) with x=0.32 and y=0.56 has the same configuration as samples 1 and 2
except that the thickness of the JnGaAsP wells are 82A and the InP barriers are 330A-
fig.3.2.

To confirm the desired quantum well and epilayer thicknesses and the lattice
matching of InGaAsP to InP, the grown samples were examined by Dr. A. Roth at NRCC
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Fig. 3.2 Schematic view of sample 3.

using low temperature (4K) photoluminescence. Lattice mismatches of 0.1% at 4K (for

sample 1 and 2) and 0.02% (for sample 4) were found, which can be considered close to

perfect. The analysis of sample 3 gives 0.43% lattice mismatch between InP and the wells,

which shows that they are strained. Later in the characterization of the energy transitions
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the PV spectrum shows that the lower energy state of this sample is a transition from the
first electron state E¢; to the first light hole level E/%;. X- ray double diffraction
measurements were also conducted and a deviation of £10A from the intended thicknesses
of the samples was found.

For all photo-electric experiments, electrical contacts are needed. The Schottky
barrier contacts were made by evaporating gold (4u) droplets creating a semi-transparent
704 film on the front surface of the sample. In order to protect the MQW sample from the
diffusion of the electrically conducting silver (4g) epoxy (used to fix the wires to the
sample) and short circuit it, a thicker layer of Au {300A) was deposited on the semi-
transparent film, over an area approximately the size of the contact. The back contact was
made by fixing Au wire with Ag epoxy to the back surface covered with thick indium (In)

layer previously deposited during the growth of the sample. Fig.3.3 shows the

a.
70A semi- 5 HETETEES In layer
transparent Au layer 1 |1||||l|||
Ag-epoxy ] HHERHE Ag -epoxy
frontcontact ] | ! | ! l ! | ! ; ! back contact
1 ——— : . i . | B i N i . i :
Au wire HHEEEE Au wire
LI L L L I |
substrate
b.
70A semi-transparent
Au layer o - je— In layer
300A Au layer I p
] e g -Cpoxy
Ag -epoxy front A} back contact
contact )
: 71 ) SR Au wire
Au wire ——g =

Fig. 3.3 Electrical contacts for: a.- the epilayer and b.-2 typicat MQW.
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configuration of the contacts for the epilayer and for a typical MQW. Sample 2, with an

additional insulating layer, was made in the same way, only before evaporating the semi-

transparent Au electrode, a 50A MgF, film was deposited to the approximate contact

area. Such an interfacial film would increase the effective barrier heights. The room

temperature I-V characteristics for the second type Schottky diodes indicate a built-in

potential of 0.3V, compared to 0.1V for the first one. The characteristics of the samples

are summarized in table 3.1.

Table 3.1 Sample characteristics

sample 1 sample 2 sample 3 sample 4

parameter InGadsP/InP | InGadsP/InP | InGaAsP/inP InGaAsP
MQW MQW MQW epilayer
expected : expected

buffer, A 3000 3000}
well, A| s80x10 80+10 72*10;%
epilayer, A 150
barrier, A | 32010 320+10 340210}
cap, A | 320210 320+10 340£10 30010}
As, % 70+2 702 56x1 642
Ga, % 2842 32+1 3042
1. Au layer, A 70 70 70
2. Aulayer, A 300 300 300
MF, layer, A

Iattice mismatch, %

0.43-0.45
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3.2 The Photovoltaic experiment

In this work the photovoltaic technique is used to measure the energy levels of
InGaAsP. The diode structure allows for high sensitivity photovoltaic measurements with
A.C. modulation and at the same time with D.C. bias applied to observe the transition
energy changes (electric field effects). Because the photovoltage is directly related to the
absorption coefficient giving rise to the spectral features, excitation with photon energies
hw below the band gap of InP E,(InP) would lead to transitions between the quantum
well conduction and valence band states. These effects will be observed as sharp peaks in
the photovoltage spectrum. However, with light reaching the cap and the buffer layers the
absorption will increase and may become dominating factor in the photogenerated signal.
The photovoltaic measuring technique will also be used to study various transitions
influenced by an applied electric field with direction perpendicular to the layers of growth,
The applied field will produce changes in the absorption coefficient, due to perturbation in
the bands of the heterostructure, effect that will be seen as spectral shifting of the various
transitions.

The experimental set-up for the PV measurements is shown in fig.3.4. The light
source is a 30W quartz iodine lamp with tungsten filament, focused with a mirror to the
entrance slit of a 3/4 meter spectrometer. To eliminate the second order effects, the white
light first passes through a red Hoya filter(starting to transmit at 800nm). The second
element that the light beam passes through, is mechanical chopper with adjustable
frequency, used as reference signal for the lock-in amplifier. The working frequencies are
set between 17Hz and 470Hz, depending on the ratio: noise figure/sample resistance. The
spectrometer accuracy is limited by the grating constant, stepper motor and the exit slit. In
our case, the monochromatic beam that exits the spectrometer has resolution of 5A at
1mm slit. With a second concave mirror the light is focused onto the sample, mounted in

an optical cryostat and oriented in such a way, that the front electrode faces directly the
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incoming beam. The photogenerated signal is detected by a standard lock-in amplifier and
the data analyzed by computer.

For the realization of the experiment with external perturbation applied to the
sample in the form of an electric field, the same experimental set-up is used as in fig.3.4,
except that a bias unit is added to the experimental elements diagram (shown in dashed
line in fig.3.4). A detailed view of this unit is shown in fig.3.5, where R, is the sample and
ris a small variable resistance, 7<<R,, across which the potential drop is measured.

Generally 7 is taken as 1% of the sample resistance. The bias voltage applied to the sample

r reference signal
lock-in computer —
amplifier p
PV signal
—— ————7
| A
[ T
sample | bias unit
P “L__J
spectrometer
concave :
mirror #2 -< = ————::::_)
iheomi filter il ||
concave incoming beam | gruting ™~~~ __
mirror #1 > i :I: ________ 9
mechanical?chopper

iodine lamp

Fig. 3.4 Set-up diagram for the PV experiment.
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lock-in amplifier

Fig. 3.5 Schematic view of the bias unit.

is varied from -1V to 0.2V (1.4x10%V/em to 2.9x103V/em) by a potentiometer-r,. A
resistance of 1K in series with the battery provides current limiting protection.

For the I-V measurements needed for the determination of the barrier heights of
sample 1 and sample 2, we use the set-up shown in fig.3.6. The sample is placed in the
dark, allowing the I-V curve to pass through the origin at zero applied voltage. A
Kythley155 microvoltmeter is used to measure the voltage drop across a standard 1K
resistance. A DC power supply (Hewlett Packard-E3610A) is used to vary the voltage by
steps of 0.05V.

Power
supply

Microvoltmeter

Fig.3.6 Schematic view of the set-up for I-V measurements.
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3.3 The double beam experiment

In a typical nonlinear optical experiment the sample is excited by an intense laser
beam, called pump beam. The secondary probe beam has very low intensity
(Ip=1.5x10'5W/cm2), which does not introduce any nonlinearities and is used to measure
the changes in the optical properties of the sample in nonlinear aspect, caused by the first
beam. The photovoltaic signal generated in the presence of probe and pump beams is
recorded and the spectrum compared to the photovoltaic spectrum of the probe beam
only. In our experiment, a 10mW(I=1.3W/cm?) He-Ne laser (A=632.8nm) is used as pump
beam and the standard photovoltaic detecting technique (shown in fig.3.4) to generate the
probe beam. The intensity of the first beam is varied by neutral density filters. The
positions of the beams falling onto the sample are shown in fig. 3.7. The photogenerated
signal is characterized by an absorption coefficient o, When the pump beam is
introduced, it changes the internal field of the sample and thus affects also the current
transport and the related absorption coefficient. The photovoltaic spectrum is very
sensitive to these changes and is used to monitor and analyze the pump beam influence on

the optical properties of the sample.

T probe beam
| spectrometer ]-— ————— D — — —
L

neutral density
filters

He-Ne laser

Fig.3.7 Set-up diagram for the double beam experiment.

36



3.4 Temperature control of the sample

For all experimqnts conducted in this study a range of temperatures is required and
various techniques are used to obtain them. In order to study the optical transitions in the
temperature interval 6-300K, the sample is mounted in a Janis Instruments optical
cryostat. The temperature control is realized by a feed back and a current flow heating
system, connected to two temperature sensors, placed close to the sample. Detected in
such a way, the sample temperature was within 2% of the sensors readings. A simpler,
cold finger type cryostat was used to study the excitonic signal at temperatures between
77-300K. To cool down the sample and control the temperature over a long period of
time (required for some of the experiments), the liquid nitrogen (normally used) was
replaced with a dry ice/acetone mixture. The freezing point of acetone is below that of the
dry ice and thus ensures good thermal contact between the dry ice and the cold finger of
the cryostat. A temperature of ~210K was reached in this set-up and was kept stable for a

few hours.

The next chapter will dea! with the experimental results and discussions.
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IV. Experimental results and discussion

The experimental results are presented in this chapter. The results obtained for the
InP subsirate, InGaAsP epilayer and InGadsP MQWs will be compared, when the same
experiments have been performed. The suitability of the material properties for device
applications will be discussed. The chapter is divided in four main divisions. Section 4.1
describes the results obtained in a study which involves the photovoltaic effect to
determine the quality of the barrier heights of Au/InP and Au/InGaAsP for the epilayer and
the I-V characteristics for the barrier heights of Au/InGaAsP for the MQWSs. Section 4.2
presents the PV signal as a function of the temperature of the substrate, the epilayer, and
the MQWs. Section 4.3 deals with the results obtained for the MQW samples in an applied
external electric field at different temperatures and also gives a comparison of the
experimental and the calculated values for the thermal ionization energy. The last section
gives experimental evidence for the photomodulation nonlinearities in InGaAsP/InP

MQWs.

4.1 Measuring the Schottky-barrier heights

The existence of good Schottky barrier appears fo be a very important factor for

the generated PV signal. The barrier height determines the sample's built-in electric field.
The application of an external bias voltage in addition to the internal field has influence in
the quantum well features behavior. The barrier height of Auw/InGadsP epilayer lattice
matched to InP was experimentally measured by the Photovoltaic technique at 96K and
160K. A different technique was applied in determining the barrier height of
AwInGadsP/InP MQW samples. Current-voltage characteristics were scanned in the
-1.5V to 1.5V interval of an applied biased voltage, and the dark leakage current was
measured. Applying the findings for the leakage current to eq.2.31, the barrier heights can
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be obtained. The enhancement of the barrier height of Aw/InGaAsP/InP MQW sample
with an interfacial film of 50A M_F, in addition to the formation of the standard Schottky
contact (see section 3.3 for detailed description of the sample and contacts) will be
analyzed as an important factor in the fabrication of opto-electronic devices (for example

high frequency MESFETS).

4.1.1 The Schottky-barrier heights of the Aw/lIng 7Gag 3450.64P0 36 epilayer
In order to determine the barrier heights of the Au/InGadsP epilayer the PV signal

is collected at three different temperatures, 96K, 160K, and 300K. Figure 4.1 shows the
spectra (corrected to flat detector) in the quaternary band gap region. The actual intensity
of the PV signal at the different temperatures is presented in the figure. Relatively large

signals were observed in the band gap region of the quaternary due to the photoexcitation

x1000  T=300K

LY

T=96K

PV signal, arb.units

1230 1280 1330 1380
Wavelength, nm

Fig.4.1 PV spectra for the epilayer in the band gap region.
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Fig. 4.2 PV spectra for the epilayer in the region of the barrier heights.

of the electrons from the valence to the conduction bands. For photon energies less than
the band gap of InGaAsP , a signal about 100 times smaller was measured.

Upon careful examination of the PV signal in the spectral interval 1400-1800nm
(0.88€V-0.69%V) two well resolved features are noticed- figd.2. The two peaks observed
at temperatures below 200K, correspond to the photoexcitated carrier overrunning the
two barriers created by the 4w/InGaAsP and Aw/InP Schottky junctions. At temperatures
T>200K the intensity of the photogenerated signal is very small and it is not possible to
distinguish the barriers, The spectral position of the peaks does not change with
temperature, indicating that the observed features can not be interpreted as impurity
peaks. The barrier heights are directly derived from the PV spectra at 96K and 160K by a
linear fit to the experimental data points in the peak regions. The square root of the
spectral response, extrapolated to zero PV signal gives the value of the barrier height(52].
The observed barrier heights obtained in this way are ¢p=0.6610.02¢V for .
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AMH0_7GGO.3ASO_64P0.36 and ¢B=0.74i0.026V for Aw/InP at 96K, and ¢B=0.6810.026V
and §g=0.75+0.02eV for Au/Ing 7Gag 3450 64F0.36 and Aw/InP, respectively at 160K. The

two temperature results are practically the same within an experimental error of 0.02eV.
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Fig. 4.3 Barrier heights of: a.- Aw/nP and b.- Au/InGaAsP at 96K and 160K.
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The results for the barrier heights correlate well with other published data, which
summarize the barrier heights for different x and y compositions of InGaAsP quaternary
system(52]. For Aw/InP the value of 0.77+0.02¢V at room temperature{52] is the same
within the experimental error, as the one found in our study. From the composition
dependence derived in r1ef52 for Ing 7Gag 3450 64P0 36, ¢ is deduced as
¢=0.5840.02eV. Our experimentally observed ¢p is slightly higher than this value, which
could be an indication of the excellent surface of our sample, as our measuring technique

is very sensitive to different surface effects.

4172 The Schottky-barrier heights of the Auw/Ing72Gag 28450 68F0 32/InP
MQWs

The second measuring technique for the determination of ¢p is applied to the

MQW samples, because in the spectral region 1400nm-1800nm where the barrier heights
are expected to appear the junction is not very active, making it impossible to determine
¢ directly. In order to obtain the barrier heights, the I-V curves for two Aw/InGaAsP/InP
MQW samples under different conditions of Schottky junction formation are measured at
212K and 300K. The voltage drop across the load resistor (see section 3.2 for the
measuring circuit) caused by the change in the sample impedance is measured at different
applied bias voltages.

Figure 4.4a shows the I-V curves for sample 1 at 212K and 300K, which has a
diode like current-voltage characteristic. The data points are scanned in the dark and the
curves go through the origin at zero applied voltage. The graphs define two regions,
where at low applied voltages (between = 0.4V--0.8V ) the current-voltage dependence is
linear (Ohm's law) and for high applied voltages becomes exponential. For accurate
determination of the leakage current, needed to calculate the barrier height, the linear

region of the I-V characteristic was expanded and is shown in fig.4.4b. From there, we
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measure reverse leakage currents of Jg=160pA at 300K and I=100pA at 212K. To
determine ¢ for sample 1 the results for I; are applied to equation 2.30, transformed in

the form:

by =£m[A*T2) (4.1)
q J,

where J=I/A, A is the area of the Schottky contact, A=0.2cm2 for sample 1; I is the
reverse leakage current determined above; A* is the effective Richardson constant,
A*=(4nm*qk2)/h3, m* is the effective mass of the Ing 72Gap 28450 68F0.32 quaternary,
m*=.052128: % is the Boltzman constant, therefore A*=6.23A K-2cm2. Applying these
values in eq.(4.1), we obtain a barrier height of ¢pg=0.5310.02¢V at 300K and a value of
$p=0.37+0.02¢V at 212K. The ¢p found here is similar to ¢g=0.4eV measured in ref.53 at
78K for a x and y composition yielding a band gap energy of 0.9¢V, which is close to our
x and y dependence for this sample.

The second sample has an additional S0A M,F, interfacial film, directly deposited
on the surface of the QW before the formation of the Schottky junction. The current-
voltage characteristics for this sample at 212K and 300K are shown in fig.4.5. The I-V
curve at 300K shows softer reverse break down possibly due to the insulating layer
influence, enhancing the electric field at the periphery of the diodel541.For an accurate
determination of the reversed leakage current, the curves in the linear region are again
expanded -fig.4.6. From a linear fit to the experimental points for sample 2 we obtain
values of I;=10pA at 300K and I=0.1pA at 212K. The existence of an insulating layer
between the metal and the semiconductor in this case will change the Schottky barrier by
a tunneling factor Dd,[54] where d is the thickness of the interfacial layer and D is a
constant at constant temperature. The second sample has the same contact area as the first
one, i.e. A=0.2cmZ. In a similar way, analyzing these values, taking into account the MpF

interfacial layer, €q.2.31 can be written as:
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Fig 4.5 Current-voltage characteristics for sample 2 at 212K and 300K.

b =0, +de—T =Hln[A *.T 2 ) (4.2)
q 4 Js

where J'=I'JA. Therefore, we obtain values of ¢'g=0.6+0.02eV at 300K and

'5=0.49+0.02¢V at 212K for the barrier heights for sample 2. If we take the value of ¢p
previously found for sample 1, where no interfacial film exists, the tunneling factor Dd can
be evaluated. From equation 4.2 we obtain Dd=2.7, or D=5x105V/cm, which is of the
same order as the value of D=1.3x106V/cm found in ref.54. It should be noted that the
barrier height ¢'g , measured by the current-voltage technique includes the potential drop
in the interfacial film. The value of the parameter D depends on the density of the surface-

state in the insulating layer(55],
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Fig. 4.6 Expanded lincar region of the current-voltage characteristics, sample 2 at: a.- 212K,, and
b.- 300K.

The impedance of the samples has been measured at 212K and 300K in the linear
part of the relationship between the current and the voltage; they are: R=10kQ and
R=5k(2 for sample 1, and R=2MQ and Rs=30k{2 for sample 2. The impedance of both
types of diodes is critically dependent on the leakage current, which is defined by the
different layers deposited for the creation of the Schottky junction.

The results presented here appear to indicate that as expected the use of an
interfacial film, leads to the enhancement of the barrier height of Schottky diodes. The
experimental data for the current-voltage relationship shows that the leakage current at
small applied voltages and low temperatures, becomes dominant factor in determining ¢p.
In summary, the barrier heights for the Au/Tng70Gag 28450 68P0.32/InP MQW samples
and Au/Iny 7Gag 3450 64P0.36 epilayer are presented in table 4.1,
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Table 4.1 Summarized barrier heights of the quaternary epilayer and the MQWs

sample 1 sample 2 sample 4
parameter MQW MQW with MgF), film epilayer
212K 300K 212K 300K 96K 160K

An/InGaAsP

barrier height, eV(+0.02) 0.37 0.53 0.49 0.60 0.66 0.68

4.2 PV spectra at different temperatures

The effect of temperature on the different energy transitions observed in the
photovoltaic spectra of the Jny7Gag 345y 4P 36 epilayer lattice matched to /nP and
Ing 77Gay 28450 68FP0.32/InP MQWs, is discussed in the following two sections. The
evolution of each spectral feature is monitored as the temperature changes and the
experimental data is fitted to Varshni's empirical relation(4%] and the temperature

coefficients o and P deduced (see section 2.5).

4.2.1 InP substrate: the PV signal evolution with temperature

First we will describe the measurement of the PV signal for the /nP substrate, to
detect the potential influence of the substrate on the optical response of the epilayer and
later the complete MQW stacking. The substrate is expected to provide good electrical

conductivity even at very low temperatures because of the heavy doping with sulfur. The
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optical absorption within the substrate is expected to be small in the spectral region of
appearance of the QW structures (900-1400nm for our samples). The energy level of the
dopant impurity ie usually within the band gap of the substrate, but could also occur at
energies where other QW transitions are observed. To examine such a possibility, the
optical response of the InP substrate is studied in the spectral range of 800nm-
1350nm(1.556V-0.92¢V), using the photovoltaic measuring technique. The results
presented in fig.4.7(for part of the studied spectrum) show a strong feature falling just
above the band gap of /nP with half-width of about 20meV. The peak appears at 22K at
energy position of 1.40eV(885nm) and follows the band gap up to higher temperatures.
This structure is associated with surface effects as explained by R.A. Smith in
Semiconductors pp. 310-312. The substrate was carefully tested for other structures
below the band gap of JnP in the spectral region where the quantum well transitions are
expected to occur. No other features were found and that is an indication of a good

quality substrate, with § impurities showing no levels in the region of our interest. The

PV signal, arb.units

850 870 890 910 930 950 970 990 1010 1030 1050
Wavelength, nm

Fig. 4.7 PV spectra of the InP substrate at 22K, 96K, and 300K.
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optical response of the complete QWs appears to have beengreatly influenced by the
substrate in several studiest657). It was found, that the substrate modifies the
photoconductivity spectra of InGaAs/Gads quantum wells and thus the interpretation of
the QW peaks should be done with care.

The band gap of InP is evaluated from fig.4.7 to be 1.38¢V at 22K. This value is
consistent with the accepted value of 1.42eV at 4K158],

In summary, we can conclude that the InP substrate, studied down to 22K, does
not show the existence of features in the spectral region defined between the band gap of

InP(1.4eV) and the InGaAsP quaternary band gap(0.9¢V).

4.2.2 mGaAsP epilaver; teinperature dependence of the PV signal

The results obtained for a 500nm thick Jng7Gag 34s0.64P0.36 epilayer (sample 4)
grown on InP substrate in the temperature interval 40K~300K are shown in fig.4.8. The
PV spectra are corrected to a flat detector spectrum, tc eliminate the influence of external
factors, such as grating features, filters and the iodine lamp effects. The presence of water
vapor band in the 1350nm-1380nm (0.92¢V-0.9¢V) spectral region increases the noise and
makes difficult the accurate determination of the exact position of the band gap, evaluated
at half of the maximum photoresponse, according to the Moss criteria 159, For clarity the
spectra are displaced, showing the shifting of the quaternary material band gap with the
temperature change. The real photovoltaic signal has a maximum at about 190K. The
absorption edge moves to lower energies, as the temperature increases, as expected from
Varshni's equation (eq.2.40). Fig.4.9 represents the experimental results for the observed
band gap energies as function of temperature. The solid curve represents a fit of the
experimental data points to Varshni's equation. Because of difficulties in controlling the

temperature, when two feed back systems are operating and the presence of water vapour
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Fig. 4.8 Spectral response of Ing 7Gag 3450 64F0 36 epilayer lattice matched to InP (sample 4).

band, as shown above, at T>100K the experimental determination of the band gap has a
bigger degree of inaccuracy. From the fitting curve, the Varshni coefficients are deduced
as follows: a=(~4.0+0.2)x10-4e}/K and p=300+20K.

The temperature coefficient of the band dE,/dT is known to be almost linear for
temperatures higher than 150K. From the linear fit to the experimental data in the

temperature interval 150K-300K (shown with dashed line in fig.4.9), we obtain a value for

dE
Loqundats) _(_21+0.2)x10eV /K. The epilayer was very carefully tested for any

dT
impurity peaks. Only the two barrier height features with an amplitude 1:100 to the band
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Fig. 4.9 Temperature variation of the direct band gap of the epilayer.

gap are present at very low energy side in the PV spectrum, well beyond the expected

positions of the quantum well peaks.

4.2.3 mGaAsP/InP MQW: temperature dependence of the PV signal

The photovoltaic spectra for the complete MQW (sample 1) at different
temperatures are shown in fig.4.10 for the temperature interval 4-129K and in fig. 4.11 for
the temperature interval 159-275K. The MQW has complete stacking, consisting of an InP
substrate, an InP buffer layer of 3000A and ten periods of InGaAsP wells, separated by
ten layers of InP barriers (the complete description is given in table 3.1). Four clear peaks

labeled A, B, C, D, and a broad, not very well defined feature, labeled E, are present in the

51



<— InP band gap
E
)
:
&
o
%
=
880 930 980 1030 1080 1130 1180 1230 1280

Wavelength, nm

Fig. 4.10 PV spectra of Ing 75Gag 25450.68P0.3/IMP MQW in the 4K-129K temperature interval

(sample 1).

spectra. The evolution of each peak was observed, as the temperature was varied in the 4-
275K temperature interval, For clarity the spectra are split in two different figures because
the intensity of the photovoltaic signal is small at the 4-150K interval. The first peak "A"
has an excitonic nature and is associated to the transition from the first heavy hole B, to
the first electronic state E¢,, in the InGad4sP well. The identification of the other structures

is done by fitting their positions to theoretically calculated energy transitions, through a
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Fig. 4.11 PV spectra of Ing 72Gag 28450 gaPo 32/InP MQW in the 159K-275K temperature interval

(sample 1).

computer program, using the envelope function approach(28] (see section 2.2). The

conduction band offset is taken as AE, =0.39%0.01AE,. There are several reports on
band offsets in [nGadsP systems and the value we consider is the most recent onel19.p.96},
Taking also into account the barrier and the well widths, and the x and y compositions
from table 3.1, the calculated and experimentally found transition energies at 4K are

summarized in tabie 4.2. In the calculated energy values the exciton binding energy of
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Table 4.2 Positions and identification of the experimental and calculated values for
the energy transitions of sample 1.

Feature Experimental Calculated Transition
ition, £0.005eV

1.156 1,154 12L

3meVI28] is included, so the energy of the transitions should be larger by this amount,
compared to the experimental ones. The mnH/L(T/TY) refers to transitions from heavy(H)
or light(L) holes of the m valence subband to the n conduction band; and I" and II
corresponds to the center, or the edge of the minizone. For the MQW samples studied
here we consider transitions at T point only. The identification of all structures is in good
agreement with the envelope wave function calculations; peak E shows a slightly greater
discrepancy between the experimental and calculated value. This is explained by the fact,
that 25H is not a very probable transition and appears in the experimental spectrum as a
broad peak, close to the /nP band gap whose exact position determination is not very
accurate. The same procedures are used in the identification of the energy transitions in
other QW systems and the experimental results show good agreement with the envelope
wave function calculations [60.61],

The spectral response of sample 3 (the strained sample) at two temperatures is
shown in fig.4.12. Two well defined structures labeled A and B are present in the PV
spectrum at 100K. The computer program based on the envelope function approximation
identifies the first peak A, as a transition from the first light hole state-E/; to the first
electron state-E¢; and the second feature, as a transition from the first heavy hole state-

EPh; to the first electron state-E¢). The appearance of the light hole transition before the
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Fig. 4.12 PV spectra for Ing 3Gag 3,450 s¢Po.44/InP MQW at 100K and at 300K (sample 3)

Table 4.3 Spectral features identification for sample 3

Calculated Experimental Experimental _
Feature transition, | transitionPL- 4K, | transitionPV- 100K, Transition
+0.005eV +0.005eV +0.005eV
A 1.123 11L
B 1,138 11H

heavy one is due to the larger mismatch of 0.43% between the InGaAsP wells and the InP
barriers. The spectral features are identified and summarized in table 4.3, with again an
exciton binding energy of 3.5meV included in the calculations. The experimental positions
of each peak for sample 1 in the temperature interval 4K-275K are fitted to eq.2.40
(Varshni's equation) and shown in fig.4.13. The figure consists of all the experimental data
points and the fitting curves for A through E structures and the InP band gap. The

estimated errors for the temperature are 2% and 0.5meV for the spectral position
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Fig. 4.13 Position shift of the spectral structures observed in the PV spectra of sample 1.
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identification. Some of the experimental points have small fluctuations off the fitting
curves for the same reasons as in the previous section. There were some difficulties with
the position identification, because the spectrometer grating has a defect centered around
1178nm(1.05eV), and at temperatures higher than 180K the real peak position of feature
C is mixed and broadened. To eliminate the influence of the grating structures and filters,
all spectra are corrected to a flat detector spectrum, before determination of the peak
positions. Fig.4.14 shows in greater detail the evolution of the excitonic peak "A" with
temperature. The experimental data fit to eq.2.40 gives the following Varshni coefficients:
a=(-4.4+0.2)x10%eV/K and p=270+20K. From a linear fit in the temperature interval
150K-300K (shown with dashed line in fig. 4.14) the deduced linear temperature

dE
coefficient of the band gap is: —"%‘P—)=(—3.410.2)x10‘4e111 K. Applying the

interpolation method for the linear temperature coefficient, eq.1.2 will have the form:

Energy of the /1H excitonic peak, eV

091 ; t ; i t ; ;
0 40 80 120 160 200 240 280
Temperature, K

Fig. 4.14 Excitonic /1H peak shift with temperature for sample 1(MQW).
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dEg(;;;anP) = (1 _ x)yff%gl +(1 - x)(l _ y)%ﬂ_+ xy E%.“"'-l.;.x(l_ y)-d!i'g}ﬂ, (43)

where dEyy,ydl are the temperature coefficients for the former binaries. Taking the
values for dEgy/dT’ summarized by S. Adachi [19, p.104), the interpolation method

dE
gives:—-%;ﬂ =-38x10"eV / K for x=0.28 and y=0.68 compositions. The last result

shows good agreement with our experimental value. Varshni's coefficients have been
compared to other works, the values obtained by Satzke et al.l14]: a=-4.3x10%¢V/K and
B=224K are also very close to the ones we found.

Structures B to E (fig.4.13), showing temperature shift of I1JL(T), 2/H(),
21L(T), and 25H(T) transitions appear to follow the same fit as the excitonic /1H line,
and for all of them a=(-4.410.2)x10-4e}/K and $=270+20K.. This result is also consistent
with o=(-4.040.2)x104¢}/K and B=300+20K found above (section 4.2.2) for the
quaternary epilayer.

In conclusion to this section, we show that the quantum well peaks are not
influenced by the InP substrate. All identified quantum well transitions are in good
agreement with the theoretically calculated ones and also all features follow the same fit
with the temperature variation, differing only by the zero Kelvin energy for each peak,

which is an indication of the quality of the system growth.

4.3 Field dependent effects

The effect of an external electric field on the MQW samples will be presented in

this section. The Au Schottky barrier deposited on each sample results in the formation of
an internal field even in the absence of an externally applied voitage. This field can be
determined from the barrier height of the MQW found in section 4.1.2 and is given by the

formulal62.p.47];
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¢z
F =22 4.4
[} qd £ ( )

where d is the nominal thickness of the layers, across which the voltage is applied. We
assume that the field is evenly distributed across a nominal thickness of d=0.7um (ten
layers of InGaAsP wells with thickness 80A each, separated by ten layers of InP barriers
with thickness 32004 each, and a buffer layer of JnP with thickness 3000A). The InP
substrate is not included in d, because it is conducting even at low temperature. Taking
our experimental values for $;=0.53eV at 300K and §;=0.37¢V at 212K for sample 1, we
have internal fields F,=7.6x103V/cm at 300K and F,=5.3x103V/cm at 212K. For sample
2, where the barrier heights are ¢;=0.60eV at 300K and §,=0.49%eV at 212K eq.4.4 gives:
F,=8.6x103V/cm at 300K and F,=7.0x103V/cm at 212K,

4.3.1 Electric field dependence of the QW peaks

The effect of external applied voltages on the quantum well transitions for sample
1 at two different temperatures are shown in fig. 4.15. The corresponding external electric

fields can be calculated by the formulal62, P-471;

-3

i vV

Fl-Z 4.5
(] d 2 ( )

where ¥V is the applied bias voltage. From the last relation we can see that the field
becomes stronger, when a negative voltage is applied to the Au electrode and becomes
weaker, when a positive voltage is applied. From eq.4.5, the corresponding electric fields
are calculated to vary from F=1.5x104V/cm to F=49x103V/cm, at 200K and from
F=1.9x104V/cm to F=1.6x103V/cm, at 96K, for applied voltages ranging between
V=-0.7V and V=0V, at 200K, and from V=-1V to V=023V, at 96K. The position of the

quantum well peaks is examined at each applied voltage and the observations show small
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Fig. 4.15. Field dependence of the PV spectra structures of sample 1 at a.-200K and b.-96K

60



red shift for 25H, and 2/H transitions at 96K. The J2H and /2L peaks get stronger with
the increase in the field, but do not show significant energy shift. The behavior of these
transitions at 200K, shown in fig.4.15a, indicates no significant change of the relative
intensity and no significant spectral shifting. Only the collected photovoltaic signal
increases with the reversed bias. The same observations for the QW transitions with
energies higher than the JJH exciton are found in ref 44 on GaAds/AlGa4s MQWs using
photocurrent spectroscopy, and suggest that the subbands with higher energy show small
changes in the peak energies for electric fields below 3x104V/cm,

The spectral region of the 7J/H excitonic transition is expanded to higher resolution

for detailed observations- fig. 4.16-212K and fig.4.17-96K and 300K. The PV signal of

AV T=212K
11K
-0.8V ‘
Y

0.4V

0.3V

0.2V

3 0.1V
g ov
g
0.1V
Fig.4.16. The effect of an
applied electric field on
the PV spectra in the 11H
; ; ; | W excitonic region at 212K
1240 1260 1280 1300 1320 for sample 1.

Wavelength, nm
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Fig. 4.17 The effect of the electric field on the PV spectra in the /1H excitonic region for sample 1
a.-at 96K and b.-at 300K.

the 11H peak is determined at each applied voltage. The field is varied by small steps,
which allows for analyses of the shape and the spectral shifting of the excitonic line. The
PV signal increases with the increase in the field. The effects of the electric field are best
observed at T=212K because the maximum intensity of the PV signal is around this
temperature. With the negative bias voltage increase the excitonic strength wakens; the
peak gradually widens and disappears at about V=-0.45V(F=1.17x104V/cm). There is a
spectral shift to higher energy side by approximately 3meV across the range. Also, at
higher applied negative bias (above ¥=-0.8V) the appearance of a new peak is observed.
Each of these effects will be discussed separately. First the broadening of the excitonic line
with the applied electric field detected at 212K is shown in fig.4.18. The half width, at half

maximum changes by a factor of two. The exciton oscillator strength weakens since the
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Fig. 4.18 Broadening of the excitonic //H peak of sample 1 at 212K

electron and the hole are increasingly separated. Beyond approximately V=-0.45V
(F=1.17x104V/cm) the half width half maximum signal increases rapidly and the peak
disappears, indicating ionization of the exciton. This break down field is in good
agreement with the theoretical predictions given by eq. 2.38 which gives the critical field
of Fc=(l.02+1.21)x104Vlcm. The broadening effects at 96K and 300K are not well
resolved, because of the small PV signal in the exciton region and are not included in
fig.4.18.

The excitonic shifts with the increase in the field at 96K and 212K for sample 1 are
shown in fig.4.19 and fig. 4.20. The position of the /1H peak at each applied voltage is
determined. A total spectral shift of approximately 3meV is measured for each
temperature. The shift observed at 212K is oriented to higher energies contrary to the one
at 96K, which is oriented to lower energies. In the theoretical part we discussed the
contribution of the subband energies and the exciton binding energy to the ground state

exciton shift which is shown in eq.2.37. The reason that the exciton peak shows reversed
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Fig.4.19. Position shifts of the excitonic peak //H with an applied electric field for sample 1 at

96K.
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Fig. 4.20. Position shifts of the excitonic peak J/H with an applied electric field for sample 1 at

212K,

displacement at 212K is possibly due to the fact that the exciton binding energy is affected

by the field to a greater extent than the effective band gap for higher applied reversed bias
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voltages. The resultant excitonic peak shifts also to higher energies at this temperature.
The actual influence of the exciton binding energy in the observed shifting is not known
for the quaternary GadsP/InP MQWs and we can only estimate it from our
experimental observations. Our results are similar to the behavior of some semiconducting
superlattices of Ga4s/41GaAs under a strong applied electric field, where the Stark shift is
oriented to higher energies, due to an increase in the exciton binding energyl®3] or field
tunneling processes between the different wells[64],

At electric fields below 7.7x103V/cm, the PV spectrum of sample 1 at 212K shows
the 11H exciton peak corresponding to an allowed transition -fig.4.16. As the electric field
increases, a new peak appears in the spectral region between the /1H and /JL allowed
transitions, and is identified as J2H forbidden transition with an energy of 0.966eV at
212K, compared to 1.029¢V at 4K from the theoretical calculations. The appearance of
the j= transition can be explained in terms of deformation of the well potentiai by the
electric field. At zero applied field, the well wavefunctions are orthogonal and the
selection rules are valid for optical transitions between hole and electron subbands. When
an electric field is applied perpendicular to the well, the electron and hole wave functions
in the QW are no longer orthogonal. The deformation of the potential increases with the
increase in the electric field, which results in greater probability for the appearance of
forbidden transitions. In addition, the subbands near the band edge are affected to a
greater extent by the potential deformation and transitions close to it are more easily
observed. This is consistent with the experimental results shown in fig. 4.16. The 12L
transition is the first forbidden transition from the band edge and is clearly observed.

Electric field effects on InGadsP/InP MQW p-i-n  structures using
electroabsorption techniques have been studied by J. E. Zuker et al.12] and the measured
Stark shift of the JIH excitonic transition was found to be enhanced over that of the
corresponding ternary wells . A comparison with our results is difficult to make, since our

well and barrier thicknesses are different. In the case of ref.12, the observations were
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made on high quality samples with intense exciton absorption peaks and the energy shift
exceeded the excitonic linewidth; the photocurrent spectra of InGaAsP/InP MQWs also
showed red shift with increasing reverse bias voltage.

Sample 2 displays similar behavior as sample 1 at 212K. The PV spectra in the
11H region for different applied voltages at 212K and 300K are shown in fig.4.21. The
electric fields are varied between F=8.3x103V/em and F=3x10%V/cm, at 300K and
between F=5.6x103V/em and F=2x104V/cm, at 212K. The existence of an insulating layer
explains the exciton resistance up to much higher applied voltages. We assume that most
of the voltage is applied across the insulating layer and that the actual field applied across
the quantum well is relatively small. This is consistent with the small energy shift of the
11H exciton. No appearance of forbidden transitions is noted, confirming that there is
small change in the electric field across the MQW. The spectral shift is less than 1meV for
a. b.
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Fig. 4.21 The effect of an appiied electric field of the J/JH excitonic peak for sample 2: a.-at 300K

and b.-at 212K.
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both temperatures and is again oriented to the higher energy side. For the observation of
more pronounced changes in the exciton peak much higher voltages need to be applied;
however as the field increases, the signal/noise ratio also incrcases and makes accurate
measurements impossible.

We have also studied the electric field effects on the strained sample (InGadsP/InP
MQW). Fig.4.22 shows the effect of the applied field on the /1H and /L transitions at
100K. The field is varied between F=2.8x103V/ecm and F=1.1x104V/em (V=0.1V-

=.0,5V). With the increase of the reverse bias voltage, the light hole transition disappears
(beyond V=-0.2V) and the heavy hole transition becomes stronger; also the /1L peak
shifts to lower energies and the 1/H experiences small blue shift in consistence with the

other samples.
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Fig. 4.22 PV signal of sample 3 for different applied voltages.
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4.3.2 The integrated photovoltaic signal as function of the applied voltage and

temperature
In this section we will present the change in the amplitude of the photovoltaic

signal with the applied voltage for sample 1 in the vicinity of the /7H transition. Also the
thermal jonization of the exciton at zero applied voltage will be analyzed. The electric field
is applied in the direction perpendicular to the layers of growth. Fig. 4.23 presents the
corrected PV signal amplitude corresponding to the J1H excitonic transition for sample 1.
With the increase in the reverse bias voltage, the PV signal increases steeply up to about

-0.1+-0.2V at 300K and -0.2+-0.35V at 212K, where it reaches a maximum. Beyond these

% T=300K
- 5z T=212K
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3
g
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Applied voltage, V

Fig. 4.23 Maximum of the PV signal at the 1/F peak for sample 1 as function of the applizd
voltages

voltages, the signal varies slowly with the increase in the field, as a result of Ohm's law.
The error bars indicate the experimental uncertainty in the determination of each point.
The saturation point for each temperature is different; it appears that at higher

temperatures the field ionization of the exciton becomes easier, due to the thermal
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brouJening effects and the saturation point moves towards lower applied fields - fig.4.23.
Our observed values for the critical reverse biases needed to dissociate the exciton are
approximately -0.2+-0.4V at 212K and -0.1+-0.2V at 300K. These values give critical
fields of F=8.2x103+1,1x104V/cm at 212K and F=9.0x103+1.0x104*V/cm at 300K, which
show good agreement with the theoretical one: Fc'—"(1.02+1.21)x104V/cm. The results in
fig.4.23 are also consistent with the electric field dependence of the half width half
maximum of the excitonic peak studied in section 4.3.1. The same general behavior of the
photogenerated signa! with the applied voltages has been observed in InGaAs/Gads QWs
and a saturation point found at about -0.2V at 77KI6% p-311,

The area of the excitonic //H peak at different applied voltages was examined also
for sample 1-fig.4.24. The experimental results show again a saturation point for the

collected PV signal at about -0.4V at 212K, -0.3V at 300K, and beyond -1V at 96K.
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Fig. 4.24 Area change of the excitonic J1H peak with the applied voltage for sample 1 at 96K,
212K, and 309K.
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To find the thermal ionization energy, the integrated area of the excitonic peak was
studied as function of temperature at zero applied field. The PV measuring technique was
used to detect the //H peak response to the temperature changes between 22-275K. The
results of these observations are summarized in fig. 4.25. From the experimental data, the
PV signal starts to saturate at approximately 150-180K. Therefore, the critical
temperature T, at which thermal ionization becomes important correspond to an energy of
T #=12.9+15.5meV. This experimental finding is within experimental error of the
ionization energy calculated in section 2.2 (Ejoy=12.8+15.3meV). T for InGalds/Gads
QWs found by the same technique was 81K corresponding to the exciton binding energy

of 7TmeV in those samplesl67),
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Fig. 4.25 The area change of the excitonic //H peak with temperature at zero applied voltage for

sample 1.
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transitions - the increase in the PV signal with the increase in the reverse bias voltage, the
broadening and spectral shifting of the excitonic peak are analyzed and summarized. We
show that the total dissociation of the exciton, caused by an external electric field leads to
PV signal saturation at bias voltages of about -0.2+-0.4V at 212K, and -0.1+0.2V at 300K
(corresponding to fields of 8.2x103+1.2x10%V/cm at 212K, and 9.0x103+1.0x104V/cm at
300K). We also find 12.9+15.5meV thermal ionization energy for the exciton at zero bias,
which is in good agreement with the theoretically calculated value of 12.8+135.3meV. The
field dependent reduction of the exciton binding energy has been measured for
InGaAs/Gads single QWs and found to be of the order of a millielectron volt for fields
reaching 8x104V/cml66].

4.4 The double beam experiment

Recently, there has been considerable interest in the experimental(50.67-721 and
theoreticall6971-75) studies of nonlinear optical effects in QWs. The combination of
nonlinear optics and quantum confinement gives physical insight into the unusual and
practically useful properties of quasi-bidimensional semiconductor heterostructures.

Excitation-dependent optical effects in semiconductors, called optical
nonlinearities, arise when the excitation intensity is sufficiently strong to modify the optical
properties of the material. This normally occurs when the optical fields are of the order of
or larger than the internal fields that exist in the materiall®7], In linear optics for example
the absorption coefficient o and the refracting index n depend on the frequency of the
incident radiation and a second low intensity beam focused on the surface of the
semiconductor will not influence o or n. This will no longer be the case in nonlinear
optics, where intense beams interfere within the sample and create states with new

properties. The basic mechanisms responsible for the nonlinear effects are different,
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depending on the spectral region and type of excitation, which generate real or virtual
excited-state populations.

The experimental and theoretical research shows that semiconductor QW
structures exhibit unusually large optical nonlinearitiesl67.68). In QWs, the internal fields
(section 4.3) can be screened by photogenerated carriers changing the absorption
coefficient at wavelengths near the band edge. Thus, the photomodulation of the internal
electric fields through photocarrier creation causes effective nonlinearities(681.

In a typical nonlinear optical experiment the intense beam called "the pump" is
used to modify the properties of the sample. The changes are measured by applying the
second weak beam called "the probe”. The photomodulation in our study is defined as the
changes in the internal field of the sample introduced by the pump beam intensity
variation. The results presented in this section were obtained on InGaAsP/InP MQWs
(sample 1 and 2). A He-Ne laser (A=632.8nm) with total beam output of 10mW is
provided as the pump beam; the intensity on the sample was varied by inserting different
neutral density filters. We use the PV technique to generate the probe beam with an
intensity of Ip=1.5x10'5W/cm2, which is five magnitudes less than the pump beam and
obviously too weak to introduce any nonlinearities (see section 3.4 for the experimental
set-up diagram). The changes in the PV signal coll;cted from the Schottky electrodes in
the presence of the pump and probe beams near the JIH exciton peak are measured at
212K and at 300K. The experimental results obtained for sample 1 at 212K and 300K, are
shown in fig.4.26. The spectral interval 1280nm-1380nm (0.966eV-0.896eV) represents
the region of /JH exciton transition. The photogenerated signal scanned at four pump
beam intensities, /=1.3W/cm2, =0.13W/cm2, /=13mW/cm2, and =6mW/cm? | is well
resolved at both temperatures. For clarity the spectra are equally displaced to each other
without taking into account their real amplitude. An actual decrease of three times at
300K and of 1.3 times at 212K for the overall collected PV signat is measured, as the
intensity of the second beam increases from I=6mW/cm? to F=1.3W/cm? (fig. 4.27a). This
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Fig. 4.26 The 11H excitonic peak dependence on the pump beam intensity for sample 1: a.-212K
and b.-300K; i-J=6mW/cm2; ii-I=13mW/cm?; jii-I=0. 13W/cm?; iv-I=1.3W/cm?.

screening could be associated with a change in the internal electric field, defined in the
sample by the Schottky barrier. In our case, the photoexcitation by the pump beam has the
same effect as an applied positive D.C. bias in the direction opposite to the direction of the
internal field of the sample, and as a result, the total field decreases. This process affects
the photogenerated carriers and consequently the PV signal collected at the electrodes. At
both temperatures, 212K and 300K, the PV signal follows an approximate exponential
decay as the intensity of the pump beam increases. The position of the excizon peak for
each intensity is measured and small red shifts of ~1.2meV at 212K and ~0.9meV at
300K are observed as the pump beam intensity increases from I=6mW/cm? to
I=1.3W/cm2. This shift is a consequence to the field induced absorption changes for

photon energies close to the band gap energy. To evaluate the internal field changes,
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Fig. 4.27 PV signal dependence on the pump beam intensity for a.-sample 1 and b.-sample 2.

caused by the pump beam, the open-circuit voltage is measured, using the pump source -
10mW He-Ne laser. Log(PV) vs. Log of the relative illumination intensity at the two
temperatures-212K and 300K is shown in fig.4.28a.. The values of the PV signal at the
intensity saturation points correspond to applied positive voltages of 0.1V at 212K and
0.04V at 300K, and applied in eq.4.5 give field changes from F,=53x103V/em to
F=3.8x103V/cm at 212K and from F,=7.6x103V/cm to F=7.0x103V/cm at 300K. These
changes are quite small and result in negligible shifts, due to the small modulation of the
internal field[76]. The observed shifts of the ground state exciton to lower energies with
the decrease the of internal field are in good quantitative and qualitative agreement with
the ones measured previously, where the electric field dependence of the J1H exciton peak

was studied (section 4.3.1).
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Fig. 4.28 The open-~circuit PV signal vs. the illumination intensity I,=L/I,, where I, is the intensity
given by 10mW He-Ne laser: a.-sample 1 and b.-sample 2.
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The same type of experiment was conducted for sample 2 again at 212K and at
300K. The results shown in fig.4.29 represent the PV signal detected in the spectral region
of the 11H exciton peak. For clarity, the spectra are again equally displaced to each other
without taking into account their real amplitude. The intensity of the second beam was
varied between I=3mW/cm? and I=1.3W/cm2. The actual decrease of the PV signal with
the increase in the pump beam intensity is shown in fig. 4.27b. An approximate
exponential decrease is recorded at both temperatures (more evident at 212K) indicating
the nonlinear response of the sample beyond the pump beam intensity of J=1.5W/cm2.
Relatively large red shifts of ~1.9meV at 212K and ~0.3meV at 300K were measured, To

evaluate the change of the internal field for sample 2, the open-circuit voltage was
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Fig. 4.29 The 1/H excitonic peak dependence on the pump intensity for sample 2: a.-212K; i~
J=3mW/em?; ii-I=33mW/cm?2; iii-J=0.33W/em?; iv-I=.82W/em? ; v-J=1 3W/cm?and b.-300K i-
I=3mW/em?; ii-I=13mW/em?; iii-/=0.41W/cm?; iv-I=1.3W/em?,
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measured again at both temperatures. The results shown in fig. 4.28b. correspond to
applied positive voltages of 0.2V at 212K and 0.03V at 300K, or to internal field changes
from F,=7x103V/em to F=4.1x103V/cm, at 212K and rom F,=8.6x103V/cm to
F=8.1x103V/cm, at 300K. The saturation of the open-circuit photovoltage occurs at lower
intensity for this sample. This could be the reason for the larger screening of the PV signal
and the relatively higher decrease in the field of the sample in the double beam experiment,
The red shifts observed for sample 2 are again consistent with the electric field effects
studied in section 4.3.

The shifts of the spectra observed in the above experiment are approximately the
same that would be expected in simple heating of the sample by the pump beam; thus care
had to be taken to determine if this shift has thermal origin. First, we calculated, that shift
of 1.2meV for sample 1 and 1.9meV for sample 2, would correspond to a temperature
change of 4K and 6K, respectively (using the temperature  coefficient
dEg(I,,GaAsp)/dT=-3.4x10"4eV/K). The temperature sensor was tested under the same
conditions of illumination and no change of temperature caused by the pump beam was
recorded. These reasons eliminate the thermal effects as cause for the observed red shift.

Summarizing the results presented in this section, we show that the D.C.
photoexcitation of InGadsP/InP MQWs has the potential for observing nonlinearities by
effectively modulating their internal electric field. Tllumination by pump beam in the PV
geometry used here is an attractive non-contact method of studying field-induced effects
in MQWs; in contrast to the external applied voltage technique of section 4.3.1, it

introduces no additional noise to the PV signal.
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Conclusions

In this study we carried out an extensive research into the opto-electrical
properties of lattice matched InGaAsP quaternaries grown by Chemical Beam Epitaxy.
We wanted to achieve better understanding of this system based on more experimental
data and to correlate the obtained results for future practical applications in opto-eiectrical
devices. We also studied the temperature and the electric field dependence of the
InGaAsP/InP MQW features, as well as the photomodulation of the internal field of the
samples .

The experimental data was collected by spectral observations on InP substrate,
InGaAsP epilayer and InGaAsP/InP MQWs using the photovoltaic effect. We determined
directly the barrier heights ¢p for the epilayer from the PV spectrum, and by applying a
second technique (I-V measurements) ¢g for the MQWs. We found out that a thin
interfacial insulating layer leads to enhancement of the barrier heights of the Schottky
diodes. The features of the temperature-dependent PV spectra for the quantum wells were
identified and all of them were found to follow the same temperature coefficients and their
energy variation with temperature to differ by only the zero Kelvin energy. The application
of a bias voltage to MQW samples, resulted in effects such as an increase in the collected
PV signal, as well as quenching, broadening and ionization of the excitonic resonances.
Contrary to the expected red Stark shifting, our observed shift at 212K was oriented to
the higher energy side. We found that the changes in the carrier density induced by optical
photoexcitation at milliwatt pumping power can influence the excitonic peak, even at
room temperature and modulate the internal field of the heterostructure.

The development of sophisticated layered semiconductor growth technologies
offers new opportunities for semiconductor physics and opto-electrical devices. For
instance recent experiments have shown an 80% efficiency on biased MQW based solar

cellsl??] and almost 100% efficiency of InGads/InP MQW p-i-n laser structure operating
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at 1.54pml78}., The ability to produce structures that can confine excitons within
dimensions less than its Bohr radius is one of the greatest achievements for this growth.
Qur present knowledge of the opto-electrical properties of lattice matched InGaAsP/InP
MQWs is still far from being sufficiently complete, despite the important role this physical
system has in device technologies. Although InGaAsP is still challenging for the
optimization of the lattice match factor, it offers a wide range of band gaps and is .a very
suitable material for the construction of optical modulators operating in the infrared
spectral region. With an appropriate design the internal field modulation of the InGaAsP

quaternary system can be used in optical resonators or in pin MQW modulator devices.
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