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Abstract
MODULATION SPECTROSCOPY STUDY OF STRAINED-LAYER
SEMICONDUCTOR MICROSTRUCTURES
by

Yichun Yin

Advisor: Distinguished Professor Fred H. Pollak

Strained-layer semiconductor microstructures are of great importance for both
fundamental interest and technological applications. A study of such systems can reveal
a great amount of information of the physics of reduced dimensionality, strain effects,
as well as knowledge for material and structural characterization. In this thesis,
electroreflectance, photoreflectance and piezoreflectance modulation spectroscopy

methods were employed to investigate a number of strained microstructures.

We have for the first time positively identified the optical features in modulation
spectroscopy associated with the two-dimensional electron gas properties in the
pseudomorphic modulation-doped quantum well structures. We have proposed a proper
modulation spectroscopy lineshape function for the intersubband transitions in a
modulation-doped quantum well with two-dimensional electron gas. This lineshape

allows us to extract the Fermi level position relative to the electron subband in addition
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to the intersubband transition energies and broadening, which in turn yields the sheet

electron density present in the well channel.

We have measured the Ge composition dependence of the E, and "E,’" (will be
defined later in chapter 5) transition energies at 300K in a series of strained Si, ,Ge,/Si
layers (0 <x<0.23) using photoreflectance. In our strained samples the energy of the
E, peak is essentially the same as in unstrained material, in agreement with deformation
potential theory. The "E,'" feature, which exhibits only a very weak variation with Ge

content, may also contain a strain-shifted E, +A, component.

We have investigated a number of short-period strained Si-Ge microstructures
fabricated on (001) Ge using piezoreflectance, photoreflectance and Schottky barrier
electroreflectance at 77K. In addition to bulk Ge these samples consisted of Ge quantum
wells sandwiched between ordered short-period strained Si-Ge superlattice regions. No
evidence for pseudodirect transitions in the Si-Ge superlattices was found by any of the
above measuremenis although quantum transitions in the Ge quantum wells were
observed in piezoreflectance. The photoreflectance and Schottky barrier
electroreflectance spectra measured to date derive from the bulk-like Ge regions of the

sample, in contrast to previously published data on similar samples.
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Chapter 1. INTRODUCTION

Semiconductor microstructures such as heterojunctions (HJ), quantum wells
(QW), multiple quantum wells (MQW), superlattices (SL), etc., have been receiving
great deal of attention and considerable research efforts ever since the pioneer work of
Esaki and Tsu in 1970 (Esaki and Tsu 1970). The study and application of these
semiconductor microstructures have greatly enriched our understanding of the
fundamental physics of semiconductor materials and brought about tremendous
technological progress. Using modern thin film growth techniques such as molecular
beam epitaxy (MBE), organometallic vapor phase epitaxy (OMVPE), gas phase MBE,
liquid phase epitaxy (LPE), etc., various structures can be grown in a precisely
controlled way (See, for example, Bauer et al. 1990, Bean 1988, and references therein).
These structures can be composed of ultra thin layers of thicknesses varying from several
atomic layers to several hundred A (typical thickness of 100 A) of different composition,
of alternating doping or a combination of them. Also heterointerfaces can be either
lattice-matched or strained. The reduced dimensionality in such systems alters the
behavior of electrons and holes in the synthetic semiconductor systems at the quantum
mechanical level, bringing about a large number of phenomena that are not available in
the natural bulk semiconductors. The novel electronic and optical properties of these
structures have made possible many high performance devices such as heterojunction
bipolar transistors (HBT), high electron mobility transistors (HEMT), gquantum well
lasers, etc. Because of the great scientific significance of these microstructures and their

potential applications in electronics and optoelectronics, efforts to better understand the



2

physical properties of these systems and to obtain better materials and devices from these

systems continue to thrive.

For about a decade in the beginning years, works on semiconductor
microstructures mostly focused on those grown from lattice-matched materials. Early
attempts to grow strained microstructures had failed due to the large densities of
dislocations at the heterointerfaces arising from strain relaxation between the mismatched
layers. Although strained-layer semiconductor microstructures were first proposed by
Mathew and Blakeslee in 1976 (Matthews and Blakeslee 1976), they did not acquire
considerable attention until Osbourn pointed out in 1982 that the growth of thin layers
(typical thickness of 100 A), which is necessary to achieve sizeable quantum confinement
effects, in fact relaxes the requirement of lattice matching between host materials
inasmuch as any lattice mismatch could be elastically accommodated by strains of the
host layers (Osbourn 1982). Since then there has been increasing interest and research
in this field. Since the requirement for the host materials to be lattice-matched is
relaxed, we have more materials to choose from for the host materials of our artificial
structures. In addition the strain in these structures can also be a controlling parameter
(Bir and Pikus 1974, Pollak 1990). In these strained-layer microstructures we have both
quantum size-effects and strain-induced effects. Together, they can produce novel
physical phenomena that are not available in lattice-matched systems. Great progress
in the understanding and the application of strained semiconductor microstructures has

been achieved (see, for example, Pearsall 1989b, Pollak 1990b, Marzin and Gerard
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1990, People and Jackson 1990). More and more interesting and challenging topics are

still to be explored. Both experimental investigation and theoretical research in this field

will continue to expand rapidly.

Modulation spectroscopy has proven to be a powerful tool in studying and
characterizing the electronic levels in semiconductor materials and semiconductor
microstructures (see, for example, Cardona 1969, Aspnes 1980, Pollak 1981, Pollak and
Glembocki 1988, Pollak 1991, 1992, Glembocki and Shanabrook 1992, Pollak and Shen
1993). It deals with the measurement and interpretation of changes in the optical
response of a sample which are caused by modifying in some way the measurement
conditions. This can easily be accomplished by periodically modulating (a) some
parameter applied to the sample ("external” modulation) or (b) the measurement
conditions themselves ("internal” modulation). The observed normalized changes are
usually small so that the difference signals are closely related to a derivative of the
absolute spectrum with respect to the modifying parameter. The derivative nature of
modulation spectroscopy emphasizes structures localized in the photon energy region of
interband (intersubband) transitions of semiconductors (semiconductor microstructures)
and suppresses uninteresting background effects. Also weak features that may not have
been detected in the absolute spectra are often enhanced. Because of this derivative-like
nature, a large number of sharp spectral features can be observed, even at elevated
temperatures. The measured spectra can be fitted to appropriate lineshapes to accurately

determine the peak energies and broadening parameters of the relevant transitions. This
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fitting procedure is made possible by the derivative nature of this method. Unlike

absolute optical spectra where the interpretation involves a calculation of full spectra, the
features in modulation spectroscopy are localized in photon energy, greatly simplifing the
analysis. These two key aspects, i.e., sensitive experimental spectrum and the ability to
accurately determine the physical parameters from lineshape fitting, have established

modulation spectroscopy as a superior experimental technique.

In this thesis, the optical properties of four types of very important strained-layer
semiconductor microstructures will be investigated using modulation spectroscopy. They
are GaAlAs/InGaAs/GaAs pseudomorphic modulation-doped quantum wells (MDQW)
structures, strained SiGe Si-rich alloy filins grown on (001) Si substrate, strained-layer
Si-Ge short period superlattices (SLSPSL) grown on (001) Ge and Ge/SiGe quantum
wells grown on (001) Ge.

Modulation doping of heterostructures was first implemented by Stormer and
Dingle er al. {(Dingle et al. 1978, Stormer et al. 1979) on n-type modulation-doped
samples. The underlying idea is that, at equilibrium, charge transfer occurs across a
heterojunction to equalize the Fermi level on both sides. For example, n-doping the
wide-bandgap side of the GaAlAs/GaAs heterojunction causes electrons to be transferred
to the GaAs layer until equilibrium is reached. The charge-transfer effect makes possible
an old dream of semiconductor technologists, i.e., getting conducting electrons in a high-
purity, high-mobility semiconductor without having to introduce mobility-limiting donor

impurities. Since then, modulation doping has been applied to a number of situations
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involving various semiconductor pairs and also to hole modulation doping. The
impressive development of the subject is due to the applicability both to basic science
(many-body physics, reduced dimensional electron gas system, quantum Hall effect, etc.)
and to very high-performance devices called equivalently HEMT, two-dimensional
electron-gas (2DEG) field effect transistor (TEGFET), selectively doped heterostructure
transistor (SDHT), and modulation-doped field effect transistor (MODFET) (See, for
example, Morkoc and Unlu 1987, Smith P. M. er al. 1990, Schaff er al. 1990). A lot
of work was directed to the study and characterization of such structures using
modulation spectroscopy (Snow et al. 1988, Mendonca ef al. 1990, Novellino et al 1991,

Sydor ef al 1991a, 1991b, 1992), but the 2DEG effects were not completely understood.

The GaAlAs/InGaAs/GaAs pseudomorphic modulation doped quantum well
(PMDQW) has many advantages compared to the GaAlAs/GaAs modulation doped
system. The InGaAs channel is beneficial in many respects. This material produces an
excellent conduction profile, forming a quantum well that provides good confinement of
the electrons. Larger conduction band discontinuity, which allows high two-dimensional
electron gas densities in the well channel, can be achieved for a given Al composition
in the GaAlAs/InGaAs/GaAs system than in the GaAlAs/GaAs structures. This also
overcomes the problem in GaAlAs/GaAs systems due to the DX centers in the GaAlAs
(with Al mole fraction over 15%) (see, for example, Morkoc and Unlu 1987, Schaff et
al. 1990). The GaAlAs/InGaAs/GaAs PMDQW structure is also best suited to be used

in the investigation of the properties of the two-dimensional electron gas (2DEG) present
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in the InGaAs channel. The smaller band gap of the InGaAs channel enhances the

electron confinement. The transition energies in the 2DEG are lower than that from the
GaAs substrate, hence, the features of interest stand out clean and clear. The traces due
to the 2DEG in modulation spectroscopy have very unusual lineshapes which were not
given a satisfactory explanation. A detailed knowledge of these lineshapes will further
enrich our understanding of modulation spectroscopy, arnd is extremely important to the
application of modulation spectroscopy to the investigation and characterization of the

properties of the PMDQW.

The group IV materials silicon and germanium are both indirect gap
semiconductors. They are also the most technologically important materials. They both
have been extensively studied and reasonably well understood in their bulk forms. But
the properties of microstructures using Si and Ge as host materials are not as clear at the
present stage. The relative lattice mismatch Aa/a is 4.2%.  Strain in such
microstructures can be tuned in a large range and hence plays a very important role. The
growth technique of SiGe strained-layer microstructures has received considerable
attention and has been greatly improved since it was reported that the critical thickness
of these layers greatly exceeds the predictions of equilibrium models (Bean er al. 1984a,
1984b). Various high quality strained-layer SiGe microstructures are now readily
obtainable. The most interesting topic in this field is to search for a direct gap
semiconductor from the artificial structures of these indirect group IV materials.

Modifications in the band gap which come about from the alloying of Si and Ge as well
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as from the strain, and the effect of the superlattice potential in these materials and their
alloys have raised the hope that a direct band gap material may be achievable in a group
IV semiconductor system, according to earlier theoretical calculations (Gnutzmann and
Clausecker 1974). Such perspectives have stimulated a considerable amount of
experimental effort (see, for example, Bevk ef al. 1986, Pearsall et al. 1987, 1989a,
1989c, Pearsall 1990b, Dafesh er al. 1990a, 1990b, Asami er al. 1990, Gell er al. 1990,
Mencziger et al. 1991), and intensive further theoretical research (see, for example,
Froyen et al. 1987, People and Jackson 1987, Hybertsen and Schluter 1988, Godby ef
al. 1988, Schmid er al. 1991, 1992). Modulation spectrosocpy has been applied to
investigate (001) SiGe SLSPSL structures fabricated on Si substrate (Pearsall ef al. 1987,
1989a, Asami ef al. 1990), Ge substrate (Pearsall ef al. 1989c, 1989d, Pearsall 1990b,
Gell et al. 1990, Mencziger et al. 1991, Yin Y. et al 1991, 1992), and GeSi buffer
{(Dafesh et al. 1990a, 1990b). Evidence of pseudodirect transitions in such SLSPSL has
been reported (Pearsall et al. 1987, Pearsall ef al. 1989¢, Pearsall 1989d, Pearsall 1990b,
Asami ef al. 1990, Gell er al. 1990, U. Mencziger et al. 1991, Dafesh er al 1990a,
1990b), but are not conclusive. Work is continuing to determine more definitively the
nature of the band gap in these structures and its dependence on the lattice constant of

the substrate, the periodicity of the structure and other material parameters.

Ge/SiGe quantum wells can be used to study many interesting physical properties,
such as band offset, electron-phonon interaction in the group IV reduced dimensional

systems, etc. SiGe Alloys are promising materials for the design of novel and high-
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performance devices (Iyer et al 1989, King C. A. et al 1989). Their fundamental

(indirect) band gaps span the 1.3 um to 1.55 um range, and can be applied to long
wavelength integrated optoelectronics grown on Si (see, for instance, People 1986 and
references therein). There is much literature on the properties of these alloys in early
works (See, for example, Tauc and Abrahdm 1961, Kline er al. 1968). Great progress
has been made in semiconductor material growth techniques since then. Today’s high
quality SiGe alloy samples will provide better conditions and allow more precise
determination of many important physical parameters. Moreover, strain can be used to
control the properties of the alloy film, such as the bandgap. The reexamining of some
very fine, intriguing aspects of these high quality strained alloy films will greatly enrich

our knowledge about them and speed up their application.

This thesis consists of seven chapters. In Chapter 2, some theoretical aspects
about semiconductors and semiconductor microstructures, including methods for
calculating quantum levels in microsctructures, strain effects and temperature dependence
of band gaps and broadening parameters are briefly reviewed. Principles and techniques
of modulation spectroscopy are discussed in Chapter 3. In particular, lineshapes
associated with the 2DEG of modulation spectroscopy will be considered. Chapter 4
deals with pseudomorphic modulation-doped quantum well, emphasizing the 2DEG
effects. An investigation of a series of Si rich thin SiGe films grown on (001) Si
substrate is reported in Chapter 5. The work on strained SiGe microstructures grown

on (001) Ge is reported in Chapter 6, including a study of the temperature dependence
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of the transition energy and broadening of the fundamental direct gap of (001) bulk Ge

and the intersubband transitions in a SiGe/Ge quantum well. A summary and conclusions

are given in Chapter 7.
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Chapter 2. THEORETICAL CONSIDERATIONS

In this chapter I intend to briefly review some theoretical aspects of
semiconductors and semiconductor microstructures directly related to this thesis work.
Methods for calculating the electronic states in semiconductor microstructures are
discussed in Section 2.1, including the Schrédinger-Poisson self-consistent approach for
calculating the electronic levels and the sheet density of the 2DEG in a MDQW. Strain
effects and their theoretical descriptions will be discussed in Section 2.2. The
temperature dependence of energy gaps and broadening parameters is considered in

Section 2.3.

2.1 Electronic states in microstructures

The quantum levels in semiconductor microstructures can be calculated in a
number of ways. I will limit the discussion to the approaches used in this thesis. The
simplest and most frequently used methods are based on the envelope function
approximation (see, for example, Bastard 1982, Weisbuch 1987). In what follows in this
section, 1 will first introduce the envelope function approximation, and then review two
simple but important models, the modified Kronig-Penney model (MKPM) and the
Bastard model. Finally I will outline the self consistent approach for calculating the
quantum levels and the sheet density of the 2DEG in a n-type modulation-doped quantum

well.
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2.L.1. Envel functi N

In the one-electron approximation, the Schridinger equation for the motion of an

electron in an unperturbed crystal is:

Hy ,(r)=E (k)Y ,(r) 2.1

where n is the band index, k is the crystal wave vector which is restricted to the first
Brillouin zone, H, is the one-electron Hamiltonian of the crystal with a periodic potential

V(r):

V2+W(r) (2.2)

where m, is the free electron mass, and y,( r ) is the Bloch function with energy

eigenvalue £ ( k), and

Voaulr) =u,(r)e*” 2.3)

where u,,(r) is a periodic function with the periodicity of the crystal lattice.

In the presence of some perturbation potential U(r), the Schrodinger equation of

the system becomes:
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[H,+U(r)-E1¥(r) = 0 (2.4)

where E is the energy, and ¥(r) is the one-electron wave function. U(r) is assumed to
be slowly varying compared to the crystal periodicity. When U(r)=0 Eq. (2.4) reduces
to Eq. (2.1). Assuming that the energy eigenvalues E, (k) and the Bloch wave functions
¥,u(r) are given, it can be shown that (Kohn 1957, Altarelli 1986), if:

(a) U(r) is slowly varying on the scale of the lattice parameter a of the
semiconductor, i.c., its Fourier transform U(k) is appreciably non-zero only in a region
around k=0 of extension Ak, with Ak«2x/a,

(by  U(r) is weak, i.e., | <¥u|Ul¥,>| < |[E(0)-E,(0)| (n=n'),

(c) we are considering eigenvalues in the neighborhood of a simple parabolic

band edge n, well separated from all others:

E(k) = E0)+ ¥ 2.5)
2m -

where m* is the effective mass of the electron (or hole), then the problem of Eq. (2.4)

can be reduced to solving the following effective-mass equation:

[-szl . U(r)] F(r) = [E-E,(O)]F(r), (2.6a)
2m -

¥.(r) = F(r)y,(r) (2.6b)
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where F,(r) is the so-called envelope function.

As can be seen from Egs. (2.6a)-(2.6b), the unperturbed properties of the bulk
semiconductor enter the calculation via two parameters: the effective mass m* and the
band edge energy E (0). Equation (2.6b) shows that the wave function in the presence
of UX(r) is a slowly varying "envelope" function modulating the rapidly varying

unperturbed Bloch function.

Semiconductor microstructures in general contain more than one constituent
material. Assuming the growth direction to be along the z-axis, the effective masses and
band gaps will vary as a function of z. The z-dependent E, (0) can be considered as U(r),
i.e., U(rN=E(0,7). Depending on how the bands in the host materials are lined up, such
potentials for a specific pair of conduction-valence bands (for example, the electron-
heavy hole bands) in the microstructure may have either a type I profile, which means
the potentials for electrons and holes have their minimum values in the same layer of
material, or a type Il profile, which means the electrons and holes have their minimum
potentials in different host layers. Shown in Fig. 1 is an illustration of the two types of

potential profile in the case of a quantum well.

In the case of semiconductor microstructures Eq. (2.6a) is generalized to read:
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Fig. 1. Hlustration of type I and type 1l potential profile in the case of a quantum well.

K d 1 d
-ne EHY+E0DI|F =EF , 2.7
[ 2dz(m‘(z)dz) o Z)] A8 = BLD

where the index s is used to label the quantized levels of envelope function F,. The

Kinetic energy term in Eq. (2.7) has been rewritten, for a z-dependent mass, in a way
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which restores the Hermitian character of the Hamiltonian (Harnson 1961, Ben-Daniel

and Duke 1966). The boundary conditions at the heterointerfaces are given by

F, (z) continuous at interface,

1 OF, (2) @8

ns

m"* 0z

continuous at interface

These boundary conditions require that the periodic factor u,, of the Bloch wave function
on both sides of the heterointerface be approximately the same, and ensure the current
density conservation. Equations (2.7) and (2.8) serve as the starting point for the
calculation methods to be discussed in this section. Their solutions give a series of
subband energy levels E, s=1,2..., and the wave (envelope) functions F of the relevant
levels. Equation (2.7) and the boundary conditions Eq. (2.8) are also known as the Ben-

Daniel-Duke model.

2.1.2. Modified Kronig-P el

The Kronig-Penney model has been described in quantum mechanics textbooks
(see, for example, Merzbacher 1970). It deals with the one-dimensional periodic square
well potential problem and illustrates the consequences of the periodicity in potential.
In the limit of infinite barrier width it gives the results of uncoupled muitiple quantum

wells,
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In a semiconductor superlattice, the periodic potential is due to the band alignment
of the alternating thin layers of host materials along the growth direction (). Since the
host materials of a compositional superlattice are usually different, the effective masses
of the particles (electrons in the conduction band, or holes in the valence band) also
undergo a periodic change. In the envelope function approximation the equation of
motion and the boundary conditions at the interfaces in such cases are modified according
to Egs. (2.7) and (2.8), as given by the Ben-Dannial-Duke model. In addition, due to
the translational symmetry along the growth direction we have the Born-von Karman
periodic condition. Using Eqs. (2.7), (2.8) and the Born-von Karman periodic condition
the superlattice miniband structure can be found. This is the so-called modified Kronig-

Penney model.

Let E/, m;, d, and E; my, d, be the energy gap, effective mass and layer
thickness in well and barrier materials, respectively. Consider the case of type | band

alignment and define V, as the energy gap difference:

V =E}-E/ 2.9

V, is divided in one part V_, that appears as a discontinuity in the conduction band E (z)

and another part V,,. which modulates valence band edge £,(z), such that

Vo.r + Vo.v - Vo (2 10')

This is illustrated in Fig. 2.
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Fig. 2. Schematic representation of the potential profile of a superlattice.

The solution is given by the modified Kronig-Penney equation:

cos(gd ) =cos(k,d, ycos(k,,d,,) - %(x . ")lf ysin(k,d, )sin(k, d,,) .11

where
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d=d, +d, (2.12a)
= ki (2.12b)

k,_.m,
k}=2m EIn*) -k: (2.12¢)

Kir =[2mu‘ v,.-E )fﬁ’] -k} (2.12d)

with i=c, or v

with k} = £ + £, the momentum perpendicular to the superlattices growth direction;
and q is the wave vector associated with the superlattice periodicity, i.e., the one-

dimensional Bloch wave vector in the growth direction of the superlattice.

In the case of type Il band alignment Eq. (2.10) should be modified to read:

W, -V, =V 2.13)

The quantum levels in a type II superlattice are calculated in the same way since in this
model each band is treated independently. For type II multiple quantum wells the
electrons and holes are confined in different layers. The transitions between these states
are spatially indirect. The intensity of such transitions is much weaker than its

counterpart in the type I case.
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The Kronig-Penney model is the simplest case and is still the one most commonly
used in the design of superlattices. However, it frequently introduces errors for the
higher-lying subbands. This is because of the non-parabolicity of the bulk band
structure, the mixing of the superlattices bands when they are close in energy and the

mixing of the valence bands of light and heavy hole character for k not equal to zero.

2.1.3. Bastard model
The Bastard model (the multiband envelope function method) made a big
improvement in calculating microstructure electronic levels over the MKPM, yet without
introducing much more computation effort (Bastard 1981, 1982). It uses the Kane model
(Kane 1966) to describe the host material band structures. The 8 x 8 Kane Hamiltonian
matrix that describes the electron k.p interaction within the lowest conduction, highest
valence and spin-orbit split bands are decoupled into two 1 X 1 matrices for the heavy
holes and two 3 x 3 matrices for the light particles (electrons, light holes and spin-orbit
split holes). Heavy holes are thus treated separately, as in the MKPM. However, the
3 x 3 system introduces a small modification to the MKPM, that is, m; and m, are

replaced by m,(E) and m,(E), where
20t 2 1

m(E)' =1+ +
£ 3 | E+E] E+E]+A,
L

(2.14)

myE)" =1+

o F

2Pz 2 1
3 VE+E]-Vv,, E+E]l+a,-V,
L
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where P is the momentum matrix element between the conduction and valence bands, A,
is the spin-orbit splitting and V, is the band offset of the split-off band. This model is
also cailed the three-band Kane model. Sometimes the spin-orbit split band is neglected

by setting A, to infinite; this is called the two-band model.

The advantage of the Bastard model is that at almost no cost in terms of
computational effort, it gives quite satisfactory results. The calculated energy levels are
in quantitative agreement with those obtained from more sophisticated methods such as
linear combination of atomic orbital (LCAQO) (Bastard 1982). The mixing of the
conduction and light-hole bands is considered and the nonparabolicity of the bands is
included in a natural way. The disadvantage of the Bastard model is that it allows no
mixing of bulk heavy and light holes in the superlattice wave function. This

approximation is realistic only when superlattice heavy- and light-hole states are

sufficiently separated in energy.

In modulation-doped quantum-well structures there are two-dimensional electron
gases in well channels. The potential in which electrons move will be significantly
affected by their own presence due to the direct and exchange interactions among them
(band gap renormalization). To the lowest order, the many-body interaction is treated
in the Hartree approximation by using an average one-electron potential. The envelope

function method can then be applied. However, since the confining potential is affected
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by the electron distribution (wave function), the Schrédinger equation and the Poisson
equation that determines the Coulomb static potential form a coupled system have to be
solved self-consistently. The single electron Schriddinger eguation for the conduction

band can be expressed as (Ando et al. 1982):

2 2
(- —2-5-:-%,— +V,@)+V, (D) +V, (2)+V,(2)] F(D)=E F(2) 2.15)

4

where, E, and F, are the energy and (envelope) wave function of the a™ level, V,(z) is
the heterostructure conduction band discontinuity, V,(2) is the static Coulomb potential
that is determined by the Poisson equation. V,. originates from the non-local exchange
potential due to Pauli principle, and is usually approximated by the local density

approximation as a localized potential. One such example is (Ando er al. 1982):

1 !
V(@)= - [1 +0.7734x(z)1n[1 — ] ] Iml R,

with
2.16
4xexh’ 4 - r, 2.16)
a,= — =|3 a, n(z) y X=_,
myq 3 21
b= _4... "1‘, R BL.
9r Y 8wexa,

where ¢, is the permittivity of free space, « is the diclectric constant of the material, ¢
is the unit charge, A is the Plank constant and n(z) is the number density of electrons.

In Eq. (2.15) W, is the contribution from the image charges across the interface due to



22

different dielectric constants x of the different material layers. For GaAs/AlGaAs

material systems it is believed to be very small since the x deviation is small.

In the Eq. (2.16) the static Coulomb potential term V. is determined by the

Poisson Equation:

d*V (2) e
1" (2.17)
dz? €& (z)n“"“’(Z)
with
P Ep2) =Y n(EQ) | F(2)|*-p(Ei2)-Np(Egi2) +Ni(Epi2) (2.18)

where E, is the Fermi energy, the four terms on the right side of the equation represent
the contributions from the free electrons (n,), free holes (p), ionized donors (Np), and

ionized acceptors (N,), respectively. For a MDQW structure, they are:

kT E.-E
. =_5 ! (2.19a)
n(E, _— In[1 +exp( KT bl |
P(Ez) =0 (2.19b)
N,
No(E:2) = S —
D( F z) l +exp( ED(Z) _EF) (2. 190)

3 kT
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. N,
NA (EPZ) = EF—E‘(Z) =0 (2.19d)

k,T)

3 *exp(

where E, is the electron subband level determined by the Schrddinger equation, E,, F,,
and E; arc the donor level, acceptor level, and Fermi level, respectively, and kg is the
Boltzmann constant. The expression for the n, is deduced from the step-like 2D density
of state distribution. For 2DEG MDQW structures, the contributions from the free
holes and acceptors can be neglected. The total electron sheet density A, is then obtained

from:

NAE;) = 3 n(Ep) (2.20)

The Fermi level Ep is determined from the charge neutrality requirement:

J_:nm,(E,.; 2dz=0 (2.21)

The nature of this preblem makes it impossible to achieve an analytical solution.
We used numerical methods to solve this type of problem in our work on PMDQWs.
The details of such numerical calculations can be found in Qiang 1993. The output
results include the electron and hole levels and their respective wave functions, the

potential profile, electric field distribution, sheet electron density and Fermi energy.
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2.2. The effects of strain
2.2.1. Introduction
Strain has very significant effects on the electronics states of semiconductor
materials (Pollak 1973, Bir and Pikus 1974, Pollak 1990). It produces changes in the
lattice parameter and in some cases, in the symmetry of the material. These in turn
produce significant changes in the electronic band structure. The vibrational modes in

the crystal will be affected also (Pollak 1990), but will not be discussed in this thesis.

All configurations of homogeneous strain can be divided into two contributions:
the isotropic or hydrostatic component, which give rise to a volume change without
disturbing the crystal symmetry, and the anisotropic component, which in general reduces
the symmetry present in the strain-free lattice. The energy gaps are altered, and in some
cases, degeneracies are removed. Effective masses are affected by the variations in
energy gaps as well as by changes in interband matrix elements. The strain dependence
of electronic levels can be characterized by deformation potentials, i.e., the energy shift
per unit strain, which are typically from 1 to 10 eV. In strained microstructures, the
effects of strain can be used to produce desired effects. This greatly increases the ability

to control the electronic and optical properties of such structures.

To fully describe the electronic energy levels of such strained microstructures, it

is important to have information about the effects of strain on the properties of the host
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materials. These include strain-induced changes in the energy gaps, splittings due to the

lowering of symmetry, and variations in effective masses.

In this section the main results of the strain effects on bulk electronic band

structure will be presented.

2.2.2 Strain d I f critical poi k=0

2.2.2.A Strain dependence of energy gaps

Without strain or spin-orbit splitting, the valence-band edge at k=0 in diamond-
and zincblende-type materials is a sixfold degenerate multiplet with orbital symmetry I',;.
(diamond) or I';; (zincblende). The spin-orbit interaction lifts this degeneracy into a
fourfold degenerate (including spin) P,, multiplet (J=3/2, M, = +3/2, +1/2 in spherical
notation) and a P,,, multiplet J=1/2, M,=+1/2) as shown in denil in Fig. 3. Also
given in Fig. 3 is the double group notation for the spin-orbit bands as well as the lowest
conduction bands [I',(I",)] in diamond- and zincblende-type semiconductors. Because of
the J=3/2 degeneracy, the valence bands have warped energy surfaces (Hensel and Feher

1963, Pollak 1990).

The fundamental direct gap, i.e., the energy difference between the I';(I)
conduction and I';(T",) valence bands, is denoted as E,. The spin-orbit splitting is 4.

and E,+ A, is the transition energy between I';(I',) and the spin-orbit split I'3(I",) bands.
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Fig. 3 Valence bands and lowest conduction band in diamond- and zincblende-type
semiconductors for unstrained (left-hand) and strained (right-hand) crystal (see text).

A strain with a uniaxial component splits the J = 3/2 multiplet into a pair of
degenerate Kramers doublets (Kleiner and Roth 1959, Hensel and Feher 1963, Pollak
1973, Bir and Pikus 1974, Pollak 1990). The three valence bands for the case of

compressive uniaxial stress along (001) is shown schematically in Fig. 3. where the
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bands are labelled v, v,, and v;. In addition, the hydrostatic component of the strain will
shift the energy gap between valence bands and the lowest lying conduction band. The
transition between the conduction band and the v, valence band is denoted E(i), where
i=1, 2, 3. The removal of the J=3/2 degeneracy produces energy surfaces that are

ellipsoids of revolution around the L, axis (Hensel and Feher 1963, Pollak 1990).

It has been shown that strain Hamiltonian H" for a P-like valence-band multiplet

can be expressed as (Pollak 1973, 1990)

H‘(Vl =H:|.Ir') + H:I.Vl (2_22)

where H''" is the orbital-strain Hamiltonian and H?" is the strain-dependent spin-orbit

Hamiltonian.

The orbital-strain Hamiltonian H\'-¥ of the valence bands can be written as (Pollak

1973, 1990):

Hl(l.vl = -a, Tr(e) _3bl [(L‘z -%L?)eu +cp ]

-3d,[(L L +LL)e,+cp]

(2.23)

where &; denotes the components of the strain tensor, L is the angular momentum
operator and cp denotes cyclic permutation with respect to the indices x, y, z. The

quantity a, represents the intraband (absolute) shift of the orbital valence bands due to
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the hydrostatic component of the stress (intraband or absolute hydrostatic deformation
potential), while b, and d, are orbital uniaxial deformation potentials appropriate to

strains of tetragonal and rhombohedral symmetries, respectively.

The contribution from strain-dependent spin-orbit Hamiltonian HZ"' is very small

compared to that of H!" . It will be ignored in the following discussion (Pollak 1990).

At k=0 the conduction-band minima for the diamond- and zincblende-type solids
(except for Si and "zero” bandgap materials such as a-Sn and HgTe) is an antibonding
s-state with symmetry I',.(I';). The effects of a strain is to produce a hydrostatic shift

given by:

H =a_ Tr(e) (2.24)

where a_ is the intraband (absolute) hydrostatic deformation potential of the I',(T'))

conduction band.

To explore the structure of the conduction and valence bands near k=0, we shall

use the k.p perturbation approach where the Hamiltonian is given by (Kane 1966):

[ ] P (2.25)

2
AR
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where H, is given in Eq.(2.2), and p is the momentum operator. Therefore, the total

Hamiltonian including the spin-orbit interaction H,, can be written as:

H=H,+H +H"+H"" (2.26)

We choose the set of wave functions that make H,, diagonal. These are functions
that have the same transformation properties as the eigenfunctions of the total angular
momentum operator J (=L +8), i.e., |J, M,>. For the s-like I';. ( T, ) conduction

band these wave functions are (Kane 1966):

172,172 = |St) (2.27a)

|1/2,-1/2) = |S4) (2.27b)

while for the P-like I';* (I, ). I';* ( Ty ) valence bands, they can be written as:

13/2,3/2) = (1/YZ ) X+iY)t (2.27¢)
13/2,172) =(1//6 YX+iY)4 - (213 ) Z ¢ (2.27d)
13/2,-1/2) = -(1/\6 YX-i¥)t -(y23)Z { (2.27¢)
13/2, -3/2) = -(1/yZ }X-iY)+ (2.27)

11/2,172) =3 ) X+iV) 4 +(1/Y3 ) Z ¢ 2.278)
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(172, -172) = (3 )X-i¥)t -(1//3)Z & (2.27h)

Using these basis wave functions, the 8 X8 matrix of the Hamiltonian Eq. (2.26) can be
written down explicitly (Pollak 1990). By solving the eigenvalue problem of this

Hamiltonian matrix, the strain-dependent dispersion relation of the band structure near

k=0 and the corresponding eigenfunctions can be found.

For (001) built-in biaxial strain of magnitude £, which is the case of strained-layer
microstructures involved in this thesis, the BXx8 strain Hamiltonian becomes two

decoupled identical 4 x4 matrices (Pollak 1973, 1990):

ISt>  3/2,3/2> |3/2,1/12> | 1/2,1712>
E, +3Ey 0 0 0
0  -8E,-3E, 0 0 (2.28)
(H]=
0 0 ~5E,+8E, \26E,
0 0 V28E, -A,-8E,
where 6E,°, 8E,", 8E are defined as:

8Ey=a_(2-MNe
8E.=a(2-M)e (2.29)

8E,=b,(1+N)e

with
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(2.30)
A=2C,/C,

where C,, and C,, are the elastic stiffness constants. These constants and the interband
hydrostatic pressure deformation potential @ of £, and the shear deformation potentials
can be found in the literature (Landolt-Bérnstein 1982, Pollak 1990). The strain-
dependent transition energies between the conduction band the valence bands can be

written as ( Pollak 1990):

E(2) = E +bE, +OE, (2.31a)
E(1) =E,+b8E, + AD;GE’ - %JAE,-!-ZAO&E’ +9(6E ) (2.31b)
E(3) = E,+ 88, 20500 L [RT20 08 ~9GE Y 2.310)
where
SE, =(a,+a)2-Ne=a(2-N)e (2.32a)
OE, = -b (1 +N)e=-b(1+N)¢ (2.32b)

where a is the interband hydrostatic pressure deformation potential of E; and b is the
shear deformation potential. The strain-dependent wave functions for the three valence

bands are given by (Laude er al. 1971):
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|v,) =|3/2,+3/2) (2.33a)
|v,) = |3/2,£1/2) +8| £1/2) (2.33b)
|v,> =-81{3/2, £1/2) +a| /2, £1/2) (2.33¢)
where
a=2/2 |8E,|/q (2.342)
(n-p)oE
= : (2.34b)
q[3E,]
with
p=8y+5E,
n= [pz +8(6E‘)2 (234(:)
qg=vy2n(n-p)

2.2.2.B. Strain dependence of effective mass

The band structure in the presence of an arbitrary strain is guite complicated,
because momentum matrix elements as well as energy gaps are strain dependent (Aspnes
and Cardona 1978). I define k| as the component of k-vector along the z-direction ( out

of the layer plane ) and kX, ( = k] + k} ) as the in-plane component. In the case of (001)
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biaxial strain, it can be shown that for the v, bamd ( [3/2, £ 3/2 > ) the effective

masses are
mim) (v,)=(A, - B,), out-of-plane mass, (2.35a)
mim(v,)=(A,+1B,), in-plane mass. (2.35b)
The subscript on the mass parameters A, B introduced in the above equations reflects the
fact that they are different for the v, v,, and v,. Since, for the diamond- and zincblende-

type semiconductor, A and B have the same sign (Landolt-Bornstein 1982), m i (v, ) is

heavy-hole like, while m’ ( v, ) is light-hole like.

For v, and v, bands, the effective masses are given by:

mimy’ (v,) =o' (A, +B,)-2/2 o8B, + B4, (2.36a)
mim} (v,)=od (A4, -1B,)+{2Z afiB, + 64, (2.36b)
mimy’ (v;)=c? A, +2y2 ofB, +B*(A, +B,) (2.36¢)
mim; (v;) =P A,, -2 aBB, + @*(A, - 1 B)) (2.36d)

The mass parameters A,, B,, A,, B,, A,, are defined in Pollak 1990.
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For band extrema or interband critical points at k » 0, the shear component of
the applied uniaxial stress can cause three effects (Pollak 1990): (1) band states of
different k vector, which are degenerate because of the symmetry of the crystal, may
have their degeneracy reduced depending on the projections of their k vectors on to the
stress direction (interband splitting), (2) a splitting of degenerate orbital bands whose k
vector are not parallel to the stress, and (3) a stress-induced coupling between
neighboring bands. The second and the third effects mentioned above are denoted as

intraband splitting.

Deformation-potential theory for many-valley cubic semiconductors (Brooks 1955,
Herring and Vogt 1956, Kane 1970) gives the following expression (in the notation of
Brooks) describing the stress-induced hydrostatic shift and interband splitting of a band-
extrema interband critical point due to effect (1) above plus the hydrostatic pressure

component (Pollak 1973, Pollak 1990):

AE=A- {t,Tr(e)w;[e—;meu]}- A 2.37)

where #1is a unit vector in the direction of the band extrema or critical point in k-space,
1 is the unit diadic, and &, and & are the hydrostatic and shear deformation potentials,
respectively. The intraband effects will depend on the specific bands under

consideration.
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The silicon conduction band minima are in the six equivalent <100> directions
at a distance of 85% of the Brillouin zone from I'-point. In the presence of a [001]
biaxial strain, there will be no intraband splitting since there are no nonvanishing off
diagonal elements of the strain tensor. The interband effects will split the six equivalent
minima into two groups according to their orientation with respect to the biaxial strain
axis [001]. From Eq. (2.37) the shift of the conduction band minima along the [001]

direction is given by

AES(A) = &(2-Ne-Z,(1 +N)(2e/3) (2.38a)

while for the [100] and [010] bands, the strain-dependent energy shifts are:

AEP(A) =Z,(2-N)e+ &, (1 +A)(&/3) (2.38b)

Germanium is an indirect gap material with degenerate conduction band minima
along <111>. Since there arc not other bands near L,, the intraband mixing can be
neglected. Only Eq. (2.37) applies. Again, we consider only the case of (001) biaxial
strain. The degeneracy of the L, conduction band minima remains in this case, hence

there is only a hydrostatic pressure shift given by

AE(L) = &,(2-N\)e 2.39)
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Another important set of bands are the A, conduction bands and the A, valence

bands, which occur along the equivalent <111 > directions of the Brillouin zone. The
orbital degeneracy of A, is removed by the spin-orbit splitting. The spin-orbit split
transitions between A, and A, are denoted as E, and E, +A,;, where 4, is the spin-orbit

splitting of A,.

A (001) biaxial strain does not remove the k-space degeneracy of these bands
{ no interband splitting ) but does cause an intraband effect, i.e., a strain dependence of
the separation between of A, orbital bands. The energies of the £, and E; + A, transitions

are given by

A
B, = 2158, - 1 [BTAGE, 7 2400

A(E.+Al)=— L +8E, , + 141 +4(SE, ) (2.40b)

where

OE, , = &,(2-N)e
(2.40c)

8E,, =2/3D;(1+\)e

The quantity D3 is an intraband deformation potential for the A, valence band for a [001]

uniaxial strain.
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2.2.4. Eff f built-i . icond :

The most important effect of built-in strain in the stained layer microstructures
is to change the one-dimensional superlattice potential profiles. The built-in biaxial strain
will shift and split the energy bands (Pollak 1990). The band offsets also have some
dependence on the strain (Priester et al. 1988). Depending on magnitude and sign of the
strain the ordering of heavy- and light-hole levels can be switched. One can even have
a type I potential profile for the heavy-hole band and a type 1l potential profile for the
light-hole band, or vice versa. Therefore, depending on the strain in each material and
on the band discontinuity, a large number of band alignment configurations may be
obtained (Marzin and Gérard 1990, People and Jackson 1990). Some of them in the case

of superlattices are shown in Fig. 4.

In polar material systems such as III-V, II-VI compounds there can also be
piezoelectric effects for certain strain configurations in which there are non-vanishing off-
diagonal elements of the strain tensor (Smith and Maihiolt 1987, People and Jackson
1990). These polar materials possess a nonvanishing piezoelectric constant e,,. The
built-in strain along certain directions in the microstructures induces a polarization field,
P, which in turn generates an clectric fields. In III-V strained-layer structures, these
strain induced fields approach 10° V/cm for lattice-mismatch strains ~ 1%, and hence
significantly modify the superlattice electronic structures and optical properties. Note,
for example, that the electric fields will change the shape of the quantum well potentials,

thereby changing subbband energy levels and wave functions. Consequently, one obtains
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Figure 4. Possible band-extrerna configurations for strained-layer superlattices.

modifications of optical transitions and oscillator strengths. The magnitude of these
changes have been shown to be second order in the magnitude of the electric fields
(second-order Stark effect) (People and Jackson 1990). The internal electric fields may
be externally modulated by either (i) photo-pumping (since photogenerated carriers screen

these internal fields), (ii) external electric fields, and (iii) external strain (Qiang er al.
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1991, 1992). As a result of such modulations, one expects to observe large nonlinear

optic, electro-optic, and piezo-optic effects.

In zincblende-type semiconductors, off-diagonal strains ¢, (for example j=x,

k =y) induce polarization fields, P,, whose magnitude is given by (Nye 1957)

P, =2e .k, (2.41)
Note that diagonal strains (g,,, &,,, £;) do not induce a polarization. Hence, strained-
layer microstructures grown on (00I)-oriented substrates will not give rise to strain-
induced polarization fields. For the (111) growth axis, P is along the superlattice
direction, whereas for (110) growth, P lies in the superlattice plane.

Pseudomorphic microstructures are coherently grown such that the in-plane lattice
constants of the thin layers composing the system are forced to match that of the
substrate ( or buffer ) lattice constant. Usually only one type of the host materials is
strained. For example, in the pseudomorphic InGaAs/GaAs quantum well structures and
GaAlAs/InGaAs/GaAs asymmetric quantum well structures grown on GaAs substrate,
only the InGaAs layer is under a biaxial strain. Assume gy to be the bulk lattice constant
of the substrate ( or buffer ) and a; to be the bulk lattice constant of strained thin layer
material, the biaxial strain € present in the thin layer is given by:

= s 9r (2.42)
aT
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Since the stain effects are easily comparable with the level spacing due to size
quantization, it is clear that they should be taken into account for quantitative
interpretations of the electronic properties of strained layer heterostructures.  For
microstructures with built-in [001] biaxial strain, which is the case in this thesis, the
approach is quite straight forward. It is accomplished by using the envelope function
approach, such as modified Kronig-Penney model or Bastard Model, with the strain-
effects incorporated by using the input material parameters modified by the built-in
strain, such as strain-modified band gaps, strain modified band offsets and strain
modified effective masses (Osbourn 1983, Voisin 1984, Osbourn 1985, Marzin 1985,

Marzin and Gérard 1990).

2.3 Temperature dependence of the energy gaps and broadening parameters

The temperature dependence of energy gaps [E,(T)] and broadening parameters
[[(T)] can provide important information about the electron-phonon interaction, exciton
effects, etc. It is well known that the electron-phonon interaction contributes to both the
temperature shift of the energy gap and to the increase of the lifetime broadening.
Cardona et al. have made extensive microscopic analysis of these temperature dependent
shifts and broadening for such semiconductors as Ge (Allen and Cardona 1981, 1983,
Lautenschlager er al. 1985), Si (Allen and Cardona 1981, 1983, Lautenschlager er al.
1985, 1986) and GaAs (Lautenschlager er al. 1987a) based on the renormalization of the

band energies by the electron-phonon coupling. We illustrate here the treatment
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presented by Cardona ef al. (Allen and Cardona 1981, Lautenschlager ef al. 1986,

Gopalan er al. 1987), outlining the basic equations and physical implication.

Consider a crystal with atoms of species x that occupy sites R(l, x) and have
displacements u(l, x) from equilibrium, where | labels the unit cells. In order to describe
the renormalization of the semiconductor band structure by the electron-phonon
interaction, the electron-atom interaction V{r-R(l, x)-u(}.x)]} is Taylor expanded about the
position u(l, x)=0. The zeroth-order Hamiltonian H, gives the one-electron states
lk.,n> and band energics ¢,, where k, n are the wave vector and the band index,
respectively. The first two terms of the expansion of VIr-R(1,x)-u(l, x)] in powers of u(l,

x) are {Allen and Heine 1976, Lautenschlager er al. 1986)

) oV
H, -g BR“(I.::)““("K) (2.43)
and
H=1% il 4 (LU’ &) (2.44)

2 Lo o aR“(I- ‘)aRg(l ! a"’ )

where H, represents the electron-phonon interaction involving absorption or emission of
one phonon, and H, represents the electron-phonon interaction involving absorption or

emission of two phonons. The subscripts «, 3 denote Cartesian components which are
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summed when repeated. The adiabatic approximation allows the neglect of time
dependence of u(l, x). To second order in u(l, «) we obtain, in standard Rayleigh-

Schrédinger perturbation theory (Allen and Heine 1976, Lautenschlager er al. 1986)

/ I (k,'nlellk'f> I2 (2.45)

El.l -Gt;.uf + IT

E Ju(l.)] =¢, ,+ <k.n|H, | kn) «Y

) Q, | Q|

k,n k.n k.n k,n k.n k+Qn kn

() (b)

Figure 5. Self-energy graphs which give the temperature renormalization of the band
energies to second order in atomic displacement. (a) represents the Fan term; (b)
represents the lowest-order Debye-Waller correction.

The first and second order correction terms to the unperturbed energy of the initial state
€, are called "Debye-Waller” (Antoncik 1955), and "Fan" terms (Fan 1951, Cohen
1962), respectively. The Feynman diagram is shown in Fig. 5. The Debye-Waller term

is purely real. This term will not contribute to life time broadening. In the Fan terms
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the scattering process involves the electron-phonon interaction which induces transitions
from initial state |k, n> 1o intermediate state [k’, 7’ > and to initial state (see Fig. 5b).
This term not only contributes to energy shift, but also to lifetime broadening. Equation

(2.45) can be written as

‘Eln(T) = E.."’AE."*J-P(T) (246)
where
AEln( T) = Z E(QJ' |k,ﬂ> ) [qu( T) + %] (2‘47)
/
and
rln(n - E P(th Ikon> ) ["Q(T)*%] (248)
J

where n is the Bose-Einstein occupation factor:

o
(2.49)
exp [iw_!] -1

whereas E(Q,, |k,n>) is given by



Ckn|aVIaR (x)|k+Qn’y {k+Qn’ |dVIBR (x')|kn)

€in " Cxogn’

E(Q, kny =23

X exp[ 'iQ(T‘ _T,!)](M.M")‘ ) lJr2]Ea( -Q't)eﬂ(Qﬁ")

Al arnian s | ALY T WHANE WAN

-xexp[ "Q(T T./)](MM )‘ lmf ( Q )e;j(Q;,f - (250)
): <kn|3VIaR (xy|kn') <kn'|3VIOR,(x')|kn)
N €. —€E._, he)ls

and I'(Q,, |k, n>) is given by

r(Q,, | k.n) )="_;E kn|aVIOR (k) |k+Qn”y {k+Qn’|aVIOR (x')| kn)
(2.51)

xexpl ~iQ(r, -7 )MM,w}) e (~Q,)e Q. )(e,, = €4 0n)

where M, is the mass of the atom x located in the unit cell at position 7,, NV is the number
of unit cells in the crystal, €(Q,) is the polarization vector for the phonon Q, of the atom
x. From the expression of E(Q,, |k,n>), it is found that all wave vectors of phonons
(acoustic as well as optical phonons) make a contribution to the temperature shift of the

band gap.

In Eq. (2.51) there is a 8(¢,,-€, o ) function in the term I'(Q,, | k.n>). This é-
function means that only phonons which couple to an electronic state with the same

energy ¢,.q. as the initial state ¢,, can make a contribution to I(Q,, | k,n>).
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With this theoretical treatment, if a group of phonons of frequencies close to

kpOu/2 [ kg©/A ] yields the dominant contribution to AE, (D [ T (T) 1. respectively,

then we have:

and

where

(T = ol |1a 2 2.52)
n(] ) ab [1 —eer’r_l] (
, 2
ND‘P‘P*?FK] 2.53)

a; =53 E(@, |knd ),
and (2.54)

I s %E rQ, k. ).

To obtain the total shift and broadening at the critical point, the shift and broadening of

the valence and conduction band states are added up, respectively. Therefore, we have

the expressions for temperature dependence of energy gaps (E,) due to electron-phonon

interactions (Lautenschlager et al 1987a, 1987b):

E (D = E)0)-a, [1 +L] (2.55)

e%/T-1
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where E,(0)-ag corresponds the energy gap at T=0, g, represents the average value of
the strength of electron-phonon coupling and kyOp/# corresponds to average phonon

frequency.

Similarly the temperature dependence of the broadening can be written as

(Lautenschlager ef al 1987a, 1987b):

I(T) =T,+ ol (2.56)

earr_ 1

where I', corresponds to other broadening mechanisms due to the intrinsic lifetime,
electron-electron interaction, impurities, dislocations and alloy scattering. The parameter
[, (=2T",) represents the strength of electron-phonon coupling, and kg© is the relevant
phonon energy. For direct transitions I, is the electron(exciton)-LO phonon (longitudinal
optical phonon) coupling constant and the appropriate phonon energy is the Q=0 LO

phonon energy (Lautenschlager e al. 1987a, 1987b).

For indirect band gap materials the situation is more complicated since there are
different phonon energies involved in the electron amd hole scattering processes

(Lautenschlager et al. 1986, Yin Y. et al.).
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Equations (2.55) and (2.56) are derived in a microscopic approach. They can be

used to model the measured temperature dependence data of transition energies and the

broadening parameters to obtain important information about electron-phonon interaction.

The temperature variation of E,(7) can also be described by equations involving

three parameters such as the semi-empirical Varshni expression (Varshni 1967):

E(T) = E(0)-aT¥(B+T (2.57)

where Ey(0), a, 3 are the Varshni parameters.

In order to obtain parameters directly related to the influence of electron-phonon
coupling effects, it is necessary to eliminate the contribution of the temperature shift of

E, due to thermal expansion from Eq. (2.57). The energy shift AE,, due to the thermal

expansion can be written as:

AE, = -3aa,T (2.58)

where a is the hydrostatic deformation potential and o, is the linear expansion
coefficient. After taking of the thermal expansion contribution, Equation (2.57) can be

rewritten as:
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2
EI(T) -AE, = E (0 -ay [1 + eﬂ'v"-"_l] (2.59)

The parameter o’ of Eq. (2.59) can be related to a, and 6,, of Eq. (2.55) by
taking the high temperature limit of both expressions, yielding o' = 2ag/(kyO,,). The
parameter 8’ of Eq. (2.59) is directly proportion to the Debye temperature by the relation
B8’ =(3/8)0, (Manoogian and Woolley 1984). These relations are indeed satisfied for

these parameters.
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Chapter 3. MODULATION SPECTROSCOPY

3.1. Introduction

Since its inception in 1964 modulation spectroscopy has proven to be a powerful
experimental technique for studying and characterizing the properties of bulk
semiconductors, reduced dimensional systems (surfaces, interfaces, heterostructures,
etc.), actual device structures and growth/processing. The derivative nature of modulation
spectroscopy emphasizes structure localized in the photon energy region of interband
(intersubband) transitions of semiconductors (semiconductor microstructures) and
suppresses uninteresting background effects. Also weak features that may not have been
detected in the absolute spectra are often enhanced. Because of this derivative-like nature
a large number of sharp spectral features can be observed, even at room temperature.
As an example of the power of modulation spectroscopy, shown in Fig. 6 is a
comparison of the reflectivity (R) and electric-field modulated [electroreflectance (ER)]
spectra of bulk GaAs at 300K (Pollak 1981). While the reflectivity is characterized by
broad features, the ER trace has zero as a base and is dominated by a series of very
sharp, derivative-like features corresponding to specific transitions in the Brillouin zone

(BZ).

The ability to perform a lineshape fit is one of the great advantages of modulation
spectroscopy. Since for the modulated signal the features are localized in photon energy
it is possible to account for the lineshapes to yicld accurate values of energies and

broadening parameters of interband transitions. For example, it is possible to determine
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the energies of the E;, E,+A4A,, E, and E,+ A, peaks in Fig. 6 to within a few meV, even

at room temperature. Thus, the effects of static external perturbations such as electric
and magnetic fields, temperature, hydrostatic pressure, uniaxial stress, composition, etc.

can be conveniently studied.

Research efforts in the first decade were focused on the properties of bulk
semiconductors. The results have been reviewed by Cardona (Cardona 1969, 1970),
Hamakawa and Nishino (Hamkawa and Nishino 1976), Aspnes (Aspnes 1980) and Pollak
(Pollak 1981). One can also find valuable references in Vol. 9 of Semiconductor and
Semimetals, eds. R. L. Willardson and A. C. Beer (Academic, New York 1972) and in
the Proceedings of the First International Conference on Modulation Spectroscopy,

published as Vol. 37 of Surface Science (1973) .

In the 1980’s modulation spectroscopy enjoyed a renaissance. It was shown that
the same advantages long exploited for bulk studies also were evident in the artificial
semiconductor microstructures fabricated by modern thin film methods such as MBE or
organometallic chemical vapor deposition (Mendez ef al. 1981, Erman ef al. 1984,
Alibert er al. 1985, Glembocki er al. 1985a, 1985b). The important work of Glembocki
et al. (Glembocki et al. 1985a, 1985b) demonstrated that a large number of intersubband
transitions in a multiple quantum well could be observed at room temperature using the
contactless electromodulation method of photoreflectance (PR). Thus, the rich modulated

spectra from microstructures could be used to probe the "band structure” of reduced
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Fig. 6. Comparison of room temperature reflectivity and electric-field modulated
reflectivity (electroreflectance) of GaAs (Pollak 1981).

dimensional systems just as this optical method was employed for bulk material.
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These advances have stimulated a considerable amount of activity in experimental
and theoretical areas as well as the deveclopment of new instrumentation, particularly
contactless modes. Not only is work being carried out on the fundamental aspects of a
large variety of reduced dimensional systems such as single quantum wells (SQWs),
multiple quantum wells, superlattices, heterojunctions and surfaces/interfaces, but the
properties of bulk material again are being revisited. The effects of various external
perturbations also are being explored. The advent of the diamond anvil cell makes it

possible to generate extremely high pressures,

Although not applied in this thesis, it should be pointed out that in addition to the
utility of the sharp, derivative-like peaks of Fig. 6, there is also important information
in other modulation variables such as phase, modulation frequency, modulation
amplitude, etc. Certain types of modulation spectroscopy can be spatially (depth)
selective and thus act as probes of specific regions of the sample being studied. Also,
the ability to change the perturbation in a specific manner can be used to investigate the

effects of that perturbation on the sample (Shen and Pollak 1990).

In this chapter the experimental techniques and the lineshape theory of modulation

spectroscopy will be discussed.

3.2. Modulation techniques
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The spectral response of a material can be modified directly by applying a

repetitive perturbation such as electric field (electromodulation), heat pulse
(thermomodulation), or stress (piezomodulation). This procedure is termed "external”
modulation (Aspnes 1980). It produces sharp, derivative-like spectral peaks to allow
precise measurement of the transition energies and broadening parameter. In addition,
"external” modulation is an ac method which represents the optical response of the
system to the modulating parameter. Thus, there is also important information in other
modulating variables such as phase, modulation frequency, modulation amplitude, pump
wavelength, etc.. For example, electromodulation can be employed as an optical
impedance spectroscopy technique to gain information about trap studies or the equivalent

circuit of the structure.

The change may also occur in the measuring system itself, e.g., the wavelength
or polarization conditions can be modulated or the sample reflectance (transmittance) can
be compared to a reference sample. This mode has been labelled "internal" modulation

(Aspnes 1980).

The methods used in this thesis belongs to the category of "external” modulation.

The rest of this section will be devoted to the discussion of the external modulation

techniques.
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Shown in Fig. 7 is a schematic drawing of the experimental arrangement for a
general “external” modulated reflectance experiment (with the exception of
photoreflectance or electron beam electroreflectance) (Aspnes 1980, Pollak 1993). Light
from an appropriate light source (Xenon arc, halogen or tungsten lamp) passes through
a monochromator (probe monochromator). The exit intensity at wavelength A, 1,(M), is
focused onto the sample by means of a lens (or mirror). The modulation (electric field,
stress, temperature ) is applied to the sample at frequency {1,,. The reflected light is
collected by a second lens (mirror) and is focussed onto an appropriate detector
(photomultiplier, photodiode, etc.). For the sake of simplicity the two lenses (mirrors)
are not shown. For modulated transmission the detector is placed behind the sample.

In general, however, reflectance is more useful,

The light striking the detector contains two signals: the dc (or average value) is
given by I (MR(A), where R(A) is the dc reflectance of the material while the modulated
value (at frequency 1) is I (A)JAR(X), where AR()) is the change in reflectance produced
by the modulation source. The ac signal from the detector, proportional to I AR, is
measured by a lock-in amplifier (or other signal averaging procedure). Typically I, AR
is 10* - 10® of I R. A servo mechanism is used to maintain a constant dc signal,
therefore the ac output from the lock-in amplifier is proportional to the normalized signal

AR/R.
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Fig. 7. Schematic representation of an "external modulation” experimental apparatus
(Aspnes, 1980, Pollak, 1993).

Electromodulation (EM) can be accomplished in several ways, including contact
and contactless modes. Four common contact configurations, designated as
electroreflectance, can be divided into "longitudinal” and "transverse" categories (Aspnes

1980). The "longitudinal® method can be applied in the semiconductor-electrolyte,
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metal-insulator-semiconductor (MIS), Schottky barrier or p-i-n configurations. In the

latter the sample of interest is placed in the insulating region of a p-i-n diode (Glembocki
1990a, 1990b). The former has in the past been the most widely used form of ER
because of the ease of implementation since the sample surface requires no special
preparation. However, it can be used only over a limited temperature range (300K to
150K) and often offers less control over the space charge field owing to chemical
passivation or dissolution effects. Electrolyte electroreflectance can be employed for
depth profiling measurements with the proper choice of electrolyte and electrochemical
conditions. This method also has been employed for electrochemical studies. Schottky
barrier, MIS and p-i-n methods can be used at low temperatures to reduce lifetime
broadening. The p-i-n configuration produces a constant electric field as opposed to the
position dependent field of the other "longitudinal”™ modes. In the "transverse” mode two
metal electrodes are evaporated on the surface of the sample and EM is produced by
applying a modulated high voltage across the gap (~ lmm). However, this technique can

only be used on materials with resistivities greater than 10° ohm-cm (Aspnes 1980).

In temperature modulation {thermoreflectance (TR)}, the sample may be mounted
on a small heater attached to a heat sink and the temperature varied cyclically by passing
current pulses through the heater. If the sample is properly conducting, the current can
be passed through the sample directly. Alternatively, a secondary beam of light may be
used to heat the sample. Generally, {1, for this method must be kept below 10-20Hz and

hence there are often problems with the 1/f noise of the detector.
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In piezoreflectance (PzR), modulation is achieved by mounting the sample on a
piezoelectric transducer which varies the lattice constant of the material producing a band
gap modulation. Although PzR is contactless it requires special mounting of the sample,

as does TR.

Contactless electromodulation can be performed using (a) photoreflectance (Pollak
and Glembocki 1988, Glembocki 1990), (b) a new approach which uses a capacitor-like
arrangement (Yin X. and Pollak 1991, Yin X., et al. 1992a, Yin X., et al. 1992b, Mioc,
et al. 1992) or {c) electron-beam electroreflectance (EBER)} (Herman 1990b). The
method of PR is not only contactless but requires no special mounting of the sample.
It can be used in any transparent medium under a variety of conditions. It has been

demonstrated that PR can be used at temperatures as high as 650°C.

Shown in Fig. 8 is the schematic representation of a PR apparatus (Shen et al.
1987, Pollak and Glembocki 1988). Modulation of the electric field in the sample is
caused by photo-excited electron-hole pairs created by the pump source (laser or other
light source) which is chopped at frequency f1,,. Most PR experiments have utilized a
mechanical chopper with maximum {1, =5 kHz. To achieve higher modulation
frequencies up to about 1MHz an acousto-optic modulator can be used (Shen ef al.
1990). The photon energy of the pump source should be above the band gap of the
semiconductor being investigated. The pump creates photo-injected electron-hole pairs

which modulate the builti-in electric field of the semiconductor or semiconductor
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microstructure under investigation. A typical pump source is a SmW He-Ne laser

(except at high temperatures where a more powerful beam must be used).

09 -
SERVO @grﬂ-/ :
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Fig. 8. Schematic representation of a photoreflectance apparatus (Shen, et al., 1987).
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In Fig. 8 the normalization is performed by a variable neutral density filter
(VNDF) connected to a servo mechanism. The dc signal from the detector, which is
proportional to I,(A)R(A), is introduced into the servo which moves the VNDF in such
a manner as to keep I,(MR(M) a constant, i.e., [,(A)JR(A)=C. Under these conditions the
ac signal I,(NJAR(A)=C AR(AYR(A). Thus, the signal to the lock-in-amplifier is

proportional to the quantity of interest, i.e., AR(A)/R()).

A drawback of PR is the spurious modulated background signal reaching the
detector because of (a) luminescence from the sample and/or (b) scattered light from the
pump source. Luminescence can sometimes be a problem for measurements near the
fundamental gap, particularly at low temperatures. Scattered pump light can be reduced
by means of an appropriate long pass filter in front of the detector. If the overall
spurious background signal is not too large in relation to AR/R, it can be subtracted by
the normalization method of Fig. 8. The spurious background signal also can be reduced
or eliminated by approaches such as the use of a double monochromater (Theis er al.
1988), tuneable dye laser as the probe beam (Glembocki et al. 1987a), sweeping PR

(Shen and Dutta 1990) or differential PR (Sydor er al. 1991).

A contactless electroreflectance (CER) method has been reported which utilizes
a condenser-like system consisting of a thin, transparent, conductive coating (indium-tin-
oxide or 50-60A of a meta! such as Au or Ni) on a transparent substrate (glass, quartz,

etc.) which serves as one electrode (Yin X. and Pollak 1991, Yin X., er al. 1992a,
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1992b). A second electrode consisting of a metal strip is separated from the first
electrode by an insulating spacer. The sample (~0.5mm thick) is placed between these
two capacitor plates. The dimensions of the spacer are such that there is a very thin
layer ( ~0.1mm) of air (or vacuum) between the front surface of the sample and the
conducting part of the first electrode. Thus, there is nothing in direct contact with the
front surface of the sample. Shown in Fig. 9 is an illustration of the sample holder and
electrode arrangement. The ac modulating ( ~ 1kV peak-to-peak) and dc bias voltages
are applied between the metal strip and the transparent conductor. The probe beam is
incident through the first transparent electrode. This approach can also be employed in
the transmission mode by replacing the metal electrode with a second transparent

electrode/substrate.

In this thesis work electromodulation and piezomodulation techniques were

employed.

3.3. Lineshape considerations
Differential changes in the reflectivity are related to the perturbation of the
complex dielectric function [e(=¢,+i¢,)] expressed as (Cardona 1969, 1970, Aspnes

1980):

AR/R = a(e ,e,)A¢, +b(e, €,)Ae, 3.1
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Fig. 9. Schematic view of the condenser-like arrangement used in CER experiments.

where a and b are the Seraphin coefficients, related to the unperturbed dielectric
function, and Ae, and Ae, are the changes in the complex dielectric function due to the

perturbation. The quantities A¢, and Ae, are related by a Kramers-Kronig inversion.
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Near the fundamental gap of bulk materials » =0 (Aspnes 1980) so that AR/R = aAe,, is

the only term that is important. However, in multilayer structures interference effects
are important so that both A¢, and Ae; may have to be considered. The functional form
of Ae, and Ae; can be calculated for a given perturbation provided that the dielectric

function and critical point type are known.

3.3.1 Electromodulation

Electromodulation is the most useful and the most complex form of modulation
spectroscopy. It can be classified into three categories, i.e., low-, intermediate- and
high-field regime depending on the relative strengths of certain characteristic energies
(Hamakawa and Nishino 1976, Aspnes 1980). In the first range |#0| <T', where I' is

the broadening parameter and 40O is the electro-optic energy given by:

(AO) = @*WF2y, (3.2)

In Eq. (3.2) F is the field and u) is the reduced interband mass in the direction of the
field. In the intermediate-field case |#O| >_TI' but gFa, < <E,, where q, is the lattice
constant (or an appropriate periodic length in microstructures) and E, is the band gap.
In this situation the band structure is unchanged. For even higher field strength the
electro-optic energy is much greater than the broadening with gFa, ~ E,, and the Stark
effects would be expected for ideal systems (see, for example, Aspnes et al 1972). We
are not interested in such a high-field regime and it will be ingored in the following

discussions.
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3.3.1.A. Unbound States (Low-fleld regime)

For the unbound situation the case of low field modulation from flatband will be
considered, i.e., no built-in dc field. [ present below a simple physical derivation of the
effects of an electric field on the dielectric function (Pollak and Glembocki 1988). The

energy, E(F), gained by a free particle in an electric field F can be written as

E(F) = 471" (3.3)

where ¢ is the time. If we consider an optical structure near a critical point with energy

E

¢» the dielectric function has the general form

e=e(E-E, T')+B 3.4)

where E is the photon energy, and B is the featureless background.

The change in the dielectric function, Ae , induced by a modulating electric field F_,

is given by:

Ae=¢lE-E +E(F,).T1-¢(E-E, +,T) (3.5)

where we have assumed that the electric field does not change I'. If the field is
sufficiently small so that E(F,)) <« T (low field regime), Eq. (3.5) can be expanded in

a Taylor’s series to yield:

Ae=E(F)[(3/9E)e(E-E,,T')] +... (3.6a)



=(q*F a2 )(3/AE)e(E-E,,T")] + ... (3.6b)

in quantum mechanics, the time t is also an operator:

t=if(3I3E) G.7

so that Eq. (3.6b) becomes:
Ac =(@*WFL12u))|(P1OE*) e(E -E,.T)| (3.8a)
=(h©Y{(@*/3E") e (E~E,.T')] (3.8b)

where the electro-optic energy 4O is given by Eq. (3.2) with F=F,, Equation (3.8b)
has all the essential features of low field EM. The quantity Ae is proportional to F,?
(modulating field), is inversely proportional to x), and has a lineshape that is the third
derivative of the unperturbed optical function (Aspnes 1980). Note also that the
condition E(F,.) « T is equivalent to %0 « I' if we take I'=#, where 7 is a

characteristic lifetime.

A more rigorous and clegant treatment can be found in Aspnes 1980 and
references therein. For the unbound situation, considering the case of low field
modulation (A <T") from flatband, i.e., no built-in dc field (Aspnes 1980, Pollak and

Glembocki 1988, Glembocki, et al. 1992), it can be shown that:
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Ae = [(AOY/E?)[(P*/OE’)E’«(E-E,.T")] 3.9

3.3.1.B. Bound states

As discussed above the third-derivative nature of EM for unbound states in the
low-field regime is a consequence of the fact that the electric field can destroy the
translational symmetry of the material (k is no longer a good quantum number) and
accelerate the electrons and/or holes. It can be equivalently explained in terms of the

mixing of different k-states near the critical point caused by the perturbing electric field.

Although modulation spectroscopy generally produces first-derivative spectra
traces for bound states systems, it is possible for EM to obtain a third-derivative

lineshape.

For confined systems, however, EM can yield either a third-derivative or a first
derivative spectra. If energy level spacing in the bound states system is small compared
to gF, L, (L, is the dimension of the confinement, i.e., the dimension of a quantum dots,
the well width of a QW), the electric field will cause a mixing of the quantum levels.
This is similar to the bulk EM picture. Therefore, a third-derivative EM lineshape is
possible for certain bound systems. Microstructures such as quantum boxes which are

confined in all three dimensions belong to this category.
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On the other hand, if the level spacing in the bound system are large compared

to gF,l,, the mixing of levels will not happen. It is not possible for the perturbing
electric field to accelerate the particles. Under such conditions, as will become clear
later, the EM lineshape is first-derivative. In this thesis, we are only concerned about
the first-derivative EM spectroscopy for bound states. 1 will discuss this type of bound

systems in greater detail in the rest of this section.

Confined systems, such as the isolated states of quantum wells and multiple
quantum wells, excitons, impurities, etc., differ significantly from the unbound states
of bulk material because the particle (electron or hole) and its wave function are localized
in space. Because of this confinement, the energies (in the confinement direction for
microstructures) are discrete and dispersionless resulting in an infinite effective mass (in
the confinement direction). An applied electric field (along the confinement direction)
adds a linear potential, which tilts the confining potential, changing its shape. The
electrons and holes become spatially polarized, but still remain confined. This alters
both the electronic energies and the wave function overlap [intensity (I)]. Also the tilting

of the potential can result in a change in lifetime I' as a result of tunneling.

In terms of EM, the infinite mass means that Eq. (3.9) is no longer applicable
since #0=0. Several authors have treated this problem in detail (Shanabrook et al.
1987a, 1987b, Enderlein et al. 1988, Pollak and Glembocki 1988, Jiang er al 1989,

Enderlein 1990, Pollak and Shen 1990, Tang 1991, Pollak 1992, 1993, Glembocki, ef
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al. 1992). They have shown that under these conditions the change in the dielectric

function induced by the modulating field, F,, is first-derivative and can be expressed as:

Ae = [(3¢/DENIE,IIF,) +(3e /aTWAT/IF, ) +(de/dN@NIF )IF,,  (3.10)

This equation can be rewritten as (Huang Y. S. er al. 1991a):

Ae, = [Af2+A [ +A, fONDF,,

(3.11a)
(i =1,2)
with
Ag = (E/OF,) (3.11b)
A. = (0I'/3F ) 3.11c)
A, = (1/D(3I/3F,) G.11d)
and
f2 = (3¢/OE) (3.11¢)
O = (3¢/30) (3.11D

£ = (3e/aD (3.11g)



68

3.3.2. Pi Julati
Since the piezomodulation method does not destroy the translation symmetry of
the material the lineshape will be the first-derivative expression of Eq. (3.10). However,
the band gap modulation term is due not to the Stark effect, as in EM, but is created by
the stress dependence of the energy gaps. Thus for PzR Eq. (3.10) is appropriate with

F,. replaced by the modulating stress S,_.

3.3.3.A. Unbound states without final states Coulomb interaction

As remarked earlier the structures in modulation spectra are localized in photon
energy. Because of this fact, we have the enormously simplifying results that for the
purpose of analyzing modulation spectra it is usually entirely adequate to replace the
actual complicated dispersion of the energy bands with local parabolic expansions in the
neighborhood of the critical points (Aspnes 1980). If the Coulomb interaction between
the electrons and holes is neglected, in the one-particle picture for the case in which the
line width is primarily due to life time broadening, the local expression of the dielectric
function takes a simple Lorentzian form which can be written for a one-dimensional (1D)

critical point (Aspnes 1980):

«ET) = 'glf (E-E +iT)'"? for 1D, (3.12a)

for a two-dimensional critical point:



69

C.
e(E)T) = —E-;ln(E-Eg-*i[‘) for 2D, (3.12b)

and a three-dimensional (3D) critical point:

C
e(ET') = F;(f~:-.=«:g+ir')“= for 3D, (3.12¢)

where the parameters C,, C, abd C, are related to matrix element effects and can be

considered constants over the vicinity of the critical point.

Given the above explicit functional form of dielectric functions, the low field
electromodulation lineshape can be obtained by substituting Eq. (3.12c) in to Eq. (3.9)

and the resulting expression takes a particularly simple form (Aspnes 1980):

AR/R = (h©)’RelAe*(E-E +iT)™] (3.13a)
or
AR/R = (hOYL(E-E,T) (3.13b)
where
L(E-E_T) = Re{Ae*(E-E +iT)™] {3.13c¢)

In Eqgs. (3.13a) and (3.13c) A4 is the amplitude, ¢ is a phase angle which accounts for Eq.
(3.1) and the influence of non-uniform electric fields as well as interference and electron-
hole interaction effects (Hamakawa and Nishino 1976, Aspnes 1980). The lineshape

factor L(E-E,,I') is independent of the modulating field in the low-field regime.
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The parameter m in the lineshape factor of Eq. (3.13c) depends on critical point

type. For a three dimensional M, critical point, such as the direct gap of GaAs, m=2.5.

For a two-dimensional critical point m=3 (Aspnes 1980).

The change in dielectric functions induced by piezomodulation can be obtained
by substituting the appropriate dielectric functions Eqs.(3.12a) - (3.12c¢) into the first-
derivative expression of Eq. (3.10). It is straight forward to see that the lineshape
function has the same form Eq. (3.13a) with m taking a value from that of EM for a

given type critical point. For a three dimensional M, critical point, m=0.5 for PzR.

In arriving at the Lorentzian form of the dielectric function, Eqgs. (3.12), the
broadening of transitions has been assumed to be predominantly due to the life time
effects. If the relaxation of the electron-hole pair excitation of the crystal is primarily
associated with a large number of weak scattering centers and statistical inhomogeneity,
the dielectric function will have a Gaussian form (Toyozawa 1958, Edwards and Gulyaev
1964, Lukes and Somaratna 1970, Garland ef al/. 1988). The general form of Gaussian
diclectric function ( ¢g ) can be expressed as (Lukes and Somaratna 1970, Garland er al.

1988):

eAET) = Cg’;“ J dk lds(-i)exp{is[E-Eﬂ(k)]-2.:2I"} (3.14)
Z.
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where the interband transition matrix element has been considered a constant, and E_ (k)
is the difference between the conduction band and the valence band dispersions. For
low-field electromodulation the field induced change in the dielectric function is
calculated by substituting Eq. (3.14) into Eq. (3.9). Similarly the stress induced change
in the dielectric function in the case of piezomodulation is obtained by taking the first
derivative of Eq. (3.14) with respect to the energy gap. The lineshape function is then

obtained from Eq. (3.1) (Garland et al. 1988).

3.3.3.B. Unbound states with final states Coulomb interaction

If the Coulomb interaction between holes and electrons is important, the dielectric
function will be modified (See, for example, Elliott 1957, Seraphin 1972, Aspnes 1972,
Bassani ef al 1973, Aspnes 1980). We will limit our discussions to 3D M, type critical
points only. For a 3D M, critical point the absorption profile in the presence of electron-
hole Coulomb interaction consists of a series of discrete lines corresponding to the bound
excitonic states below the band edge, and an increasing continuum at higher energies with
an enhanced step-like rise at the band edge. When broadening is ignored the energy
dependence of the imaginary part of dielectric function corresponding to the unbound

States, €;couomys 1S given by (Bassani ef al. 1973, chapter 6):
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€ consoms (EVE}) = 0 for E<E_,

. e (E,E )TXEXP(7X) E=E

€, ) STRh(m0 Jor .
with (3.15)

X = %
E-E,
where R, is the exciton binding energy and

e {EE) = %(E—Ex)”’ for E2E, (3.16)

where C is related to matrix element effects and can be considered constant over the
vicinity of the critical point. &5 is the imaginary part of dielectric function in the
absence of electron-hole Coulomb effects, which is identical to that given by the
imaginary part of Eq. (3.15) when life time broadening is not included. We see that for
x € 1, i.e., (E-E) » R,, we simply obtain ¢,coum(E.E;) = €;x(E,E,), similarly for x
» 1,i.c., (E-E)) < R,, we obtain ¢;coom(E.E,) = constant, and thus we have a finite

limit in the absorption coeflicient at energies near the energy gap.

The life time broadening of €;c.m Nas to be taken into account by means of
numerical convolution with the Lorentzian broadening response function (Cardona 1969,

Aspnes 1980, Shen and Pollak 1990):
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R, (E,T) = I''n(E?+T?) (3.17a)

and

Cotoms B Ep T = [ €ouons{ E' EIR,(E" . T )dE (3.17b)

There is no closed form for the broadened €,c . (Rees 1967, 1968, Aspnes 1970). The
real part can be obtained from a Kramers-Kronig inversion of é)coom- Displayed
schematically in Fig. 10 is a comparison of the traces of €;couom and ey for a three-

dimensional M, critical point.

Electromodulation and piezomodulation spectra lineshapes can be obtained by first
calculating third- and first-derivative changes in dielectric function, respectively, and then
substituting the obtained changes in dielectric function into the general lineshape function,
Eq. (3.1). The calculation involves a numerical convolution and a numerical Kramers-
Kronig transformation. The computing load can be greatly reduced by the use of spectral
fast Fourier transform (FFT) method (see Press er a/ 1988 and references therein).
King’s Fourier transform approach of Kramers-Kronig inversion in optical data proves
to be an extremely valuable tool (King 1977, 1978, Peiponen and Vartiaininen 1991 ).
Shown in Fig. 11 are the calculated lineshape of A€;cquioms @M A€, for third-derivative

spectra for a three-dimensional M, critical point.
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Fig. 10. Calculated e;cq0m and €, (b) and their first derivatives (a). The values of E,,
I’ and R, are taken to be 0.8 ¢V, 3 meV and 2 meV, respectively.
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Fig. 11. Comparison of the third-derivative lineshapes of A€;couoms aNd A€ye. The values
of E,, I and R, are taken to be 0.8 eV, 3 meV and 2 meV, respectively.
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3.3.3.C. Bound states

The unperturbed dielectric function for a bound states transition of Eq. (3.10) or
(3.11a) will be either Lorentzian or Gaussian, depending on the broadening mechanism
and/or temperature (Glembocki and Shanabrook 1987, 1992, Pollak and Glembocki 1988,

Glembocki 19900 ).

One extremely important case of bound states is the quantum well system. The
quantum levels in quantum well structures are bound states with respect to the motion
of electrons and holes along the growth direction (assumed to be the z-axis). The
carriers in these states are confined in the z-direction, but free to move in the xy-plane,
exhibiting a quasi two-dimensional character. The reduction in dimensionality from 3D
to 2D changes the absorption profile from a square root dependence on photon energy
of bulk material to a two-dimensional form which consists of a series of quantized step
functions independent of photon energy. In addition, the 2D character of the system
enhances exciton binding energy effects. Shown in Fig. 12 by the dot-dashed line is ¢,
for the 3D case of bulk material while the dashed line is the step-like 2D profile. The
solid line shows schematically the influence of the excitons. The energy difference
between the exciton peak and the corresponding step in the 2D absorption edge is the
exciton binding energy. Because of these strong excitonic effects, in undoped QW
structures, even at 300K, the absorption profile (¢;) consists of sharp excitonic peaks,

superimposed on a step-like two-dimensional joint density of states (2DJDS). In this case
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Ae in Eq. (3.10) or (3.11a) is the first derivative of a Lorentzian or Guassian profile,

deperding on the nature of the broadening mechanism of the exciton.

Fig. 12. Schematic representation of ¢, for a three-dimensional M, critical point (dot-
dashed), two-dimensional joint density of states (dashed) and exciton (solid).
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This thesis involves the first-derivative spectroscopy of bound states systems. In
the following 1 will discuss the first-derivative lineshapes for Lorentzian and Gaussian
broadening in great detail.

The Lorentzian diclectric function can be written as (Aspnes 1980, Shanabrook

and Glembocki 1989, Glembocki 1990a 1990b):

1
e= |+ — (3.18a)
E—Esﬂl‘

The various modulation terms of Eqgs. (3.11a)-(3.11g) are given by:

D o (2 -1)/ (y2+1)? (3.18b)
D« 2y 1(yiel) (3.18¢c)
Y A (3.18d)

7D o= Y (3.18e)

LY =y iyl (3.18f)

Y= -1/(y2+1) (3.18g)

where

y = (E-E)/T (3.18h)
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The relations between the energy gap and broadening modulation terms of Egs. (3.18d)

and (3.18¢) are due to the symmetry of E;, and T in Eq. (3.18a).

Plotted in Fig. 13 are fg'" [= -f,@ ], 2 [= ;" ] and £V, £ as a function
of y for the Lorenztian case. If intensity modulation terms are neglected there are only
two independent lineshape factors. The combined spectral dependence can then be

analytically expressed by Eq. (3.13c) with m=2 (Aspnes 1980).

If the unperturbed profile is Gaussian the situation is more complicated since E,
and T’ no longer have the same symmetrical relation as in Eq. (3.18a). The unperturbed

dielectric function is obtained from Eq (3.14) and is given by (Huang Y. S. er al. 1991):

e = 1+I(L,+iL,) (3.19a)

where
L = ~(y/T)®(1,3/2, -y*/2) (3.19b)
L, = ~(x/2)"(1/T)Yexp(-y?/2) (3.19%)

where y is given by Eq. (3.18h) and & is the confluent hypergeometric function.

In this case the various modulation terms of Eqs. (3.11a)-(3.11g) can be written

as
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Fig. 13. Calculated lineshapes for the first derivatives of ¢, and ¢, of a Lorentzian
dielectric function given in Egs. (3.18b)-(3.18h).

D = _$(1,1/2,-y2/2) (3.202)

i a (x)2)y et D (3.20b)
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£V = -2y$(2,3/2,-y%/2) (3.20c)
[P = (1D (yE-1)et D (3.20d)
LD = y#(1,3/2,-y/2) (3.20¢)
1P = ~(x1Tet D (3.200)

In contrast to the Lorenztian situation there is not a simple, analytical relation between

fE{I) [fE{Z)] and _fr(Z) {f!‘m]-

Plotted in Fig. 14 are the various modulation terms of Eqs. (3.20a)-(3.20f). Note
that although fc” [} and -2 [£"] are not exactly the same, as in the case of the
Lorenztian profile, their lineshapes look very similar, i.e., ;' =-f@ and £ = £V
Therefore, for many practical applications, if f"' and f® are neglected, only two
lineshape profiles need to be used to fit experimental data. Hence, even for the Gaussian

situation an expression similar to Eq. (3.13c) can be used, i.e.,

It should be noted that in high quality bulk materials grown by techniques such
as MBE or vapor phase epitaxy (VPE) direct gap excitons may be present even at 300K

(Zheng et al. 1988a). In such cases the first-derivative lineshape form of Eq. (3.10) will
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Fig. 14. Calculated lineshapes for the first derivatives of ¢, and ¢, of a Gaussian
dielectric function given in Eqs. (3.20a)-(3.20f).

be appropriate rather than the third-derivative profile of band-to-band transitions.

As has been discussed in Section 3.3.3.C, the lineshape for quantum transitions

in an undoped QW is excitonic. In modulation-doped quantum wells, however, there
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exists a large density of electrons in the well channel. The presence of a sufficiently
dense 2DEG (or 2D plasma ) produces a screening effect which wipes out these strong
excitonic resonances (Huang D. er al. 1988, Chemla et a/. 1988). In addition, the large
population of electrons will occupy the lower levels in the lowest subbands that are
below the Fermi energy, resulting in a filling of the lower energy levels. These
characteristics of 2DEG make the absorption profile of MDQW very different from those
of undoped QWs. In such systems the intersubband transition absorption function will
be the broadened step-like 2DJDS of Eq. (3.12b) multiplied by a Fermi level filling
function. Neglecting the many-body effects, this lineshape can be expressed as ( Yin Y.

et al 1992 ).

fz*? I Im{In[E(mnH)-E+iT)}|1 -fAE.E;)] (3.22a)

where /; is the amplitude of the /* spectral feature, fm denotes the imaginary part, E is
the photon energy, E, is the Fermi energy, T, is the broadening parameter and E;(mnH)

is the intersubband energy given by:

E{mnH) = E,;~E,(H) (3.22b)
In Eq. (3.22b) E,, £ and E, ;"(H) are the energies of the m" conduction and " heavy-hole

(out-plane) valence subbands, respectively, associated with the j* feature.

Similar results apply to electron-light hole transitions if there are light hole levels

confined in the well. However, we will choose the electron-heavy hole system as an
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example in the following discussion. The results thus obtained are general and apply to

confined quantum transitions in MDQWs in the presence of a dense sheet of electrons.

The Fermi function in Eq. (3.22a) can be expressed as:

£ = {1 +exp[\E -\E(mnH) - E(m))/kT} " (3.23a)

with

E(m) = E,-E;, (3.23b)

The parameter A in Eq. (3.23a) is given by:

AN =m (m ' +m,) (3.23¢)

where m_’~ and m,” are the conduction and in-plane heavy-hole effective masses,

respectively, in units of the free electron mass.

The real part of the diclectric function ¢, can be obtained from the Kramers-
Kronig transformation of ¢, given in Eq. (3.22a). Ae, and Ae, are then obtained by
taking the first derivative with respect to the appropriate parameters. The lineshape

function is obtained by substituting them into Eq. (3.1), which can be written as:

%@E = Re{le®(Ae, +iAe,)} (3.29)
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This first-derivative of a 2DJDS lineshape is designated as a FD2DJDS lineshape. The

fiting parameters are [, E(mnH), I'; , ¢; and E(m).

It can be shown that for the case of a broadened step-like 2D density of electron

states N, is given by (for KT» E X Yin Y. et al. 1992):

Ny = (m.' /xh)Y ‘[{(l/2)+(lfr)arctan[(E-E:,)!I‘,,,]} x (3.25)
{exp((E-E )kT]+1}'dE

where E.° and T, are the energy and broadening of the m" electronic level, respectively,
and can be deduced from transition energies [E(mnH)] and broadening parameters (')
obtained from the lineshape fit (Yin Y. 1992). The Fermi energy can be directly
obtained from a least-square fit of the experimental data to the FD2DJDS lineshape.
Using the values of Eg, I', and E.¢, the 2DEG density N, can be obtained from the above

equation.

The FD2DIDS lineshape has many important features. It is very sensitive to both
the Fermi energy and temperature, in addition to the parameters such as transition
energy and broadening parameter that are common to all other lineshapes discussed in
Section 3.3. Shown in Fig. 15 are the calculated curves for ¢, and Ae, (for energy gap
modulation) for a single intersubband transition in a modulation-doped quantum well at
300K and 77K. The input parameters used are E;=1.2 eV, I'=5 meV, Ex-E|" =60 meV,

the electron and in-plane hole masses arc taken to be 0.063 m, and 0.11 m,,
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Fig. 15. The calculated ¢, and A¢, for energy gap modulation with (solid line) and
without (dashed line) Fermi level filling factor at 300K and 77K (m=1, n=1).
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respectively, and the subbands involved are assumed to be the m=1 conduction band

level and the n=1 heavy hole level.

It is clear from Fig. 15 that there is a big difference in the absorption profiles
calculated with (solid lines) or without (dashed lines) the Fermi level filling function and
the lineshape changes with temperature dramatically. Because of the band filling effects,
the intensity of band edge transitions (the mnH transition indicated in Fig. 15) will be
reduced (300K), or even completely wiped out (77K). This band edge signal will remain
detectable if the following two conditions are satisfied: (1) The tail of (1-f,) can reach
the subband edge and, (2) the overlap integral of the envelope wave functions £_° and

the heavy hole state E.*(H) does not vanish.

There is also a k0 feature mnH* which occurs at the Fermi wave vector (see
Fig. 15). It will be observed as long as condition (2) holds. The mnH* transition
appears as a very broad feature at higher temperatures, but narrows down as the
temperature decreases. However, when the temperature is low enough to have
appreciable many-body effects in the 2DEG, this Fermi edge transition peak can not be
accounted for by our simple one-electron model. The lineshape and properties of this
peak at Jower temperatures have to be understood in an approach that takes into account
of the many-body interactions in the 2DEG. The study of this feature can provide
important information about many-body physics and it is the subject of current research

(Gumbs et al. 1993).
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It should be pointed out that transitions involving conduction subbands above the
Fermi energy will also be affected by the band filling as long as the tail of the Fermi

level filling function on the higher energy side can reach them.

The great utility of this lineshape in the study of 2DEG effects will be best
demonstrated in the investigation of such microstructures as modulation-doped quantum
wells and high electron mobility transistors made from MDQWs, which is the subject of

Chapter 4.

3.3.5. Eff £ Built-in electric field ! |

A built-in electric field can be present in a sample due to surface/interface Fermi
level pinning, space charge distribution and piezoelectric effects (Shen and Pollak 1990,
Pollak 1992). The strength of such fields can easily reach the intermediate-field regime
defined in Section 3.3.1. For the unbound states in bulk or thick layer (bulk-like)
materials the dielectric function can exhibit Franz-Keldysh oscillations (FKQO) in this
case. The physical origin of this phenomenon is the photon-assisted tunnelling process
(Pollak 1992). For a three-dimensional critical point the dielectric function in the

presence of a uniform field F (neglecting I') can be written as (Aspnes 1980):

€(E-E,.F) = 1+ [C"E’ﬁe] {G(n) +iF(n)} (3.263)

. D(zJE, -yE,+E )IE’

where
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G(n) = w{Ai’(7)Bi'(n) -nAi(n)Bi(n) | +yn H(+n) (3.26b)
F(n) = «{Ai’*(n)-nAi*(n)]+V-7n H(-7) (3.26¢)

with
n = (E,-E)hO (3.26d)

The quantities G(n) and F(») are referred to as electro-optic functions while Ai(n), Ai'(n),
Bi(n) and Bi'(n) are Airy functions and their derivatives and H(-%) is the unit step
function (Aspnes 1980, Yin Y. et al. 1991). The parameters C and D are related to

matrix element effects and can be considered constants over the vicinity of the critical

point.

Plotted by the solid line in Fig. 16a is €,(E-E,, F), the imaginary part of Eq.
(3.26a). The dotted line is e,(E-E,,0). It can be seen that the field produces FKO that
are superimposed on top of the (E-E,)'? dependence of e,(E-E,,0) for an three-
dimensional M, critical point. In Fig. 16b is a plot of the expression

Ae, () = Aez(E-E‘,F)

(3.27)
= e(E-E, F)-e(E-E,0) = CL2F(y)

The curve in Fig. 16b shows an exponential tail for >0 and an oscillatory

function for n <0. The position of the " extrema (£,) in the FKO are given by:



nx = (4I)E, -E,)HO J? +x (3.28)

where E, is the photon energy of the n" extrema and x is an arbitrary phase factor
(Aspnes 1974, Aspnes 1980). A plot of (4/3X(E,-E,)’" vs the index number n will yield
a straight line with slope (A9)*2. Therefore, the electric field, F, can be directly
obtained from the period of FKO if 4  is known. Or conversely u) can be measured if

the field is known.

In the presence of Lorentzian broadening (I') the field-induced change in the
dielectric function Ae(n.I') can be obtained from a convolution integral of the
unbroadened change Ae¢(n.,0) and the Lorentzian response function given by Eq.(3.17a)
(Cardona 1969, Aspnes 1980, Shen and Pollak 1990). Although the exact form of AR/R
for the intermediate-field case with broadening is quite complicated Aspnes and Studna

(1973) and Aspnes (1974) have written down a relatively simple expression (for E > E.):

AR 1 _2r/EE,
R ENE-E) ' [ (AB)"
(3.29)

mn

E-E

X
cos | (4/3) 6

*X
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Fig. 16. The effects of electric field. (a) ,(E-E,, F) (solid) and ¢,(E-E,, 0) (dotted); (b)
Afz=fz(E'E', F) - Gz(E'E', 0).
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Fig. 17. The effects of broadening on FKO (see text).

To illustrate the effects of broadening in Fig. 17 Eq. (3.29) is plotted for values
of the I'=1.0, 1.5 and 2.0 in units of A© (Shen and Pollak 1990). For the smallest I’
it is still possible to observe eight or nine FKOs. The effects of I' becomes quite evident

above about -n=8 in relation to the undamped case (see Fig. 16b). Only two or three
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FKO can still be seen for '=1.5 while I'=2.0 the FKOs are completely damped out.

In this case the EM is in the third-derivative regime discussed in Sec. 3.1.1 (Aspnes

1974, Aspnes 1980).

The treatment of FKO discussed above has assumed a uniform electric field.
However, in many situations this is not the case. For example, in the space-charge
region (SCR) of a doped semiconductor the field is non-uniform and varies linearly with
distance (z) from the surface. For non-uniform fields the effective change in the

dielectric function Ae can be expressed as (Aspnes 1980, Shen and Pollak 1990):

P J TP (U R 3.30
<A< Ae > = -2ix(E) lexp[in(E) 2'1ac|E-E, Fe)Je' )

where «(E) is the complex propagation vector of the light in the solid.

Franz-Keldysh oscillations can easily be observed in EM experiments for both a
uniform and a non-uniform field. For the case of EM for a non-uniform field the
resultant signal comes only from a smali near-surface region, where the field is almost

uniform and equal to the surface {maximum) field.

For non-EM modulation experiments such as PzR (Tober ef al. 1988, Tober et
al. 1989) or TR, however, with one exception (Yin Y. ef al. 1991) these field-dependent

features have not been observed. In principle either thermo- or piezo-modulation (which
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vary E)), should produce a derivative-like spectrum similar to EM, which varies #0.

This can be seen from Fig. 16.

While PzR, TR and EM should produce similar spectra for the uniform field case,
this is not true for the non-uniform field situation. For a non-uniform field it is very
difficult for non-EM methods to see FKOs. This is because for non-EM techniques Eqg.
(3.30) represents a weighted average over all possible field values, since these
perturbations vary the dielectric function but not the width of the SCR. Since the
magnitude of the field determines the period of the FKOs, this is a weighted
superposition of oscillatory features of various periods. Such a superposition tends to
diminish the oscillations. Shown in Fig. 18 in solid line is the result calculated from Eq.
(3.30) for GaAs for a field with a linear z dependence as is the case for SCR (see, for

example, Shen and Pollak 1990):

F(z) = F,(1 -2/W), (3.31)

where F, represents the maximum field at the surface and W is the width of the SCR.
Their values were taken to be 43 kV/cm and 6700 A, respectively, which correspond to
a surface Fermi-level-pinning value of 0.7 V and a net carrier concentration of 2 % 10"
cm?3. The functiona!l form of x(E}) is given in Shen and Pollak 1990. The corresponding
case for a uniform field F, (=F,) was also derived and shown as dotted line in the figure.

A severe reduction in the oscillation amplitude in the linear field case can be clearly
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observed from the figure. In practice, broadening will further diminish these FKOs,

making them even more difficult to observe.

For a structure with a large, almost uniform field, Yin Y. ef a! (Yin Y. et al.
1991) have demonstrated that PzR also produces FKOs. The fact that only uniform
electric fields can produce FKOs in non-EM spectra has important applications. For
example, the presence of FKO in PzR spectra can be used as a test for a uniform field

(Warren et al. 1992).
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Fig. 18 Theoretical calculations of < Ae, > of GaAs for the case of nonuniform (solid
line) and uniform (dotted line) electric ficlds (sec text).



Chapter 4. PSEUDOMORPHIC GaAlAs/InGaAs/GaAs

MODULATION-DOPED QUANTUM WELL STRUCTURES
4.1. Introduction

As has been remarked in Chapter 1, PMDQW structures are extremely important
and interesting systems from both fundamental and applied point of view. The study of
such systems can reveal information on the physics of many-body systems, reduced
dimensionality, quantum hall effect, etc.. They can also be applied to make actual high
performance devices called HEMTSs that offer superior transistor noise performance
compared to other solid-state amplifiers. Such devices have gained widespread acceptance
as the device of choice for the majority of high performance receivers at frequencies up

to 100GHz. They are also proving to be an excellent choice for power amplifiers.

Considerable effort has been directed to the study of modulation-doped
heterostructures. Early studies were mainly carried out by means of transport
measurements. Optical spectroscopy has recently been employed with great success in
the investigation and characterization of such structures. The most frequently used
optical methods are photoluminescence (PL) (see, for example, Pinczuk et al. 1984,
Miller er al. 1985, Ruckenstein ef al. 1986, Meynardier ef al., 1986, Delalande er al.
1986, 1987, Lobentanzer et al. 1987, Brierley 1991, Chen ef al. 1992, Zhang and Ploog
1992, Gilperez et al. 1992, Fritze et al. 1992), photoluminescence excitation
spectroscopy (PLE) (see, for example, Pinczuk er al. 1984, Miller er al. 1985,

Ruckenstein et al. 1986, Meynardier ef al. 1986, Delalande ef al 1986, 1987),
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magnetoluminescence (ML) (see, for example, Smith ef al. 1984, Petrou er al. 1986,
Meseguer et al. 1987, Skolnick ef al. 1987a, 1987b, 1987c), direct absorption (see, for
example, Lee ef al. 1987, Huang D. et al. 1987, Chemla et al. 1987, Bar-Joseph et al.
1987, Huang D. et al. 1988a, Livescu et al. 1988), as well as modulation spectroscopy
(see, for example, Snow er al. 1988, Tober er al. 1989, Herman er al. 1990a,
Mendonca er al. 1990, Novellino er al. 1991, Sydor e al. 1991, 1992, Yin Y. et al.,

1992a, 1992b, 1993, Dimoulas et al. 1993).

In spite of the proven utility of modulation spectroscopy, particularly
electromodulation, in studying and characterizing semiconductor microstructures (see, for
example, Pollak and Glembocki 1988, Pollak 1992, Pollak and Shen 1993) it has had
very limited success when first applied to the investigation of 2DEG effects. Most of the
modulation spectroscopy studies of the 2DEG were performed on GaAlAs/GaAs
modulation-doped heterojunctions (MDHY)). The interpretation of 2DEG has been the
subject of considerable controversy (Hopfel et al. 1985, Pollak and Glembocki 1988,
Glembocki 1990, Pan et al 1990, Sydor et al! 1990, Sydor and Badakhshan 1991,
Glembocki and Shanabrook 1992, Pollak 1992, Pollak and Shen 1993). In their original
PR work Glembocki et al (1985a, 1985b) reported oscillatory features above the band
gap of GaAs in a GaAs/GaAlAs MDHIJ. They initially assigned these structures simply
to transitions from the GaAs valence band to the quantized levels in the nearly triangular
shaped potential at the interface. However, subsequent investigations have not shown

clear evidence for a signature associated with the 2DEG (Sydor er al. 1990, Pan et al.
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1990, Sydor and Badakhshan 1991, Glembocki and Shanabrook 1992, Pollak and Shen

1993). This is because in the GaAlAs/GaAs MDHIJ systems there exist electric fields
associated with E; of GaAs not only in the region of the 2DEG but aiso in other portions

of the sample.

One type of 2DEG system, however, does not have the complication of the
substrate signal. This is the GaAlAs/InGaAs/GaAs PMDQW system. The band
alignment for indium content (x) of interest (x ~0.2) in these PMDQW systems is such
that the electron-heavy hole system is a type I, while the electron-light hole system is
type II (Pan et al. 1988, Amaud ef al. 1992). This is extremely advantageous for the
purpose of optical investigation of the 2DEG effects since only the electrons and heavy
holes are confined in the well channel. As will be discussed in Section 4.2, the InGaAs
PMDQW structures also have many other advantages over the GaAlAs/GaAs MDHIs
from the device application point of view. We will concentrate on the InGaAs PMDQWs

in the rest of this chapter.

A conclusive evidence of the 2DEG signature in modulated spectra was not
reported until the publication of our work on the electroreflectance of a
Ga, 1Al 1, A8/Ing ;,Ga, 1,As/GaAs pseudomorphic modulation-doped quantum well (Yin
Y. et al., 1992a, 1992b, 1993). Dimoulas A. er al. have recently reported a
phototransmittance study on Gag Al 1,As/In, ;Ga, s AS/GaAs PMDQWs and reached an

interpretation of 2DEG effects based on a model consistent with ours (Dimoulas ef al.
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1993). Such progress has established that modulation spectroscopy is just as powerful

a technique in studying and characterizing 2DEG in MDQWs as it is for any other

microstructures.

The derivative nature of modulation spectroscopy makes it possible to observe the
effects of the 2DEG on optical transitions in the spectra over a wide temperature range,
even at clevated temperatures. A variety of properties of such 2DEG systems, such as
Fermi level position, sheet charge density N,, Fermi edge singularity, indium and
aluminum composition, electric field distribution in the sample, well width, etc., can be
accessed by modulation spectroscopy. Also, from the application point of view, the
ability to detect Fermi level position at room temperature and above and the fact that
experiments can be performed in contactless ways make modulation spectroscopy an

extremely useful technique for the characterization of such 2DEG device structures.

In this chapter 1 present a detailed study of the pseudomorphic
GaAlAs/InGaAs/GaAs PMDQWs, emphasizing the 2DEG effects. The
GaAlAs/InGaAs/GaAs PMDQWSs structure is discussed in Section 4.2. The ER, PR and
CER work on several pseudomorphic Ga,.,Al,As/In,Ga, ,As/GaAs MDQWs are presented
in Section 4.3, including a preliminary investigation of the feature occurring at the Fermi

wave vector. Conclusions and discussions are given in Section 4.5.
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4.2 Pseudomorphic GaAlAs/InGaAs/GaAs MDQW Structures

Recent advances in the growth of stable strained layer GaAlAs/InGaAs/GaAs
modulation-doped quantum wells have produced HEMT structures with peak carrier
velocities exceeding those of GaAlAs/GaAs alone. In addition, these pseudomorphic
structures {(a) overcome the problem in GaAlAs/GaAs HEMTs due to the DX center in
the GaAlAs (with Al mole fraction over 15%) and (b) make it possible to achieve a large
conduction band discontinuity for a given Al composition (Morkoc and Unlu 1987,
Schaff et al. 1990). Thus in the GaAlAs/InGaAs/GaAs system, large 2DEG carrier
concentrations can be achieved while maintaining high electron mobilities, alleviating
difficulties inherent in the GaAlAs/GaAs approach. These structures hold promise for

device performance up to 400 GHz.

Typical pseudomorphic modulation-doped GaAlAs/InGaAs/GaAs quantum well
structures can be either -doped or step-doped. Usually a contact layer of doped GaAs
of ~ 100A is grown on top of the structure. Immediately after the contact layer there
is the wide-gape barrier GaAlAs layer of several hundred angstroms. Doping is usually
achieved by uniformly doping the entire layer (step-doped) or by placing a planar doped
sheet in the end near the InGaAs well channel. A spacer layer of undoped GaAlAs layer
is placed between the doped GaAlAs layer and the undoped InGaAs channel. The other
side of the InGaAs channe!l is bounded by the GaAs barrier. The undoped spacer layer
is of great importance. [t prevents the doping impurity from diffusing into the well to

cause the unwanted scattering of the conduction clectrons. Its thickness is a very
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important device parameter. Too thick a spacer layer will degrade the charge transfer
effects, whereas if it is too thin the electrons in the well will undergo scattering by the
Coulomb field of the doping ions, which in turn will result in a reduced mobility.
Typical spacer layer thickness is about 30 ~ 50 A. At thermal equilibrium the electrons
in the doped wide-gap GaAlAs portion is transferred into the coherent grown undoped

well channel, forming a nearly ideal 2DEG in the InGaAs channel.

An additional advantage of the GaAlAs/InGaAs/GaAs PMDQWs is that these
structures are best suitable for optical studies of the electronic properties of the two-
dimensional electron gas systems as compared to the GaAlAs/GaAs MDHJs. The
energies of the transitions carrying the signatures of the 2DEG are lower than that of the
GaAs substrate, hence are clear from the complication of the substrate signal. This

makes it possible to correctly identify and precisely analyze the properties of the 2DEG.

4.3. Modulation spectroscopy study of GaAlAs/InGaAs/GaAs PMDQWs

In this section we present the ER and PR study of several GaAlAs/InGaAs/GaAs
MDQWs. The effects of the two-dimensional electron gas on the optical properties of
several §-doped or step-doped GaAlAs/InGaAs/GaAs pseudomorphic modulation-doped
quantum wells have been observed in the modulation spectroscopy traces over a wide
range of temperatures. The lineshapes of the features from the InGaAs channel where
a high density two-dimensional electron gas is present can be accounted for on the basis

of the first derivative of the 2DJDS multiplied by a Fermi level filling factor, i.e.. the
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FD2DIDS lineshape discussed in Section 4.4. The Fermi level position relative the

conduction subbands can be obtained from a detailed lineshape fit, from which the sheet

charge density, N,, can be evaluated using Eq. (3.25).

We have performed a detailed ER and PR study of a pseudomorphic
Aly 1,Gag 3AS/Ing ,Gag 10AS/GaAs modulation doped quantum well structure in the
temperature range TIK<T<304K (Yin Y. ef al. 1992a, 1992b). We have detected
several features associated with the InGaAs MDQW portion of the sample, which exhibit
an unusual modulation spectroscopy line shape. We have been able to account for these
spectral features based on a two dimensional density of states, due to the screening of the
excitons by the 2DEG (Huang D. er al. 1988a, Chemla ef al. 1988a, 1988b, Liveseu ef
al. 1988) and a Fermi level filling factor. From the deuils of the lineshape fit to the
InGaAs features we can extract the Fermi level position and hence the density of the
2DEG. By comparing the experimentally obtained energies of the InGaAs intersubband
transitions with a theoretical model we can also obtain other important materials
parameters such as the MDQW width (L,), In composition and built-in electric field. The
GaAlAs signal also yields the Al composition, and the FKOs above the GaAs and
GaAlAs direct gap (E;) give accurate measure of the electric fields that exist in their

respective portions of sample.
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The structure employed in this study was fabricated by MBE at TRW and is

similar to profiles used for both low noise (Tan ef al. 1990) and power applications
(Streit ez al. 1991) at 94 GHz. Grown on top of an undoped (001) GaAs substrate were
500 A not-intentionally doped (NID) GaAs, 1000 A Al ,,Ga, 5As, five periods of GaAs
(50 A)/Al, ,,Ga, sAs (100 A) MQW, 3000 A NID GaAs buffer, 150 A In,,,Ga, As
2DEG channel, 30 A NID Al, ;,Ga, 1As spacer, a sheet planar Si doping (5% 10'? cm?)
layer, SO0 A NID Al, ,,Ga, »As, and finally 50 A NID GaAs cap layer. Sheet electron
densities of N,=2.3x10"%cm? at 77 K and N,=2.5x10"cm? at 300 K were determined
from Hall measurements assuming unity Hall coefficient. For the ER measurements the
sample had a semitransparent ( ~ 50 A) Au electrode on top of the GaAs cap and a thick

Au electrode on the back surface.

Shown in Fig. 19 are the ER and PR spectra at 304 K. Three distinctive portions
are well resolved in the energy domain. The features labeled A, B, and C below 1.4 eV
are from the InGaAs MDQW. The structure between 1.40 and 1.45 eV is from the
GaAs portion of the sample. The peaks at about 1.50 eV and 1.65 eV are from the
GaAlAs cap layer (and possibly some contribution from the spin-orbit split peak of
GaAs). We shall focus our attention on the InGaAs portion of the spectrum, which was
related to the 2DEG channel. Note that in the PR spectrum the high energy side of peak

A is more pronounced in relation to the ER trace.
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Fig. 19 ER and PR spectra from a Al ,,Ga, 53As/Ing ;,Ga, 10As/GaAs pseudomorphic
HEMT structure at 304 K.

Displayed by the solid lines in Fig. 20 are the A, B, and C features of the InGaAs
PR spectrum at 304 K and the ER traces at 304, 238, 148, and 79 K. The lineshapes
are unusual for modulation spectroscopy from a quantum well system. Such spectra
generally exhibit sharp, derivative like features (i.e, positive and negative lobes)
associated with excitons, even at 300 K (see, for example, Pollak 1991 and references
therein). In addition, these lineshapes are symmetric ( see Section 3.3.3.C ). The traces

of Fig. 20 lie on only one side of the baseline. Also, the peak A is asymmetric on the
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Fig. 20 Experimental PR (304 K) and ER (304, 238, 148, and 79 K) spectra below

E,(GaAs) from an InGaAs HEMT structure.
high energy side, an effect which becomes more pronounced as the temperature is
increased. These characteristics are the manifestations of the FD2DJIDS of the screened
excitons including the Fermi level filling factor (1-f,) discussed in Section 3.3.4. The
excitonic features are quenched by the large density of electrons. We are probing
directly the 2DJDS. The asymmetric property is due to the Fermi level filling factor.
To the lowest order approximation, the modulation of the dielectric function can be

considered predominantly due to the periodic Stark shift in the bound subband energy



106
levels caused by the modulating field F,, i.e., energy gap modulation [see Eq. (3.10)].

This assumption is justified by the good agreement between the results from the lineshape

fits and those from Hall measurements and theoretical calculations.

The dashed lines in Fig. 20 are least squares fits to FD2DJDS lineshape with
energy gap modulation. The obtained intersubband energies are indicated by arrows.
The asymmetry of the feature A is due to the Fermi filling factor and makes it possible
to determine Eq-E,°. We find Eq-E°= +(5%2), -(613), -(1015), and -(20+15) meV
at 79, 148, 238, and 304 K, respectively. The error bars are larger at the higher
temperatures because of the increased thermal broadening. The peaks B and C are
relatively symmetric since Eg°-Ey and E S-E; are larger than &,T and hence relatively

insensitive to the Fermi filling factor,

In order to identify the origins of the A, B, and C features, we have performed
a self consistent Schodinger-Poisson theoretical calculation (see Section 2.1.4), including
electric field effects, of the intersubband energies and intensities (wavefunction overlap)
at 79 K (Ando er al, 1982, Stern 1986, Bastard G. 1988). We assumed midgap Fermi
level pinning for the free surface of the GaAlAs and GaAs buffer/MQW interface (Shen
et al, 1990b), a planar doping density of 5>%10'? cm? from growth, an In composition
of 21%, L,=150 A and a background doping level of 1x10* cm®. Exchange terms
were neglected because of the carrier concentrations involved (N, = 2.5 X 10'? cm) (Ando

et al. 1982). Details of this calculation can be found in Qiang 1993.
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Listed in Table I are the theorctical results as well as the experimental values.
It can be seen that there is very good agreement between experiment and theory for both
energies and intensities, if we identify the spectral features A, B, and C with transitions
21H, 32H, and 42H, respectively. Zone center (k=0) transitions which involve the first
electron subband are not allowed since E; lies far enough above this level. Also the
asymmetric potential profile confines the ground state subband electrons and holes in
spatially different regions, thus greatly reducing their transition oscillator strengths. We
will show later that a weak signature of these transitions may still be found under suitable

conditions. The overall agreement is very good.

Based on this calculation and the experimental results we can determine the
position of Eg relative to the electron ground state of the system. We find from Table
I a value of E,*-E,*=70 meV. Since Ez-E,*=+(512) meV at 79 K and -(20£15) meV
at 304 K we conclude that Ex-E=(7512) meV and (50+15) meV at these two

temperatures.

The 2D density of electron states N, can be obtained from Eq. (3.25) of Chapter
3. From the data above and Eq. (3.25) we find that N,=(2.2+0.2) x10" c¢cm? at 79K
and (1.940.5)x10" cm™ at 304 K, in good agreement with the Hall values (2.3 x 10"
cm? at 77 K and 2.5%10'2 cm? at 300 K ). The decrease in E, as the temperature is
increased is consistent with the temperature dependence of the Fermi energy in a 2D

systemn (Ao et al. 1982).
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Table I Various transition encrgies and the associated intensities (overlap integral)
from a self-consistent calculation on a HEMT structure, as well as the experimental
values at 79 K.

Transition | Energy Intensity* ;
V) (arb. unit) :
| ' |
5 Expt. Calc. Expt. Calc. -

0.11
0.24
0.32

1.317 (A)

1.398 (B)

1.428 (C)

a. Intensities are normalized to the 11H transition.
b. Not allowed at k=0 due to the Fermi level position.

We now turn our attention to the PR data at 304 K in Fig. 20. From the line
shape fit of the feature A (21H) we find that E¢-E,*=-(6+3) meV. Thus, the Fermi
energy, and hence N,, is larger than that of the corresponding ER measurement [-
(20+15) meV]. This is evident from the enhanced high energy tail in the PR trace
compared to the ER peak. This effect is due to the presence of photoexcited carriers
created by the pump beam (Chemla er al. 1988a, 1988b, Liveseu ef al. 1988). Note also
that the energy positions of the A, B, and C features in the PR data are red shifted by

about 10 meV from the corresponding ER peaks. This is consistent with the large N,
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which increases the electric field in the MDQW, The differences in the high energy

component of the A structure (and also peak positions) between the PR and ER spectra
can be reduced significantly by decreasing the pump light intensity by means of neutral
density filters.

The GaAlAs feature in the PR spectrum of Fig. 19 exhibits pronounced Franz-
Keldysh oscillations (FKO). These FKO are due to the large, almost uniform electric
field in this portion of the sample caused by the difference in the Fermi level at the
surface and in the Si §-doping layer. From the FKO we find a field of 1.65 x 10° V/cm
which is consistent with a midgap surface Fermi level (Shen er al. 1990). Also from the
position of the GaAlAs peaks (1.746 eV) we can determine the Al composition to be
22% (Kuech et al. 1987).

To summarize we have performed a detailed ER and PR study of a
GaAlAs/InGaAs/GaAs pseudomorphic modulation-doped quantum well structure. The
features associated with the InGaAs PMDQW exhibit an unusual traces which can be
accounted for on the basis of a two-dimensional density of states (screened excitons) and
a Fermi level filling factor. From a detailed lineshape fit, particularly to the high energy
side of the lowest lying feature at 79K, we have been able to deduce the Fermi energy
and hence N,. The latter is in good agreement with a Hall effect measurement. The
general trends of £, with temperature and light intensity are consistent with the properties
of a 2DEG. Comparison of the obtained intersubband energies with a theoretical
calculation also makes it possible to deduce other important parameters such as L,, In

composition and built-in field.



110

We have also done a detailed PR study at 300K of three step-doped
Ga, Al As/In,Ga, ,As/GaAs pseudomorphic MDQWs with nominal y=0.2, x=0.2
(samples #1 and #2) or x=0.16 (sample #3) and L,=100 A (Yin Y. et al 1993). The
structures employed in this study were fabricated by MBE on undoped (001) GaAs
substrates. On top of this was grown a buffer layer consisting of 4000 A of NID GaAs,
300 A of NID GaAlAs, 500 A of NID GaAs, 100 A of NID InGaAs which formed the
MDQW, 20 A of NID GaAlAs spacer, 200 A and 125 A of GaAlAs doped with Si at
levels of 4.5 x 10" cm™ and 2 x 107 cm?, respectively, and a 100 A GaAs cap with 6
x 10" cm Si doping. From the growth conditions nominal values of y=0.2, x=0.2
(samples #1 and #2) or 0.16 (sample #3) and L, = 100 A were deduced. Sample #1 amd
#2 were grown to the same target specifications but at different times. This structure is
shown schematically in Fig. 21. Sheet electron densities at 77K and 300K were
determined for the three samples from Hall measurements, with the n* -GaAs cap in
place, assuming unity Hall coefficient. These values are listed in Table I1. There was
some variation in N, among the threc materials, as will be discussed below. The PR
measurements were made at room temperature. The pump beam was the 6328 A line
of a HeNe laser chopped at 200 Hz. The pump beam power density on the sample was

1000 pW/cm?.
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Fig. 21. Schematic representation of the step-doped GaAsAs/InGaAs/GaAs PMDQW
structures used in the experiments of Section 4.3.2 and 4.3.3.

Table II. Experimental values of the sheet density, N,, and mobility at 300 K and 77
K for the three step-doped GaAlAs/InGaAs/GaAs PMDQWs.

300K 77K

N, Mobility N, Mobility
(10" cm®) (cm?*s’'VY) (10" cm?) (cm’s'VY)

1.60 + 0.1 5580 1.90 + 0.1 19000
1.77 £ 0.1 4490 2.00 + 0.1 13600
1.68 £ 0.1 4680 1.75 £ 0.1 18400
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Shown in Fig. 22 by the solid lines are the PR spectra at 300K of samples #1,#2

and #3. The features below 1.4 eV are from the InGaAs MDQW. Also indicated are the
optical signals arising from the GaAs and GaAlAs portions of the samples. We shall first
focus our attention on the InGaAs region of the spectra and return to the other traces

later.
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Fig. 22. Room temperature PR spectra of InGaAs MDQW structure sample #1, #2 and
#3.

Displayed by the solid lines in Fig. 23 are PR spectra originating in the InGaAs

MDQW section of the samples. The dashed lines are least-squares fits to the FD2DJDS
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Fig. 23. Solid lines are the experimental PR spectra from the InGaAs MDQW region
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lineshape. The obtained intersubband transition energies, E;; for j=A,B,C and D

(except for sample #3 with j = A’, B’ and C’) are indicated by arrows and also are listed
in Table III. The sharp, high energy "S" shaped structure of sample #3 (labelled D’) has
been fit with FDLL function (dotted line). The obtained intersubband energy also is

indicated by an arrow and is presented in Table III.

As we shall demonstrate below these features for samples #1 and #2 correspond
tomnH = 11H (j=A), 12H(j=B), 21H(j=C) and 22H(j=D). The situation for sample
#3 is more complex. The background on which these resonances are superimposed is
due to the Fermi filling factor, (1-f)). The fit to this background makes it possible to
evaluate E-E,° = 62 meV, 71 meV and 56 meV for samples #1, #2 and #3,

respectively.

We have performed theoretical calculations using the self-consistent Schrodinger-
Poisson method for these structures. The results are listed in Table II. For all
calculations we used a well width L, = 100A taken from the growth condition and a
background doping level of 1 x 10'* cm™ for the NID region. The other parameters, i.e.,
x and y, are indicated in Table III. The In composition was taken to be the intended
growth value while the Al content was deduced from the energy position of the GaAlAs
peak (see Fig. 22). The In,Ga, ,As band gap and InGaAs/GaAs band offset were taken
from Pan et al 1988, the out-plane masses from Zhan er al 1991, the deformation

potentials were a linear interpolation between those of GaAs and InAs (Pollak 1990).
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For samples #1 and #2 the overall agreement is very good if we identify feature

A with 11H, etc. For sample #3 the feature A’ and C’ can be correlated with 11H and

21H, respectively. We shall return to the question of the nature of B’ and D’ below.

Also based on this calculation we can determine the position of Eg relative to the

electron ground state (m=1) of the system. Since m=1 for the feature A, we can

Table IIT Experimental and theoretical values of various intersubband transition energies
from the InGaAs MDQW region of three Al Ga, As/In,Ga, As/GaAs HEMTs.

Intersubband Characteristics

N,(10'2 cm?)

Expt. Transition
(eV)

11H*
12H*
21H*
22H*

PR Hall
Expt. Measure-
ment

1.90£0.20* | 1.90+0.1° |
1.60+0.1' |

11H"
12H*
21H*
22H°

i 2.15+0.25" | 2.00+0.1°

1.7740.1f

11H°
(I.ZH)C"'

21H*
(22H)4

The 2H valence level is unbound.
77K.
300K.

SO R0 TS

1.8540.20° | 1.7510.1°¢
1.68+0.1f
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determine that Ep-E,°=FEp-E°. Hence, from the above mentioned fitted results we
conclude that Eg-E,*= +62 meV, +71 meV and +56 meV for samples #1, #2 and #3,
respectively. The quantity E;*-E\°(= 100 meV) can be obtained from the separation
between 21H and 11H( see Table II). Thus the Fermi level lies between the m=1 and

m=2 conduction subbands.

From Eq. (3.25) and the values of E; and E_° discussed above we have calculated
the numbers for N, for the three samples listed in Table III. Values for I', were taken
from the lineshape fits in Fig. 23. There is very good agreement between the PR
analysis of N, and the 77K Hall measurements, which also are displayed in Table III.
For completencss we also list in Table III the N, values from the 300K Hall

determinations.

We now return to the question of sample #3. Because of the lower In content of
this sample in relation to the other two materials the 2H valence level becomes unbound
and hence m2H transitions should be very weak in a one electron picture. However,
experimentally we still see in Fig. 23 evidence for the contribution of 12H (feature B')
and a very strong resonance (D’) which appears to correspond to 22H. The fact that the
D’ structure has a lineshape of FDLL strongly suggests that its origin is an unscreened

exciton. Clearly further work needs to be done with regard to this peak.
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Both the GaAs and GaAlAs features in the PR spectra of Fig. 22 exhibit

pronounced FKOs. The electric fields (in units of 10* V/cm) deduced from the GaAs
FKOs are 4.7, 5.3 and 3.1 while from the GaAlAs FKOs we find 1.6, 1.8 and 1.8 for

samples #1,#2 and #3, respectively.

Also from the position of the GaAlAs peaks of 1.695 eV, 1.689eV and 1.672 eV
(see Fig. 22) we can evaluate the Al compositions (Kuech er al, 1987) to be 19%,18.5%
and 17.5% for samples #1,#2, and #3 , respectively. These values are in reasonably

good agreement with the intended numbers.

From the self-consistent Schridinger-Poisson calculation we also can determine
the built-in electric fields in the GaAs and GaAlAs portions of the sample. Based on
midgap Fermi level pinning at the 500A NID GaAs/300A NID GaAlAs interface we
determine a field of about 7.6 x 10* V/cm in the 5S00A GaAs region. This is somewhat
larger than the fields deduced from the FKOs. This observation suggests that the pinning

level is less than midgap and is about 0.30-0.35 eV below the conduction band.

The FKOs associated with the GaAlAs signal originate in the 300A NID GaAlAs
portion next to the 4000 A NID GaAs buffer. If we assume that the Fermi level at the
300 A NID GaAlAs/ 4000 A NID GaAs buffer interface is not pinned near midgap but
is about 0.30-0.35 eV above the valence band, a uniform field of approximately 2 x 10*

V/cm will be present in this region of the sample. This number is close to our
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experimental values. The GaAlAs layers above the InGaAs channel are all fairly heavily

doped and the ficld in this space charge region is about 2 x 10° V/cm, about an order
of magnitude larger than our experimental values. The FKOs from this region are

probably not observable because of the high doping levels (H. Shen and F. Pollak 1990).

The 11H and 12H ( k=0 ) transitions can be observed at room temperature in the
PR spectra (see Fig. 23 ) from the 100A wide PMDQWs even when the Fermi level is
some 60 meV above the m=1 ground state conduction electron subband. In contrast,
these transitions are not seen in the ER or PR spectra from the 150A wide PMDQW
structure studied in Section 4.5.1, although the Fermi position relative the ground state
conduction subband is about the same. This phenomenon can be understood as follows.
The well width plays a very important role. In the latter case where the well is 150A
wide, the electrons and holes are spatially pulled away from each other by the electric
field, enough toc make the transition matrix element (overlap integral of the ground state
electron subband wave function and n=1 heavy hole subband level wave function)
significantly smaller. The already small oscillator strength is further attenuated by the
Fermi level filling function. Thus the 11H and 12H signals are effectively wiped out.
The relatively small 100A well width in the former case, on the other hand, keeps
confined electrons and heavy holes in the same spatial region. Although the electric filed
does cause a reduction of their wave function overlap, it is not enough to diminish it
completely since they are located within the 100A thick layer. Therefore when the

thermal broadening of the Fermi distribution function is enough to reach the m=1
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electron subband edge, the 11H transition will still survive. As we will see in the

following section, the 11H transition will be wiped out when temperature is lowered.

4.3.3. Transitions occurring at the Fermi edge

One of the most important issues of fundamental interests about the two-
dimensional electron gas is the many-body correlation (see, for example, Ruckenstein and
Schmitt-Rink 1987, Hawrylak 1990, 1991, Mueller er al. 1991). Such many-electron -
one-hole interactions in the presence of the Fermi sea was initially considered by Mahan
for bulk semiconductors in the framework of the final-state electron-hole scattering
(Mahan 1967a). He showed that in spite of the static screening by the equilibrium
electrons, an exciton-like effect still survives at moderate electron densities and there is
a bound state slightly below the Fermi level (recently called Mahan exciton). This bound
state results from the sharpness of the Fermi surface and the Pauli exclusion principle’s
restriction on the electron’s scattering. Later theories included the dynamic response of
the Fermi sea to the creation of the photohole, as well as the exchange effect due to the
increased carrier density to show how the bound state eventually becomes unbound and
merges with continuum (Mahan 1967b, Nozieres and De Dominicis 1969). In optical
absorption, a divergence of the optical oscillator strength appears at the threshold energy
(the Fermi level) giving rise to the term Fermi-edge singularity (FES), which persists
into the high density limit and follows a power-law divergence (Mahan 1967b, Nozieres
and De Dominicis 1969). It is a many-electron excitonic feature actually composed of

two compensating processes, the scattering of electrons by the hole (vertex corrections)
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and the strong renormalization of the hole (self-energy effects). For the 2DEG in a

modulation-doped quantum well, the reduced dimensionality diminishes the efficiency of
the Jong-range Coulomb screening as compared to the 3D case (Chemla 1988a), which
suggests that this type of phenomena will persist above the 3D limit and will be easier

to detect.

The FES feature has been observed in luminescence spectra from an InGaAs/InP
modulation doped quantum well (Skolnick er al. 1987a, 1987c, 1987b), absorption
spectra (see, for example, Lee er al. 1987, Huang D. 1987, Livescu ef al. 1988), and
photoluminescence excitation spectra (see, for example, Delalande er al. 1986, 1987).
However, no observation of optical transitions of any nature occuring near the Fermi
edge has been reported in modulation spectroscopy. As a derivative method, modulation
spectroscopy has higher sensitivity than any of the previously mentioned experiments.
Its experiments can also be performed in a contactless manner, and over a wide
temperature range. All these advantages make modulation spectroscopy an extremely
valuable tool in the optical investigations of the Fermi edge. As we will see in the
following we indeed observed a feature in CER spectra that is due to the vertical
transitions occurring at the Fermi edge. Although it is not the FES feature, it is the first
observation of an optical feature occurring at the Fermi edge using modulation
spectroscopy method and it does carry rich information about the many-body effects of

a 2D interacting clectron gas(Gumbs et al. 1993).
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In this section we present a CER study of a 100 A pseudomorphic

GaAlAs/InGaAs/GaAs PMDQW structure (sample #1 in Section 4.3.2) as a function of
temperature (17K <T <351K). Contactless electroreflectance has the advantage over ER
in that it requires no contact on sample, thus the original conditions of the sample are
maintained. It also has an advantage over PR since it does not have the pump beam
related problems, such as photo-excited carriers, and luminescence background (Yin X.
and F. H. Pollak 1991). Because of the derivative-like nature of this method we have
been able to observe a feature occurring at the Fermi edge (k=k;) at temperatures as high
as 152 K (down to 17K). Above 152 K the trace from the InGaAs portion of the sample
can be accounted for on the basis of one electron theory, i.e., the derivative of a
broadened step-like two-dimensional density of states (screened exciton) times a Fermi
level filling factor, which is the FD2DJDS discussed in Section 4.3 and successfully
applied in the previous investigation of 2DEG systems in this chapter. A detailed
FD2DIJIDS lineshape fit makes it possible to (a) evaluate the Fermi energy, E, (even at
clevated temperatures) and hence the 2DEG density, N, and (b) several intersubband
transition energies. By comparing these experimental energies with a theoretical self-
consistent Schrodinger-Poisson calculation we also can evaluate other important
parameters of the PMDQW such as built-in field, well width and In composition. The
values of N, obtained from the CER are in good agreement with a Hall effect

measurement (see Section 4.3.2).
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The CER apparatus is described in literature (Yin X. and Pollak, 1991, also see

Section 3.2). The modulation voltage used in the measurement was 200 Hz 180 Vrms

sine wave. The results are shown in Fig. 24,

Shown by the solid lines in the figure are the CER spectra at 351K, 300K, 152K,
80K and 17K, respectively. For convenience we have taken the zero of energy to be
21H, since the energies of the transitions change considerably with temperature. Above
about 150K the lineshape which consists of peaks riding on a background, can be fit by
a FD2DJDS lineshape (Dashed line for 351K). The peaks are due to k=0 two-
dimensional density of states intersubband transitions (mnH), while the background is
related to the Fermi level filling factor. The obtained mnH energies are denoted by
arrows. The identification of the various transitions was determined by comparison with

a self-consistent theoretical Schridinger-Poisson calculation.

For the doping level used in this sample E, lies between the first and second
conduction states. At elevated temperatures transitions (at k = 0) to the first conduction
level, i.e., 11H and 12H are only seen because of the significant thermal broadening of
the Fermi distribution. Note that as the temperature is lowered (a) the 11H and 12H
resonances are no longer observed, (b) transitions to the second electron state, i.e., 21H
and 22H, are still prominent, and evolve to very narrow and sharp peaks below 80K, (c)
the background is reduced and (d) at 152 K and lower temperatures, a new feature,

labeled as 12ZH* in the figure, is seen above 22H. It is aiso seen 10 have very little
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transition.
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temperature dependence in this temperature range in relation to 21H and 22H (k=0)

transitions.

The first three observations (a)-(c) can be understood on the basis of one-electron
picture and the Fermi-Dirac statistics. As the temperature decreases, the thermal
broadening of the Fermi distribution function is narrowed. For example, at 100K the
thermal energy is only 8.5 meV. Since the m=1 ground state electron subband lies
about 60 meV below the Fermi level, the probability for the subband edge states to
participate in a direct absorption of a photon is practically zero. The transitions
involving m=1 subband edge (k=0) are therefore prohibited. This explains (a). The
m=2 electron subband lies some 30 meV above the Fermi level. At lower temperatures
the tail of the Fermi distribution function will not be able to reach it. The band filling
effects now will not affect the m=2 electron subband. There is evidence that the direct
screening effect of the 2DEG is also weaker for the higher lying levels (see, for example,
Huang D. er al., 1988a). Therefore it is possible for transitions involving the m=2
subband to recover their excitonic character to some extent at low enough temperatures.

That is why we have observation (b).

Observation (c) can be understood as follows. In the FD2DJDS lineshape
function implied is a feature associated with the first derivative of the Femri level filling
function (1-f) (see Section 3.3.4), which is due to the transitions at k=k,. The width

of this feature is linearly dependent on temperature (to be discussed in more detail later).



125
It appears as a background at higher temperatures (e.g. 300K and above) since the

thermal broadening is very large. At low temperatures the thermal broadening of (1-£)
is small and this feature should become a well resolved peak. This prediction is only
partially correct: We indeed observe a peak 12H* (see Fig. 24) at low temperatures
[observation (d)], but its lineshape and temperature dependence at low temperatures can

not be accounted for in terms of our FD2DJDS based on the one-particle model.

We now consider the 12H* feature in greater detail. The position of the 12H*
peak is at 12H (k=0) energy plus the Moss-Burstein shift. [f we associate this feature
with the transition at the Fermi edge, i.e. the k=k; transition from the n=2 heavy hole
subband to the m=1 electron subband in the one-electron picture, its higher temperature
behavior can be understood. It appears as a background around room temperature (see
Fig. 24). When temperature is lowered to ~ 150K, it becomes a well defined feature.

The temperature dependence of the linewidth of the 12H* peak is smaller than those of
21H and 22H, which sharpen considerably between 152 and 17K. These characteristics,
which the one-electron model fails to account for, can only be understood in terms of the
many-body correlation effects of the 2DEG. At low temperatures the edge of the Fermi
sea is very sharp. The 2DEG is in its degencrate quantum mechanical limit. Many-body
interactions are now becoming important and will exhibit their effects on the optical
transitions - the Fermi edge singularity. It is a phenomenon of one-hole many-electron
correlation in the presence of the Fermi sea of electrons (see, for example, S. Schmitt-

Rink et al. 1983, Livescu et al 1988, Chen W. ef al 1992). Because the derivative-like
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nature of the modulation spectroscopy, we can observe the 12H* feature occurring at the
Fermi edgy greatly influenced by the many-body effects at a temperature as high as 152
K. Notice that at this temperature, the thermal broadening of the Fermi distribution
function is too large to produce a feature that well defined. It is the many-body effects
enhancement that helps to sharpen it up. Also at very low temperatures the width of the
12H* feature is significantly greater than the thermal energy and its lineshape and
broadening have very little temperature dependence below 80K in relation to the 21H and
22H transitions. This is because that the 12H* feature originates predominately from
many-body correlation enhanced transitions at the Fermi edge at these temperatures. Its
broadening is not governed by the electron-phonon interactions as in the case for 21H

and 22H (see Section 2.3).

In principle we should also see a peak for the 11H*. Because the position of
11H* and that of the strong features 21H and 22H are almost degenerate, the 11H* peak

is not clearly resolved.

Both theoretical and experimental efforts are now underway to understand the
strong many-body effects on 12H* feature (Gumbs ef al. 1993). A first-principle
theorectical calculation has shown that many-body cffects are a factor at all temperatures
although they are most pronounced for T < 152 K (Gumbs ef al. 1993). Efforts are also
directed to the development of an appropriate derivative lineshape for the features

occurring at the Fermi edge. The detailed lineshape analysis of this Fermi edge feature
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should allow us to extract a lot of information, such as the position of E; and the many-
body correlation effects at low temperatures. These investigations are very impotrtant for

the understanding of the fundamental properties of 2DEG.

4.4. Conclusions

We have investigated the two-dimensional electron gas effects in a number of
GaAlAs/InGaAs/GaAs modulation-doped quantum well structures with modulation
spectroscopy. We have, for the first time, positively identified the 2DEG signature in
modulation spectroscopic traces from GaAlAs/InGaAs/GaAs PMDQW structures and
proposed the proper lineshape. The great utility of modulation spectroscopy has also

allowed us to study the 2DEG effects over a wide temperature range.

Transitions occurring at the Fermi edge have been observed in an 100A-wide well
width sample at temperatures up to 152 K. At higher temperatures it evolves into a
broad background. The Fermi edge peak in modulation spectroscopy has less
temperature dependence than the k=0 intersubband transitions over the same temperature
range. This is due to the strong many-body effects on this feature. The Fermi edge
feature can not be fitted by the FD2DJDS lincshape based on one-electron model. The

proper lineshpae function is the subject of current research.



128
Chapter S. PHOTOREFLECTANCE STUDY OF

STRAINED (001) Si, ,Ge,/Si LAYERS

Using photoreflectance, which yields a third-derivative spectroscopy in bulk
material, we have measured the Ge composition dependence of the E, and "E,’" (will be
defined later in this section) transition energies at 300K in a series of strained Si, ,Ge,/Si
layers (0 <x<0.23). Auger profiling was employed for an accurate evaluation of x in
the near-surface region corresponding to the penetration depth of the light (about 100 A).
In our strained samples the energy of the E, peak is essentially the same as in unstrained
material, in agreement with deformation potential theory. The "E,’" feature, which
exhibits only a very weak variation with Ge content, may also contain a strain-shifted
E,+A, component. The PR work will be compared with a recent spectral ellipsometry
study on similar samples in which third-derivative spectra were obtained by numerical
differentiation. Our results have enriched the understanding of the properties of Si-rich

strained thin SiGe alloy films grown on silicon substrate.

5.1. Introduction

Thin layers of Si,.,Ge, deposited on silicon substrates are of considerable interest
for the fabrication of advanced electronic devices (see, for example, Pearsall 1989b) such
as heterojunction bipolar transistors, modulation doped field effect transistors and internal
photoemission heterojunctions. In order to aid in the development of these structures and
devices it is important to have convenient and non-destructive techniques to characterize

important parameters such as alloy composition and material guality. Optical methods
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such as photoreflectance (Pollak and Shen 198%9a, 1989b), spectral ellipsometry

(Humlicek et al. 1989, Raccanelli et al. 1992; Ferricu et al. 1992, Pickering er al. 1993)

and Raman scattering (Chang ef al. 1988) are well suited for this purpose.

In this chapter we describe a PR study of a number of thin strained layers of
(001) Si, ,Ge,/Si (0=<x=<0.23). We have observed the Ge composition dependernce of
the E, and "E,’" optical features (Kline er al. 1968, Humlicek ef al. 1989; Ferrieu et al.
1992, Pickering er al. 1993) which appear in the photon energy range 2.6—-3.6 eV. In
this spectral region the penetration depth of the light is only about 100 A so that these
measurements are very sensitive to the near-surface composition and quality of the
samples. The germanium content was evaluated by high resolution x-ray diffraction
(HRXRD) and Auger profilometry (AP). In our strained samples the energy of E, is
essentially the same as in unstrained material (Kline er gl. 1968, Humlicek et al. 1989,
Pickering et al. 1993), in agreement with deformation potential theory (Pollak 1990,
Pickering et al. 1993). A parallel study on the same set of samples using spectral
ellipsometry also has been performed by the CNET-Meylan group {Ferrieu er ai. 1992).
In this work the third derivative of the complex dielectric function ¢ was obtained by

numerical means. Our results will be compared with this investigation.

5.2. Experimental details
The Si, ,Ge, layers were grown epitaxially on (001) Czochralski silicon wafers by

rapid thermal chemical vapor deposition (RTCVD) at B00 °C (Dutartre ef al. 1991).
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Table IV lists some characteristics of the samples. Columns 1 and 5 give the nominal
composition and the thickness of the layers. It should be noted that the latter do not
exceed the critical values known for each x (Pearsall 1989b). The lattice constant in the
orientation perpendicular to the layers was directly determined form HRXRD patterns,
in the samples with values of near 0.15, in order to calibrate directly the film
composition. The x=0.15 samples served as a reference for determining the absolute
Ge content profile in the film, from the ratio of intensities of the LMM(Ge) and KLL(Si)
Auger lines. The Auger profile and the direct measurements of the milled crater depths

were used for determining the actual thickness of the films.

The PR measurements were taken in the photon energy range 2.6 —3.6 eV using
an apparatus that has been described in the section 2.1 of chapter 3 (Pollak and Shen
1989a, 1989b). The pump beam was the 633-nm line of a 3 mW HeNe laser chopped

at about 200 Hz.

5.3. Experimental results

Shown in Figs. 25(a) and 25(b) are the Auger profile of two samples of nominal
composition/thickness of 0.15/800A and 0.17/400A, respectively. We are interested in
establishing the mean Ge content within about 100A from the surface, i.e., the
penetration depth of light. Both Auger profiles show a well-marked plateau up to a depth
of about 600A and 350A, respectively. Similar results were obtained for layers thicker

than about 200A (corresponding to x=0.2), thus yielding the composition profile. For



Table 1V. Characteristics of the Si, Ge,/Si samples used in (his study. Also listed are the energies and broadening

parameters of the E, and "L,'" features from the fit to the PR data.

Sample

Ge Composition

Nominal

Auger Profiling

Near Surface/Interface

Film
Thicknf:ss
(A)

EST
(eV)

E/T
(eV)

0/0

na

3.320/0.07

3.406/0.14

0.035/0.035

3.333/0.09

3.387/0.15

0.035/0.035

3.328/0.08

3.382/0.13

0.065/0.065

3.308/0.14

3.341/0.15

(.065/0.065

3.312/0.10

3.359/0.12

0.095/0.095

3.304/0.15

3.232/0.13

0.120/0.120

3.319/0.15

3.205/0.12

3.290/0.15

3.156/0.12

3.292/0.12

3.150/0.13

0.157/0.143

3.302/0.15

3.154/0.11

0.199/0.167

3.261/0.17

3.078/0.13

0.225/0.150

e =

0.188 200 3.289/0.17 2.999/0.14 l
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thinner samples the Auger profile could not be interpreted in terms of the composition.

For the sample of Fig. 25(a) the mean value of x, taken over the entire film thickness,
was equated 1o that measured by HRXRD, i.e., x=0.15. From this and Fig. 25(a) we
deduce a value of x=0.157 in the 100 A ncar-surface region. For the material of Fig.
25(b) this procedure yielded x=0.199 in the relevant region. Subsequently, the mean
values of x in the near-surface layer in the other samples were evaluated. These numbers
are listed in Table IV. Also tabulated in this table are the nominal Ge concentrations
deduced from the growth conditions as well as the Ge concentrations at the near surface
region and interface. In this procedure we have disregarded the increase of the Ge
Auger line intensity recorded at the very surface of the samples. It is very likely that
this cffect is due to a residue of Ge compounds residing at the surface after the RTCVD.
A study involving surface etching is presently engaged in order to check this hypothesis

and to verify directly the presence of the composition gradients in the samples.

Shown by the solid lines in Fig. 26 are the PR spectra at 300K of a number of
different Si, ,Ge, samples (0 < x <0.225) in the photon energy range 2.6-3.6 eV. While
the first three traces appear (0 be a singlet, a well-developed doublet structure develops

for x > 0.098.

The normalized changes in reflectivity AR/R for unbound states due to EM
produce third-derivative spectroscopy (see Chapter 3). Equation (3.13C) is used to fit
the data. Two oscillators were used in the fit. The resulting best fits are displayed by
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the dashed lines in Fig. 26 with the transitions energies indicated by arrows. The

obtained transition energies and broadening parameters of the two features are also listed

in Table 1V.

5.4. Discussion

The optical spectra in Si, ,Ge, (0 <x <0.23) in the region around 3.4 eV contains
three possible resonances, E,, E,+A, and E,’ (Kline er al. 1968, Humlicek ef al. 1989,
Ferrieu ef al. 1992, Pickering et al. 1993). The former two are due to two-dimensional
critical points (m=3) along the <111> directions [A;-A; (1,-L,)] of the Brilloun zone
while the latter is related to transitions near the I'-point and has a three-dimensional
nature (m=2.5) (see Section 3.3). The appropriate exponents were used in the above
fits. For the end-point silicon E,’ occurs below E, and the energy of A, is small (about
0.03 eV) so that E,+A, is not resolved (Kline ef al/. 1968, Humlicek J. et al. 1989,
Ferrieu et al. 1992). In unstrained samples E, undergoes a red shift as the Ge content
is increased while E_’ is almost stationary (Kline ef af. 1968). At x=0.1 these levels
cross so that for higher germanium content E, appears below E,.’.

Plowted in Fig. 27 (strained system) are the dependences on the germanium
concentration of the two spectral features, which we designate as E, and "E,’". The
reason for employing the latter notation is explained below. Representative error bars
are shown. For both x=0.035 and 0.065 we have measured two samples while for
x=0.157 three materials were evaluated. The obtained energies for a given Ge

composition are almost equa)l for the different samples ( see Table IV ). For convenience
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Fig. 27. Composition dependence of the E, (Solid squares) and "E,’" (open squares)
optical features of the Si; Ge,/Si samples.

the average of the appropriate measurements is shown in Fig. 27 for x=0.035, 0.065 and

0.157.

The presence of the strain can affect the energies and amplitudes of E|, E,+4,
and E,’' in relation to the unstrained material values (see Section 2.3 of Chapter 2). The
changes in transition energies of E,, E,+4, due to a (001) biaxial strain ¢ are given by
Eqs. (2.40). The energy of E, is approximately the same in the two systems since there

is a cancellation of the hydrostatic (8Ey ,) and shear (6E;,) components of the strain
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(Pollak 1990, Pickering ef al. 1993). For E,+A, there is a strain induced blue shifted

because of the addition of the two terms. Using deformation potentials (Pollak 1990) and
elastic constants (Brantley 1973) interpolated between Si and Ge, the A, splitting would
be expected to be increased to ~0.15 eV for the strain of £=-0.008 caused by the lattice
mismatch at x=0.2. Since E,’ has only a small strain dependence (Pollak and Rubloff
1972) these two transitions, i.e. E,+ A, and E,', are essentially degenerate in the strained
material. This can be easily seen in Fig. 27. Hence we introduced the notation "E,’"
to label the higher lying feature which may contain contributions from both E,’ and
E, + A, transitions. The built-in stress also shifts oscillator strength from E,+ A4, to E;
so that the former is a factor of 3 smaller than the latter (Pollak and Rubloff 1972 Pollak
1990, Pickering et al. 1993). Thus, it may not be possible to resolve the E, + A,
contribution to the "E,’" peak. Measurements at 77K also show only a doublet, i.e., E,
and "E,’" (Yin Y. et al, to be published). Any possible E, +A, contribution to "E,’"
could be determined by the application for a large external uniaxial stress along [100]

(Pollak and Rubloff 1972).

Our results arec somewhat different from those of Ferrieu F. ef al. (1992). These
researchers report values for E, for strained material which are significantly red shifted
in relation to unstrained samples. We found E, (strained) to be approximately the same
as E, (unstrained) (Humlicek et al. 1989), in agreement with deformation potential
theory calculation and the results of Pickering et al. (1993). The discrepancies between

our results and those reported by Ferricu et al. (1992) arc probably due to the fact that
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we have used the actual germanium concentrations within the penetration depth of the

light ( ~ 100A).

Reflectivity measurements on unstrained Si, .Ge, material reported a break in the
composition dependence of E, at x=0.2, where E, and E,’ cross (Tauc and Abraham
1961). This behavior was interpreted as a change in the conduction band structure due
to the cross-over of the relevant conduction levels. Note from Fig. 27 that there appears
to be a discontinuity in the E, curve where E, and "E," intersect (x =0.05) for this
strained layer system. No such discontinuity has been observed in Refs. Kline J. S. er

al. 1968 and Humlicek et al. 1989.

5.5. Conclusions

Using the PR method we have evaluated the germanium composition dependence
of the E, and "E,'" optical features in a series of strained Si, ,Ge,/Si layers (0< x<0.23)
fabricated by RTCVD. Using AP accurate values of x were evaluated in the region of
the light penetration ( ~ 100A). We found values of E; (strained) to be approximately
the same as E, (unstrained), in agreement with a deformation potential theory calculation.
Thus we have established an accurate calibration curve for 0 <x < 0.23 that can be used
to determine the Ge content of such films. Our results are somewhat different from
those reported by Ferrieu ef al. (1992), probably due to our evaluation of x in the

relevant near surface region.



139
Chapter 6. STRAINED Si-Ge MICROSTRUCTURES

GROWN ON (001) Ge

Short-period strained Si-Ge microstructures fabricated on (001) Ge have been
investigated by PzR, PR and Schottky barrier electroreflectance (SBER) at 77K. In
addition to bulk Ge these samples consisted of Ge quantum wells sandwiched between
ordered short-period strained Si-Ge superlattice regions. No evidence for pseudodirect
transitions in the Si-Ge SLs was found by any of the above measurements although
quantum transitions in the Ge QWs were observed in PzZR. The PR and SBER spectra
measured to date derive from the bulk-like Ge regions of the sample, in contrast to

previously published data on similar samples.

6.1. Introduction

The possibility of achieving pseudodirect optical transitions in the Si-Ge system
through artificially ordered structures has recently received considerable experimental and
theoretical attention (see, for example, Pearsall efr al. 1989a, 1990a, People and Jackson
1990). Studies of valence-band offset and the well-known nature of the uniaxial strain
in Si and Ge have established that the conduction-band edge in these structures is formed
from (100)-oriented Si states. Pseudomorphic, strained-layer epitaxy of a Si-Ge super-
lattice (SL) on a (001) Ge substrate creates a tensile, biaxial strain (in-plane), which
results in a compression along the SL growth axis. Under these conditions of strain, the
conduction-band edge lies along the SL axis, and it will be mixed by the SL potential

with zone-center states. This effect raises the possibility that the SL might be a
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direct-gap material. Such novel properties and the capability to have interesting
electronic and optical characteristics while being compatible with existing Si processing
technology of these strained-layer Si-Ge superlattices have also been of great applied
interest (See, for example, Peasall 1990a). Pearsall ef al. have reported features in the
SBER spectra at 40K of such samples which have been attributed to new optical
transitions at energies theoretically predicted for SL-induced direct optical transitions at
the center of the Brillouin zone (Pearsall er ai. 1989c; 1989d; Pearsall 1990b).
However, the interpretation of these results are complicated by the presence of FKOs

whose origins were not clearly understood (Pearsall er al. 1989¢c; 1989d; Pearsall 1990b).

In this chapter we report a modulation spectroscopy study of short-period strained
Si-Ge microstructures grown on (001) Ge using PzR, PR and SBER at 77K. In addition
to bulk Ge (substrate/buffer) these samples consisted of Ge QWs which formed spacer
layers between the ordered short-period strained Si-Ge SL regions. No evidence for
pseudodirect transitions in the Si-Ge SLs was found by any of the above measurements.
The PzR signals are due to quantum confined transitions in the Ge QWs (Yin Y. ez al.
1991b, 1992¢c). The PR and SBER spectra are dominated by FKOs. We have found that
the SBER spectra measured to date derive from the bulk-like Ge regions of these
samples, in contrast to the interpretation of previously published SBER data on similar

samples (Pearsall er al. 1989¢c, 1989d, Pearsall 1990b).



141
6.2. Experimental details

The samples used in this study were grown by MBE (Pearsall er al. 1989c; Bean
1984) on (001) Ge substrates at 450 °C. One category had a unit cell consisting of three
monolayers (ML) of Si and seven ML of Ge (Si;Ge,;), while the other had a unit cell of
four ML of Si and six ML of Ge (SiGe,). The samples alternated one of the above
ordered unit cells, repeated 5 times, with pure Ge spacer regions of various thicknesses
ranging from 29 to 143 ML. We designate such configurations as (Si,Ge,),Gey. where
N denotes the number of ML’'s of the Ge spacer. This overall pattern was repeated
either 10 or 20 times. This structure is illustrated in Fig. 28. Two of the samples were
from the same wafers used in Pearsall ef al. 1989c, Pearsall er al. 1989d and Pearsali
1990b. The periodic structure parameters were determined using high-resolution x-ray

diffraction (Vandenberg J. M. erf al. 1987),

We have performed transmission electron microscopy (TEM) and electron
diffraction measurements both on pieces of the newer samples as well as on pieces of the
older samples upon which SBER measurements were previously performed. The newer
samples showed excellent planarity of all the interfaces with a structure in good
agreement with the nominal layer spacing. In particular, the ordered short period Si-Ge
regions showed excellent definition, equal to or superior to earlier TEM measurements
on the older samples. Reexamination of the older samples suggested that some
degradation may have occurred. As will be discussed in detail below the samples

measured in our SBER study show features identical to those reported by Pearsall e al.
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Fig. 28. The schematic sketch of the (8i,,Ge)/Gey structure.

(Pearsall er al. 1989¢, 1989d, Pearsall 1990b). Any degradation which may have

occurred in the original samples has no influence on the observed SBER spectra.
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Stress modulation was achicved by mounting the samples on a 0.15-cm-thick
zirconate-titanate piezoelectric transducer driven by a 5S00-V peak-to-peak sinusoidal
wave at 1 kHz (Yin Y. er al 1991a). The PR spectra were obtained using the 633-nm line
of a HeNe laser chopped at 200 Hz as the pump (Pollak and Glembocki 1988). A
semitransparent gold film of ~ 50 A was deposited on to the surface of the sample to
achieve a Schottky contact for the SBER measurements. Typical modulation ac voltage

for SBER is 0.4 Volt peak-to-peak square wave at 200 Hz.

6.3. Experimental resuits
6.3.1. Piczoreflectance

Shown by the solid lines in Fig. 29 are the PzR spectra at 77 K of the (001) Ge
substrate and four (S8i,Ge )Ge, SL's with m/n/N=3/7/143, 3/7/29, 4/6/126, and 4/6/78.
The dotted lines are least-squares fits to a first-derivative Gaussian lineshape (FDGL)
function which yields the transition energies denoted by the arrows. The sharp peak at
0.875 eV in the Ge substrate spectrum corresponds to the lowest direct gap (Ey) of this
material while the weaker structure at 1.175 eV is due to the spin-orbit split component
(E;+4y). The 3/7/143 and 4/6/126 samples, which were derived from the same wafers
used by Pearsall ef al.( 1989¢c, 1989d, 1990b), exhibit two well-resolved peaks just above
the structure at 0.875 eV (which originates in the Ge substrate). The 3/7/29 and 4/6/78
materials also have doublets which are well separated from E;,. With decreasing N the
doublets undergo a blueshift and the scparation between the components increases.

Except for the sample with the narrowest Ge spacer other spectra exhibit a number of
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features above the doublet. The dotted lines are least squares fits to a FDGL, which is
appropriate for PzR at 77 K (Pollak and Glembocki 1988). The obtained energies of the

various peaks are denoted by arrows and also are listed in Table V.

The origin of the PzR peaks can be understood from the band diagram for the
whole structure (Si,Ge,);Gey, a point previously emphasized for similar structures grown
in (001) Si substrates (Hybersten and Schluter 1988). Self-consistent local-density
functional calculations have been performed for components of the full structure, e.g.,
the pure Ge, the Si,Ge,, SL or an alloy. These calculations* yield the necessary band
extrema as well as band offsets. The eigenvalues from such calculations require
self-energy corrections for both the bulk band gaps (Hybertsen and Louie 1986, Godby
et al. 1988) as well as the valence-band offset (Zhang er al. 1988; Hybertsen 1988).
These have been included approximately®. The band diagram shown in Fig. 30 for
either a Si,Ge, SL (solid lines) or the corresponding alloy (dotted lines), alternating with
Ge, are a result of the above procedure. The solid lines denote ordered Si,Ge, portions,
while the dotted lines show the corresponding alloy case. The dashed lines indicate

indirect conduction-band minima. Only one I' and A derived band extrema are shown.

Y. The present calculations are done using norm conserving pseudopotentials and a
planewave basis set including basis functions up 1o a kinetic energy of 11 Ry. Details may be
found in Hybertsen M. S. and M. Schulter, 1987, Phys. Rev. B36, 9683.

b). The self energy correction to the valence band offset is estimated by interpolating results
for bulk Si and Ge from Zhu X. and 8.G. Louie, 1991, Phys. Rev. B43, 14142. The conduction
band encrgies reported here are taken from experiment where possible. For the Si,Ge,, the
appropriate correction is interpolated from bulk results using the calculated relative Si and Ge
character in a given state.
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Fig. 29. Piezoreflectance spectra at 77K of the (001) Ge substrate and four (Si,Ge,)sGey
SL’s with m/n/N=3/7/143, 3/7/29, 4/6/126, and 4/6/78 (scc text).
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Energy separations are in eV.

Table V. Experimental and theoretical values of the transitions in short
period (Si,Ge,)s and (Si,Ge,); superlattices with different Ge spacer thicknesses.

Experiment Theory
Ge spacer Energy Energy
Superlattice (ML) (ev) (ev) Origin
(81,Ge,)s 143" 0.898 0.898 11H
0.908 0.905 11L
0.972 096 22H
0.99 22L
1.06 33H
1.13 33L
2% 1.039 1.07 11H
1.065 1.10 11L
(Si, Geg)s 126 0.915 0.902 11H
0.926 0.912 11L
0.992 0.99 22H
1.038 1.02 22L
1.094 1.11 33H
1.231 1.20 33L
78 0.947 0.93 11H
0.967 095 11L
1.090 1.10 22H
1.17 22L
1.278 1.39 33H

*Same samples as Pearsall er al. 1989c, Pearsall 1990b.

Several salient features in Fig. 30 should be noted. First, in the present
tetragonal symmetry (i.c., due to the strain), the relevant quantum number for the

valence-band states is M; only. There are two M;=1/2 states in the Si-Ge region which
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Fig. 30 Caculated band diagram for a superiattice alternating Ge spacer sections
and the Si-Ge regions (see text).

couple to the light-hole and splitoff states in the Ge. The M;=3/2 state couples to the
heavy-hole state in the Ge. Second, the lowest conduction bands in the ordered Si,Ge,
region are formed from zone-folded A, states which are slightly split by the superlattice
order. Only the second one couples to the s-like conduction-band state, but weakly as

indicated by the srnall oscillator strength for direct transitions from the valence-band
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states. Note that while holes are confined in the Ge region, the lowest energy clectrons
are confined in the Si-Ge portion. This corresponds to the lowest optical transition.
Third, the s-like Ge conduction-band states are confined by the corresponding states in
the Si-Ge regions. These will give rise to strong dipole allowed transitions from the
heavy- and light-holes confined in the Ge. Such transitions will dominate the observed
optical response in the energy region immediately above the direct gap of the Ge (0.875
eV at 77 K). Fourth, the SL order has only a small influence on the band diagram.

Therefore, the Si,Ge, case was treated using an alloy approximation.

For direct comparison to experiment we have calculated the various subband
energies using the envelope function method (Bastard 1981) and the band diagram of Fig.
30. In the Ge region we have used electron (e), light-hole (LH), and heavy-hole (HH)
masses (in units of the free-electron mass) of m’,=0.038, m",,,=0.046, and m'y,,=0.22
(Landolt-Bdrnstein 1982), taken from experiment. In the Si,Ge, region the masses along
the z axis have been calculated to be m°,=0.07, m*,,=0.09, and m*;=0.24, where v,
and v, refer to the ground state M;=1/2 and the M;=3/2 valence states, respectively (see
Fig. 30). Nonparabolicity effects have not been included. For the purposes of the
subband calculation there is some ambiguity about the Ge well width since one of the Ge
regions is contiguous to the Gey spacer. For the small N cases, or for higher subbands,
this uncertainty of n ML of Ge in the well width alters the calculated confinement
energies by as much as -~ 50 meV, although the LH-HH splitting is much less affected.

Therefore, the values reported represent an average. The final transition energies are the
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calculated confinement energies plus the measured bulk Ge transition energy of 0.875 eV
taken from Fig. 29. The energies listed in Table V are "symmetry-allowed” confined
transitions [mmH(L)] between the m*® conduction to m* valence subband of heavy (H-)
or light (L-) hole character. There is a distinct blueshift of all the features with
decreasing N. Overall there is a very good agreement between experiment and theory.
Thus, we can identify the various features in the PzR spectra with transitions in the

quantum wells formed by the Ge spacer regions.

Pearsall ef al. reported electroreflectance results at 40K on (8i,Ge,)sGey SLs on
(001) Ge with m/n/N of 3/7/143 and 4/6/126. However, the spectra are complicated by
strong FKOs above E, and E;+A; of Ge. Thus, there is considerable ambiguity
concerning the interpretation of features near E, and E,+A, as being due to SL-induced
direct optical transitions. Also since these samples had a large N any features due to the
Ge quantum well could also be masked by the FKO. Recently Menczigar er al.(1990)
have published photoreflectance results as a function of temperature on Si,Ge, SLs grown
on (001) Ge with m/n = 2/6, 3/9, 4/12. The authors interpret features in the 0.9-1.2
eV range for the 2/6 sample as being due to SL induced direct interband transitions.
However, their results also exhibit complex oscillating features above E, and Ej+A4A,

which complicates the analysis of the data.

6.3.2. Photoreflectance
The PR spectra at 77 K from samples 3/7/29 and 4/6/126 are shown in Fig. 31
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Fig. 31. Comparison of PR and PzR spectra at 77K of the (Si,Ge,);Ge,y and the
(Si,Geo)sGe 36 samples. The PzR spectrum of (001} Ge substrate is also included.
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together with the PzR spectra at 77 K (Yin Y. ef al. 1991b). Also included in the figure

is PzR spectrum at 77 K from the Ge(001) substrate material. Displayed in Fig. 31(a)
is the experimental PzR spectrum of a Ge(001) substrate, Fig. 31(b) is the PzR spectrum
of a (Si,Ge,);Gey structure, Fig. 31(c) the PR data for the (Si,Ge,);Ge Sample, Fig.
31(d) the experimental PzR spectrum for a (Si,Ge,);Ge,,, sample and Fig. 31(e) the PR
data for the (Si,Geg)sGe ,; structure. The dotted curves are least-squares fits of the
FDGL function to the PzR data (see Section 6.3.1). The obtained transitions energies

are indicated by arrows (see Section 6.3.1).

The PR spectrum exhibits strong FKO above E; and E;+4,. In Figs. 31(d) and
31(e), we display the corresponding spectra for the 4/6/126 sample, also used in Pearsall
et al. 1989¢c, 1989d, Pearsall T. P. 1990b. The PR data again contains a large number
of FKO similar to the spectra reported by Pearsall er al.(Pearsall et al. 1989¢c, 19894,

Pearsall 1990b).

6.3.3. Schottky barrier electrorefiectance

We also have performed SBER measurements at 77K on these samples over a
wide range of both forward (+) and reverse (—) bias (V). Shown by the solid lines in
Fig. 32 are the SBER spectra of the 3/7/143 sample (same as Pearsall’s Fig. 1 in Pearsall
1990b) for representative V,. The spectra can be divided into two regimes below and
above E, as indicated by the dashed line. These signals are very similar to those

repcrted for bulk semiconductors (Bhattacharya er af. 1988). Below 0.89 eV the SBER
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traces display the so-called "lineshape rotation” effect due to non-uniform fields
(Bhattacharya ef al. 1988). Note that there is a continuous phase change with applied
bias in our spectra. Above E, the spectra exhibit Franz-Keldysh oscillations (FKO)
whose period is increasing with larger bias voltage (Bhattacharya ef al. 1988). We found
that the electric field deduced from the FKOs scales as (V)*”. For comparison purposes
we also have plotted the —1.0 eV and —2.0 V SBER traces of Pearsall’s Fig. 1 of
Pearsall 1990b by the dashed lines. The solid and dotted lines for —1.0 V are quite
similar. For the dotted data there is a red shift of the spectrum for —2.0 V in relation

to —1.0V.

The (Vp)* dependence of the field deduced from FKO and the "lineshape rotation”
phenomenon with increasing dc bias voltage are characteristic of the SCRs in bulk
material (Bhattacharya er al. 1988, Shen and Pollak 1990, 1993). The former is straight
forward since in a fully depleted SCR the ficld is proportional to the square root of the
electric potential (see for example, Bhattacharya er al. 1988), and the field deduced from
FKOs in EM spectra measures the maximum field in the SCR (see Section 3.3.5). But
the latter is not as obvious (Pollak and Shen 1993). Possible mechanisms of how such
a "lineshape rotation” is produced include (a) exciton interference effects in a portion
of the SCR where the electric ficlds are low enough not to quench the exciton,
application of Vy changes the position of this region in relation to the front of the sample
thus altering the phase (Aspnes and Sudna 1973, Siberstein and Pollak 1980,

Bhattacharya ef al. 1987a, 1987b, 1988, Bottka ef a/. 1988); (b) multilayer reflection of
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the inhomogeneous field (slab configuration) in the SCR (Batchelor and Hammnett 1990,

Batchelor er al 1990). This question has been the subject of considerable investigation
(Behn and Roppischer 1988, Shen and Pollak 1990, Jackson and Seebauer 1991),
However, the basic physics behind it is the interference effect, whether the mechanism
is excitonic or field inhomogeneity, or both. The "lineshape rotation” acts as a kind of
Fabry-Perot interferometer from which it is possible to obtain information about the
change in width of the SCR (Aspnes and Studna 1973, Silberstein and Pollak 1980,
Bicelli 1987, Bottka er al. 1988). It is a well established fact that the bias dependent

“lineshape rotation” of ER spectra originates from SCRs of bulk material.

For our SBER measurements the presence of the "lineshape rotation” feature and
the fact that the measured clectric field scales as (Vy)” shows that the SBER signals are
originating from a bulk space charge region, not the uniform field of the insulating
region of the PIN structure. For the latter there should be no "lineshape rotation” and
the electric field would be proportional to V. The fact that there is a continuous change
in both the phase of the "lineshape rotation” feature and the FKOs is a clear indication
that the increase in bias is being manifested as a change in electric ficld, not current.
Another important aspect of our measurements is the signal at large forward bias (+3.0
V). This spectra exhibits only the "lineshape rotation" feature and a remnant of the
FKOs associated with the direct gap of bulk Ge. There is no evidence for features from
the SL region. Pearsall ef al. did not perform measurements at large + V, (Pearsall ef

al. 1989¢c, 1989d, Pearsall 1990b).
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Pearsall’s data also exhibits the "lineshape rotation” feature, as shown by the

dotted lines in Fig. 32 (Peasall 1990b). In relation to —1.0 V the —2.0 V dashed data
exhibits a red shift but aimost no changes in the "lineshape rotation” or period of the
FKO. This indicates that the increase in V is being manifest as a current and not a
field. Thus, the red shift is probably due to heating and not a quantum confined Stark

effect as claimed by Peasall (Pearsall 1990b).

At —1.0 V both solid and dotted spectra exhibit a large feature around 0.94 eV,
which Pearsall has attributed to a (51, Ge,)s SL transition (Pearsall ef al. 1989¢c, 1989d,
Pearsall 1990b). Note however that this feature is not stationary but blue shifts with

increased bias, i.e., it is a FKO,

Pearsall has recently reported differential optical absorption spectroscopy in Si-
Ge/Si and Si-Ge/Ge SLs, the latter being a (Si,Ge,)Gey sample (Pearsall 1992). For this
material a differential absorption edge starting at about 1.65 microns (0.75 eV) was
interpreted as evidence for a pseudodirect SL transition. This feature is only 25 meV
below the LA-phonon assisted indirect gap of bulk Ge (0.775 eV). If this sample is the
same as Refs. Pearsall 1990b, Pearsall et al. 1989c, Pearsall er al. 1989d the bulk Ge
signal in this region could originate in the doped buffer/cap (n~ 10" —10" cm~?). Thus
the absorption onset below 0.775 eV might be due to either impurity or electric field

related effects.
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6.4. Summary and discussions

We have investigated (Si,Ge,)Gey microstructures by PzR, PR and SBER. The
features observed in PzR are due to quantum transitions in the Ge, QWs. Comparison
between experiment and theory yields information about band offsets. PR and PzR data
are dominated by FKOs. These FKOs originate in the bulk-like Ge regions of the
samples. No evidence for pseudodirect transitions in the Si-Ge SLs in these samples was

observed by any of the experimental methods employed.

In a recent comment about our PzR work (Yin Y. ef af., 1991b, see also Section
6.3.1) Pearsall (Pearsall 1993) raised his point that we did not observe the pseudo-direct
transitions from the short period superlattice regions of 3/7/143 sample (Pearsall et al.
1989c), which they claimed to have seen in their SBER spectra, because of (a) sample
degradation; (b) sensitivity of PzZR in relation to SBER to optical transitions in a
superlattice. He also commented about the theoretical point about the oscillator strengths

of pseudodirect transitions. I want to give a brief reply to these questions as follows.

We have performed TEM and electron diffraction measurements on all samples
used in our investigations. The newer samples showed excellent planarity of all the
interfaces with a structure in good agreement with nominal layer spacing. In particular
the ordered short period Si-Ge regions showed excellent definition, equal 10 or superior
to earlier TEM measurements on the older samples. Reexamination of the older samples

suggested some degradation may have occurred. However, as have been seen in Section
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6.3.3, we have been able to obtain SBER spectra similar (or identical) to those of
Pearsall ef al. 1989¢ from the same sample in which they claimed to have seen the
pseudodirect transitions (Pearsall et al. 1989c, Pearsall 1990b). Any degradation which

may have occurred in the original samples has no influence on the observed ER spectra.

The PzR technique has proven to be just as sensitive as ER for superlattice and
quantum well samples. In particular, PzR signal from single quantum wells as thin as
50 A has been reported (Allegre ef al. 1990). The acoustic field generated in the PzR
method has a long wavelength ( ~ 100 cm) which implies that the active entire (Si,,Ge,)n
region of the sample is being uniformly modulated. Given the structure of the samples
described in Section 6.2, each Gey spacer is surrounded by a (Si,Ge,)y ordered
superlattice region. Therefore, the acoustic modulation is the same in both. This also
rules out any spurious electric field effects in PzR due to differential stress variations in
band offsets at internal interfaces. Clearly the PzR method is equally sensitive to

modulated optical transitions in the Ge spacer regions and the ordered Si-Ge regions.

The oscillator strength for pseudodirect transitions in Si-Ge ordered suplattices
obtained from theoretical calculations depends on the details of the period, internal
structure and strain. For the structure in the present samples, e.g. 4/6 or 3/7 on
Ge(001), the oscillator strength is about 100-1000 times smaller than that of a standard
dipole allowed transition (Schmid et al. 1990, 1991), i.e., the direct gap in bulk Ge.

This is most vividly illustrated in Fig. 14b of Schmid er al. 1991 where Schmid er al.
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showed the calculated optical response (e¢,) for (SiGe,) on Ge(001). The region

corresponding to pseudodirect transitions near 1 eV is 1000 times weaker than the direct
threshold near 2 eV. This implies that the optical transitions derived from the (8i,Ge )y
regions of the sample will be about 100 times weaker than the fully allowed quantum

well transitions in the Gey, regions of the sample.

The efforts to find a direct band gap group IV material from Si-Ge short period
superlattices continue to expand. All kinds of structural configration, strain pattern in
the superlattice, choice of substrate material ( Si or Ge ) have been used. With the
advances in growth technology and with proper design of structural and strain
parameters, we hope that our dream of having a group IV direct gap semiconductor will

eventually come true.
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Chapter 7. SUMMARY AND CONCLUSIONS

In this thesis we have investigated four types of very important strained-layer
semiconductor microstructures with PR, PzR and CER modulation spectroscopy
techniques. The strained-layer structures used in this work are GaAlAs/InGaAs/GaAs
PMDQW structures, strained SiGe Si-rich alloy films grown on (001) Si substrate,
strained-layer Si-Ge microstructures grown on (001) Ge and Ge/SiGe quantum wells

grown on (001) Ge.

We have demonstrated that modulation spectroscopy is an extremely powerful
tool for investigating semiconductor microstructures. Since there are a variety of
modulation techniques available, it is possible to choose the one that is most suitable for
a particular experiment. The great progress we have made in this thesis work is partially

due to our proper choice of modulation techniques for each project.

For the first time we positively identified the 2DEG signature in modulation
spectroscopy traces originating from the quantum transitions in modulation-doped
quantum wells with high electron sheet densities. A modulation spectroscopy lineshape
function for the intersubband transitions in a MDQW with 2DEG has been proposed.
This lineshape allows us to extract the Fermi level position relative to the electron
subband in addition to the intersubband transition energies and broadening, which in turn

yiclds the sheet clectron density present in the well channel.
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We have observed for the first time an optical feature in the CER spectra which

originates from the transitions occurring at the Fermi edge in an 100A-wide well width
sample at temperatures up to 152 K. At higher temperatures it evolves into a broad
background. The Fermi edge peak in modulation spectroscopy has less temperature
dependence than the k=0 intersubband transitions over the same temperature range.
This is due to the strong many-body effects on this feature. The Fermi edge feature can
not be fitted by the FD2DJDS lineshape based on one-electron model. The proper

lineshpae function is the subject of current research.

We have measured the Ge composition dependence of the E, and "E_'" (will be
defined later in this section) transition energies at 300K in a series of strained Si, ,Ge,/Si
layers (0<x<0.23) using photoreflectance. Auger profiling was employed for an
accurate evaluation of x in the near-surface region corresponding to the penetration depth
of the light (about 100 A). In our strained samples the energy of the E, peak is
essentially the same as in unstrained material, in agreement with deformation potential
theory. The "E;'" feature, which exhibits only a very weak variation with Ge content,
may also contain a strain-shifted E;+A, component. These results have enriched the
understanding of the properties of Si-rich strained thin SiGe alloy films grown on silicon

substrate.

We have investigated a number of short-period strained Si-Ge microstructures

fabricated on (001) Ge using PzR, PR and Schottky barrier electroreflectance (SBER)
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at 77K. In addition to bulk Ge these samples consisted of Ge quantum wells sandwiched

between ordered short-period strained Si-Ge superlattice regions. No evidence for
pseudodirect transitions in the Si-Ge SLs was found by any of the above measurements
although quantum transitions in the Ge QWs were observed in PzZR. The PR and SBER
spectra measured to date derive from the bulk-like Ge regions of the sample, in contrast

to previously published data on similar sampies.

We have also made an attempt to understand the Coulomb enhancement of critical
point transitions by considering the corresponding modulation spectroscopy lineshapes.
It has been shown from a theoretical point of view that the final state Coulomb
interaction between electrons and holes can produce profound modification in both the
first- and third-derivative Lorentzian lineshape for bulk materials. Preliminary PR, ER
and PzR data from Ge substrate agree with our theoretical results and it is the subject of

current investigation.
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