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Abstract

The material presented in this thesis concerns the growth and characteriza-
tion of Si-based electronic materials through the use of molecular beam epitaxy
(MBE). In particular, the Si;_,Ge_./Si and V;_,Si./Si material systems are stud-
ied because of their potential application in novel, heteroepitaxial device struc-
tures grown on crystalline Si substrates. Our work with the Si;_,Ge,/Si material
system involves a study of the kinetics of strain relaxation for coherently strained
Si;-.Ge, alloys grown on (100) Si at extremely low temperatures. In addition,
we measure the strain dependence of the (100) Si/Ge valence band offset through
the use of x-ray photoelectron spectroscopy (XPS). Further study of Si;_,Ge, al-
loys reveals a previously unreported (2 x 8) surface reconstruction, and for highly
metastable alloys, the occurrence of chemical segregation during growth. We also
report the successful nucleation and growth of superconducting V3Si on (111) Si,
the first step toward the realization of epitaxial superconductor/semiconductor
heterostructures. Finally, we make use of the knowledge gained in our prelimi-
nary studies and present the first electrical characterization of p-Si;_.Ge,/n-Si
heterojunction interband-tunnel (HIT) diodes, demonstrating an enhancement of
negative differential resistance (NDR) as a function of Ge concentration in the
p-type Si;_.Ge, layer.

In Chapter 2, we present a study of strain relaxation in metastable
Si;_.Ge,/Si superlattices and Si;_,Ge, alloys. The samples prepared for this
study are grown at unusually low growth temperatures (~ 365 °C) to thicknesses
significantly in excess of previously established critical thicknesses for growth at
higher temperatures. 6-20 x-ray diffraction (-2 XRD) is used to study the re-
laxation process as the samples are annealed in a sequence of isochronal anneal

steps. Significant relaxation is observed at anneal temperatures as low as 370 °C.
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In addition, we compare the relaxation behavior of Si;_.Ge_./Si superlattices and
Si;_2Ge, alloys designed to possess the same average properties and report that
the superlattices relax to a lesser extent than the corresponding alloys. Finally,
alloy relaxation is described as a thermally activated, first-order kinetic process
described by a single activation energy of approximately 2.0 eV.

In Chapter 3, the strain dependence of the (100) Si/Ge valence band offset
is measured through the use of XPS. Coherently strained Si, strained Ge, and
symmetrically strained Si/Ge superlattices are grown on relaxed Si;_,Ge, buffer
layers and transferred in ultrahigh vacuum (UHV) to the XPS chamber. Si 2p
and Ge 3d core level to valence-band edge, and core level to core-level energy sep-
arations are measured as a function of in-plane lattice c;)nstant. High resolution
x-ray diffraction (HRXRD) is used to measure the strain in these samples. For
the valence band offset, we measure 0.83 + 0.11 eV for Ge strained to {100) Si
and 0.22 4 0.13 €V for Si strained to (100) Ge.

High-quality, coherently strained Si;_,Ge, alloy layers are studied in Chap-
ter 4 using HRXRD and ez situ transmission electron diffraction (TEM). Several
samples are grown at extremely low temperatures (310 —330 °C) by MBE. Sample
thicknesses and alloy concentrations are chosen to span a range beginning just be-
low to significantly above critical thicknesses previously reported for this system.
HRXRD observations demonstrate a high degree of coherency in the as-grown
structures, since measurements of the lattice constant parallel to the sample sur-
face (a;) consistently yield the value for the (100) Si substrate. HRXRD from
(004) planes used to measure a, typically yield a spectrum with several peaks
for growths in excess of the critical thickness and single peaks for those below
the critical thickness. The high degree of coherency observed in these samples
suggests that chemical segregation is responsible for the observed x-ray peaks.

In Chapter 5, the surfaces of Si,_.Ge, alloys are studied using reflection high-
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energy electron diffraction (RHEED) and low-energy electron diffraction (LEED)
techniques. Si;_,Ge, films are grown on Si (100) substrates by MBE at temper-
atures between approximately 230 and 550 °C, with alloy compositions ranging
from ¢ = 0.11-0.30. RHEED and LEED patterns from samples within this com-
positional range and at temperatures between 350 °C and 550 °C exhibit the usual
Si-like (2 x 1) surface reconstruction patterns modified by the appearance of new,
n/8-order diffracted beams. The n/8-order beams are observed for both coher-
ently strained and unstrained films. Upon annealing and recooling, they appear
to degrade reversibly within the temperature range 600-700°C. The additional
fractional orders are interpreted as an 8-fold-periodic modulation in electron scat-
tering factor, which is due to spatial correlation (ordering) of Ge atoms along the
dimer chains of a (2 x 1) surface reconstruction. Possible physical origins of the
Ge ordering are discussed.

A study of the growth parameters governing the nucleation of metastable
superconducting A15 V3Si on Si and Al,Oj; is presented in Chapter 6. Nom-
inally, 500A films of V,_.Si, are produced through codeposition of V and Si
onto heated (111) Si and (1102) Al,O; substrates. Samples are prepared in a
custom-built UHV chamber containing dual e-beam evaporation sources and a
high-temperature substrate heater. V and Si fluxes are adjusted to result in
the desired average film composition. Vg 7551095 films prepared at temperatures
in excess of 550°C on Si show significant reaction with the substrate and are
nonsuperconducting, while similar films grown on Al,O3 exhibit superconducting
transition temperatures (T,) approaching bulk values for V3Si (16.6 — 17.1K).
Codeposition at temperatures between 350 and 550 °C results in superconducting
films on Si substrates, while growth at lower temperatures results in nonsuper-
conducting films. Lowering the growth temperature to 400 °C is shown through

ez situ TEM and Auger compositional profiling to minimize the reaction with
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the Si substrate while still activating the surface-migration processes needed to
nucleate 415 V3Si. Variation of film composition about # = 0.25 is shown to
result in nonsuperconducting films for high = and superconducting films with T,
approaching the bulk V value (5.4K) for low z. Finally, lowering the Vg 7551925
deposition rate is shown to raise 7.

In Chapter 7, we present an electrical characterization of the first
p-Si;_.Ge,/n-Si HIT diodes. Equilibrium band-bending calculations are used
to predict qualitatively an enhancement of NDR as a function of Ge concentra-
tion in the Si;_;Ge, alloy layers. Experimentally, measurements of I-V curves
from HIT diodes compared with a Siinterband-tunnel diode confirm the enhance-
ment effect. Finally, differentiation of the current-voltage relationship through
the use of inelastic electron tunnelling spectroscopy (IETS) reveals previously un-

observed phonon peaks in the HIT diodes. The possible origin of these features

is discussed.
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Chapter 1

Introduction

1.1 Introduction to Thesis

The work presented in this thesis primarily addresses issues pertaining to the
growth and characterization of Si-based electronic materials prepared through
the use of molecular beam epitaxy (MBE). Our effort is motivated by the belief
that future processing technology will be able to integrate many different types
of electronic devices on a single chip of semiconducting material. Realization
of this goal requires the development of materials and processing technologies
resulting in high-quality device structures, free from defects and performance-
destroying impurities. Since typical MBE growth temperatures are much lower
than conventional, chemical vapor deposition (CVD) techniques, high-quality de-
vice structures with monolayer abruptness can be fabricated. The best candidate
for substrate material currently appears to be Si, since Si substrates are relatively
inexpensive to manufacture, generally can be made defect-free, and are available
in n- or p-type with resistivities varying from intrinsic to degenerate. For these
reasons, we have preferred to investigate material systems suitable for integra-

tion with existing Si-device technologies. In particular, we have focused upon the



Si;_.Ge,/Si and V;__Si,/Si material systems.

To introduce the work presented in this thesis, Chapter 1 has been organized
as follows. Most of the chapter has been dedicated to providing a strong tech-
nical base for many of the ideas presented in later chapters. Section 1.2 gives
an overview of the fundamental concepts necessary for understanding the MBE
growth technique. Attention is given to describing a typical Si MBE growth cham-
ber, sample preparation, in situ characterization techniques, and doping. Section
1.3 introduces the concepts of strain and critical thickness as they apply to growth
of thin layers on crystalline substrates. Several theories of critical thickness are
discussed and Si;_,Ge,/Si is offered as the model, strained-layer material system.
In addition, the measurement of strain through the use of high-resolution x-ray
diffraction (HRXRD) and 6-26 x-ray diffraction (8-26 XRD) is described. Section
1.4 discusses the use of x-ray photoelectron spectroscopy (XPS) for measuring
valence band offsets in strained semiconductor systems. Section 1.5 introduces
several electrical techniques used to characterize p-Si;_.Ge,/n-Si heterojunction
interband-tunnel (HIT) diodes including 2, 3, and 4-point I-V measurements and
inelastic electron tunnelling spectroscopy (IETS). Finally, presented in Section

1.6 is an overview of the remaining chapters of the thesis.

1.2 Fundamentals of S1i MBE

1.2.1 The Si MBE Growth Chamber

The term molecular beam epitaxy* typically refers to the technique of de-

positing a flux of atoms or molecules onto a heated crystalline substrate under

*Strictly speaking, epitaxy usually refers to the growth of crystalline material oriented pref-

erentially on a crystalline substrate.



ultrahigh-vacuum (UHV) conditions. Achieving and maintaining UHV is essen-
tial for producing high-quality thin films. Commercial UHV systems employ
stainless steel chambers and generally contain parts fabricated from refractory
metals and “UHV compatible” ceramics (copper is also a common material).
UHV-compatible parts are degreased ez sifu, and contain insignificant quantities
of absorbed gases. Current vacuum technology is capable of producing pressures
on the order of 5 x 107! Torr through the use of ion pumps, cryopumps, and Ti
sublimators.

All of the samples studied in this thesis were grown in vacuum systems specifi-
cally designed for Si epitaxy. Two independent systems were employed here. One
is a custom-built, Si-silicide deposition chamber capable of simultaneous evapo-
ration of two elements from a Thermionics, dual e-beam source. Examples of
elements which we have coevaporated with Si in this system are Co, Ni, Ge, and
V. A tungsten heating element is used to radiatively heat a 2 inch substrate to
temperatures exceeding 850 °C. Typical growth temperatures for Si homoepitaxy
range from 300 to 700 °C. Several LN, cryopanels and H,O cooling shrouds pro-
tect the walls of the chamber from excessive heat load from the e-beam source
and the substrate heater; otherwise, outgassing of heated parts would introduce
contaminants into the vacuum and ultimately, onto the substrate. Also included
in the system is a quadrupole mass analyzer used to analyze residual gases in
the vacuum. Finally, a Princeton Instruments reverse view LEED (low-energy
electron diffraction) optical system is mounted on a 6 inch flange to the side of
the substrate heater for in situ surface analysis. A more detailed description of
the Si-silicide MBE chamber is described elsewhere.[1]

Most of the Si;_.Ge./Si samples prepared for this thesis were grown in a
Perkin-Elmer (Model 430S) Si MBE system. A schematic of the system is shown

in Fig. 1.1. The Perkin-Elmer system holds several important advantages over the
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Figure 1.1: Schematic of the Perkin-Elmer (Model 430S) Si MBE system. Visible
in the figure is a dual, e-beam evaporator for Si and Ge evaporation, a cathodolu-
minescent flux sensor, a graphite filament substrate heater for radiative heating of
the substrate, several effusion cells for doping, a residual gas analyzer (RGA) and
a pumping system consisting of a 2000 1/s ion pump, a model CT-8 cryopump,

and a titanium sublimation pump.



Si-silicide chamber. For example, the dual e-beam source can be loaded with more
than 40 cc of material, compared with only 2 cc for each crucible in the Si-silicide
chamber. As a result, the vacuum chamber does not need to be vented as often.
Also, the e-beam flux is monitored with a cathodoluminescent flux sensor (Inficon,
Sentinel III), allowing deposition rates to be controlled down to 0.01 A/ s. In
addition, the substrate heater uses a serpentine, graphite heating element which
gives excellent temperature uniformity across the substrate while minimizing any
chance of metallic contamination. In contrast to the Si-silicide system, the Perkin-
Elmer Si MBE machine uses reflection high-energy electron diffraction (RHEED)
for in situ surface analysis. Both RHEED and LEED analysis techniques will be
discussed further in Section 1.2.3. In addition, a residual gas analyzer (RGA)
identical to the one used in the Si-silicide chamber is included in the system for

leak-testing and characterization of the UHV environment.

1.2.2 Swubstrate Preparation

The preparation of a clean Si starting surface is just as important to successful
growth as maintaining the sample in UHV. For instance, carbon contamination
is known to produce deep levels,[2] and particulates contribute significantly to
defect formation and po‘or crystalline quality.[3] Most cleaning procedures be-
gin with an HF etch to remove SiO,, followed by the growth of a “clean” oxide
using one of several chemical oxidation procedures. For example, Ishizaka and
Shiraki[4] refined the standard RCA[5] cleaning procedure for Si to include re-
peated oxidation in hot HNO3:H,0 and oxide removal in HF:H,O. A final passi-
vating oxide is grown in HCL:H,0,:H,0 (3:1:1) prior to loading into the growth
chamber. Once inside the growth chamber, thermal cleaning procedures can be

employed to remove the passivating oxide. These procedures purport to reduce



carbon contamination by trapping it in the oxide layers and subsequently elim-
inating it once the oxide is removed.[6] Some workers,[7] however, suspect that
contamination may increase during the course of these chemical procedures and
that cleaner samples would result simply by etching the oxide in dilute HF prior
to in situ cleaning.

The procedure we have developed is based upon the latter suspicion. (100)
Si substrates are first degreased at 50 °C in (1,1,1) trichloroethane, acetone, and
methanol solvents. After degreasing, the substrates are rinsed in de-ionized water
and etched in a 50% HF solution to remove any native oxide. Once the oxide layer
is removed, the substrate is rinsed again in de-ionized water and removed slowly,
eliminating the need for blow-drying since the bare Si surface is hydrophobic.
We suspect that through elimination of the blow-drying step, we can reduce the
amount of particulates needlessly introduced onto the surface of the substrates.
Immediately after these ez situ cleaning procedures are completed, the substrates
are loaded into the MBE growth chamber.

Once inside the growth chamber, Si0O, can be desorbed through a variety of
techniques. Following the original work of Streit and Allen,[8] we apply a 0.1A/s
Si flux to the substrate held at a temperature of approximately 850 °C. A slightly
higher temperature is needed for (111) Si substrates. At this temperature, Si0,
is reduced by the incident Si flux and forms SiO, which immediately leaves the
surface. After approximately two minutes, a (2 x 1) surface reconstruction is
observed with RHEED,[9, 10| and the Si flux is removed. Owur experience has
proven that it is imperative to shut off the Si flux immediately after the (2 x 1)
reconstruction appears, since further deposition of Si at these temperatures has
resulted in hazy surfaces. Furthermore, the Si flux must be low; otherwise Si will
build up on the oxide faster than it is removed, again resulting in poor surface

morphology. Once the oxide has been removed, we typically grow a Si buffer



layer as the substrate temperature is ramped down from 700 °C to 500 °C. In this

way, clean, (2 x 1)-reconstructed Si surfaces can be produced rather routinely.

1.2.3 In situ Characterization Techniques

Through the use of reflection high-energy electron diffration (RHEED) and
low-energy electron diffraction (LEED) techniques, sample surfaces can be char-
acterized tn situ. In this section, the experimental setup and the interpretation
of LEED and RHEED diffraction patterns are discussed. In RHEED, a high-
energy electron beam with typical energies of 10 — 40 keV is diffracted at glanc-
ing incidence off the sample surface and across the growth chamber where it
produces a pattern on a phosphor screen (see Fig. 1.2). RHEED patterns from
flat, crystalline surfaces show sharp streaks (zeroth-order Laue zone) and spotted
rings (higher-order Laue zones) centered about a specular spot produced from
reflection. Patterns from different azimuths produce different patterns; there-
fore, the sample must be rotated to determine surface symmetries. The origins
of the pattern will be discussed later. In the Perkin-Elmer system, we can use
RHEED to monitor the sample surface during growth, although in practice this
is difficult since interaction of the RHEED beam with the fields produced in the
e-beam sources causes the pattern to appear fuzzy. Still, the technique allows us
to monitor surface periodicities and to verify surface cleanliness. For example,
clean (100) and (111) Si surfaces are well known to exhibit (2 x 1) and (7 x 7)
superstructures,[11] respectively, in their diffraction patterns.

On the Si-silicide chamber, we have mounted a Princeton Instruments (Model
RVL-6-120), reverse-view LEED optical system. A schematic diagram describing
the technique is presented in Fig. 1.3. With LEED, a 30-100 eV electron beam

is incident normally to the sample surface. Elastically scattered electrons are
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Figure 1.2: RHEED configuration in the Perkin-Elmer (Model 430S) Si MBE
system. A 10 keV electron beam is incident at glancing angle on the surface of the
sample. Diffracted beams strike a phosphor screen positioned on the opposite side
of the chamber to the electron gun. The resulting pattern can be used to identify

surface symmetries and otherwise provide in situ sample characterization.
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Figure 1.3: LEED configuration in the Si-silicide MBE system. A 30-100 eV
electron beam is incident normally to the substrate surface. Elastically scattered
electrons are accelerated into a phosphor screen and produce a pattern. Surface
symmetries can be readily determined from the patterns. Unfortunately, the

geometry of the reverse-view technique does not allow simultaneous deposition

and characterization like RHEED.
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selected and accelerated into a phosphor screen located around the snout of the
electron gun. Since the beam energy in LEED is so low, considerable care is taken
to shield the optics from stray magnetic fields. In contrast with RHEED, LEED
patterns from clean, crystalline surfaces show sharp spots. Although simulta-
neous deposition and characterization are not possible with reverse-view LEED,
surface symmetries are readily determined without rotation of the sample, as
required by RHEED.

Although a detailed theoretical analysis of RHEED and LEED patterns is
beyond the scope of this thesis, a summary of the most important ideas is pre-
sented here. For a more complete treatment of the theory of electron diffraction,
the reader is encouraged to refer to Refs. [12] and [13]. Following Ashcroft and
Mermin,[14] we define k such that

k = kou — kin (1.1)
where ko and ki, are the wave vectors of the incoming and outgoing electrons,
respectively. The diffraction condition for elastically scattered electrons requires
that IEI must be equal to a reciprocal lattice vector, G. Suppose we draw the
vector kin properly oriented in reciprocal space, locating its tail at the origin.
Now, the intersection of the reciprocal lattice with a sphere centered about the
tip of I:,',, of radius |l:;,,l satisfies the diffraction condition. This construction is
due to Ewald.[14]

To understand the origins of RHEED and LEED patterns, remember that
since these techniques are extremely surface-sensitive, the reciprocal lattice is
the three-dimensional extension of the two-dimensional surface, reciprocal lat-
tice. As a result, the reciprocal lattice must be thought of as a two-dimensional
array of rods. In RHEED, since the electrons are incident on the sample at

glancing angle, the intersection of the reciprocal lattice with the Ewald Sphere
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produces a streaked pattern. Variations in intensity along a particular streak
yield information on the planarity of the surface. For instance, rough surfaces
have spotty RHEED patterns. In LEED, the Ewald Sphere intersects reciprocal
space perpendicular to the elongated rods of the reciprocal lattice. For this rea-

son, LEED produces patterns of spots from which considerable information can

be obtained.[15]

1.2.4 Doping

Unfortunately, doping with Si MBE is a significant problem. If the substrate
temperature, Tj, is above a critical value dependent on the Si growth rate, doping
can be adequately described by first-order kinetic theory. Following Allen and
Kasper,[16] the rate of change of the dopant surface concentration is governed by
the equation

dNp

—Et— =FD—K,1ND—K"ND, (12)

where Fp is the incoming doping flux and K, and K; are coefficients describing

desorption and incorporation of the dopant. If we define the sticking coefficient,

S, by

K:
S = : 1.3
K;+ K4 (1.3)
and the residence time, 7, by
T = (I{l —+ Kd)~1, (14)

then the steady-state dopant concentration in the growing crystal, Npyp, is given
in terms of the Si flux, Fs;, and the number density of atoms in the crystal, Ny,
by the equation

Nowte = S——No. (1.5)
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If the dopant flux is shuttered off, Eq. 1.2 becomes

dNp _ Np
a T (16)

and Np(t) decays exponentially at a rate proportional to e~%. Therefore, to
produce sharp profiles with high dopant densities, we need to keep S high and 7
low. Unfortunately, residence times for the typical n-type Si dopants (Ga and Sb)
are too long and sticking coeflicients are too low to produce the desired profiles.
Doping a semiconductor p-type with elemental boron apparently does not suffer
from these problems, as recent results have demonstrated 100% activation for
doping levels up to 2 x 102°cm™2 with a profile abruptness of 20 A /decade.[17]

Fortunately, several approaches have been at least partially successful in cir-
cumventing the problems with n-type doping. One approach is based upon the
hope that the equilibrium state can be quickly reached, once growth of a new
layer begins.[18] When switching to an n-type layer, a predeposit of dopant is
applied prior to opening the Si shutter. Determination of the amount of surface
concentration necessary to result immediately in steady-state growth is difficult
since the amount is strongly dependent on growth temperature, growth rate, and
desired doping concentration. When growth of the n-type layer is complete, both
dopant and Si flux are interrupted and the temperature of the sample is taken
high enough to “flash off” the dopant remaining on the surface. Then, the growth
temperature is reduced and the next layer can begin. From a practical point of
view, this technique does not allow complicated structures to be grown since each
n-type layer would take approximatedly 20 min just to predeposit and flash off
the dopant.

Recently several authors have reported success with n-type doping at low
growth temperatures.[19, 20] Segregation of dopants to the growth surface is sup-

pressed at low temperatures since atoms cannot diffuse a great distance before the
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next monolayer of Si is deposited. Unfortunately, low-temperature growth also
inhibits the crystallization of Si, producing defective material. As a result, crystal
quality is sacrificed at the expense of hyperabrupt doping profiles. Nonetheless,
useful devices can still be fabricated.[21]

Lastly, high doping levels and abrupt profiles have been demonstrated through
the use of low-energy ion implantation (I* MBE). For example, Houghton
et al.[22] have reported 100% activation of As, implanted as As* in Si at en-
ergies between 500 and 1000 keV with doping levels as high as 10°cm~ and
profile abruptness near 100 A/decade. The technique avoids problems associ-
ated with segregation since the dopants are implanted a few monolayers into the
growing film. At high doping levels, some crystal damage may occur, requiring
a high-temperature anneal to restore crystalline quality. Although the technique
appears promising, the necessary equipment is expensive and must be made more

reliable before it comes into widespread use.[23]

1.3 Strain and the Concept of Critical Thick-

ness

1.3.1 Theories of Critical Thickness

Through the use of MBE, strained epitaxial structures consisting of lattice
mismatched materials can be grown. If the lattice constant parallel to the surface
of the epitaxial film (@) is equal to that of the substrate, the growth is said to be
commensurate, and the interface between the film and the substrate is described
as coherent. This behavior has been observed for the GaAs, . P,/GaAs,[24]-
[27] Siy_.Ge,/Si,[28, 29] and In.Ga;_,As/GaAs[27] strained-layer systems. Be-

cause of the increasing importance of Si-based devices and the relatively well-
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understood nature of Si-based chemistry, the Si;_,Ge,/Si strained-layer mate-
rial system has recently emerged as the model system for studying relaxation
behavior.[30]-[32] For Si;_,Ge, alloys on Si, the mismatch varies roughly linearly
with Ge concentration up to 4.18%. In Fig. 1.4, schematic diagrams depicting
the structural effect upon the crystalline lattice of SigsGeos coherently strained
to an infinitely thick (100) Si substrate and a relaxed Ge film on an identical sub-
strate are presented. The unit cell of the Sig 5Geg 5 layer is compressed biaxially
so that the lattice constant parallel to the interface, ay, has decreased, relative
to its relaxed value, and takes on the value of the substrate. Conversely, the lat-
tice constant perpendicular to the interface, a,, increases, relative to its relaxed
value producing a tetragonal distortion of the unit cell. Therefore, measurement
of a; and a, reveals information about the nature of the strain distribution in the
epilayer. An introduction to the measurement of a; and a, from <100>-oriented
films on (100) substrates is presented in Section 1.3.2.

Previous studies of commensurate growth of a crystalline film on a lattice
mismatched substrate have led to the concept of a “critical thickness,” with
critical thickness being loosely defined as the thickness where strain relaxation
by dislocation formation becomes dramatically accelerated. In practice, however,
the process of relaxation in these structures depends upon a large number of
parameters, resulting in a variety of relaxation behaviors varying from very abrupt

“to quite gradual transitions. Initial theories of critical thickness were evaluated
on the basis of simple energy considerations and assumed that the as-grown
structure would relax to the thermal equilibrium state. Ideally, the relaxed film
would contain a concentration of misfit dislocations dependent upon the lattice
mismatch between the film and the substrate. Van der Merwe[33] bases his
theory upon the idea that the areal strain energy of a strained epitaxial layer

will increase until it becomes energetically favorable for the film to relax. As a
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Strain in the Si,. Ge,/Si System

lattice mismatch f=4.18 %

o Si

coherently strained o Ge

Si, ;Ge, 5 on (100) Si substrate

relaxed

pure Ge on (100) Si
h>h,

Figure 1.4: (a) Schematic diagram showing the tetragonal distortion resulting
from commensurate growth of Sip5Geo s on an infinitely thick (100) Si substrate.
The epilayer is said to be coherently strained. (b) Situation for a Ge film grown
on (100) Si to a thickness A > h.. Two misfit dislocations are present in the

figure and contribute to strain relaxation.
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function of thickness, h, the expression for the areal strain energy based upon

continuum elastic theory is given by[34, 35]

Es =2G (1 + ”) Fh. (1.7)

1—v

In this equation, f is the mismatch, G is the shear modulus, and v is Poisson’s
ratio. The areal energy associated with a relaxed film containing strain-relieving

dislocations is given in terms of the energy per unit length of a misfit dislocation,*

GV (1 —vcos?f ph
m= o (7 Ju (%) (18)
by :
2f
Ep = (r—g—;) Ea. (1.9)

The variable p is actually a constant of integration and is generally taken to be
4.[34] If we equate the expressions in Eqs. 1.7 and 1.9, the critical thickness is
given implicitly by

p b1—vcos’f) (Pha) . (1.10)

- 4mhei(1 + v)sin B cosy b

A slightly different approach was employed by Matthews and Blakeslee.[36]
This theory assumes that grown-in threading dislocations already exist in the
epitaxial layer, and if the tension on a dislocation line is greater than the force
exerted on the line by misfit stress, then the threading arm will propagate and
the misfit dislocation line will extend, causing relaxation. The thickness at which

this occurs is equated with the critical thickness. The expression[30]

) b))

*The parameters b, 3, and y describe the magnitude of the Burger’s vector, the angle between

the Burger’s vector and the dislocation line, and the angle between the interface and the plane

in which the dislocation moves (the glide plane), respectively.
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is obtained under these assumptions and results in critical thicknesses approxi-
mately equal to those of Van der Merwe[33] (ko = h.3).

Unfortunately, neither of these theories adequately describes observed critical
thicknesses. To account for this discrepancy, a third theory was proposed by
People and Bean.[30] In their theory, the film is initially assumed to be free of
threading dislocations. Interfacial misfit dislocations are “spontaneously” gener-
ated when the areal strain-energy density exceeds the self-energy of an isolated
dislocation. Values for the critical thickness were calculated for both screw and
edge-type dislocations. Assuming a value for Poisson’s ratio, v ~ 0.3, and the

magnitude of the Burger’s vector, b ~ 4 A, People and Bean derive

1.9 x 1024 hes
SR (EESCLANE) 012

for screw dislocations. For comparison, Eqs. 1.10, 1.11, and 1.12 are plotted

in Fig. 1.5 against experimental results for Si;_,Ge, on Si(100).[37] The values
for the parameters b = 3.84A, 8 = 60°, v = 35.3°, and v = 0.3 were chosen
for edge-type dislocations in Si.[34] Although the theory of People and Bean
appears successful, it does not account for the mechanism that generates these

strain-relieving dislocations. Even today, the point is still a controversial matter.

1.3.2 Measuring Strain with X-ray Diffraction

We have used high-resolution x-ray diffraction (HRXRD) and 6-20 x-ray
diffraction (6-20 XRD) to measure a, and g, in Si;_.Ge, alloys and superlattices
strained to (100) Si in order to determine strain distributions in the epilayers.
The measurements are straightforward for <100>-oriented cubic crystals. As in-
dicated previously, biaxial stress arising from the requirement that atoms in the
epilayer must be in registry with the substrate forces a tetragonal distortion on

the cubic unit cell. As a result, for Bragg planes at an angle to the surface, both
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Figure 1.5: Plot of critical thickness as a function of Ge concentration according

to several theoretical models. Early models attributed to Van der Merwe[33} and

Matthews and Blakeslee[36] were based on equilibrium arguments and severely

understated observed critical thicknesses. The more recent model of People and

Bean([30] agrees well with experiment but has questionable physical basis.
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the spacing between planes, d, and the angle with respect to the surface of these
planes, ¢, will differ from their corresponding values in the substrate. In practice,

d is determined by Bragg’s Law
2dsind = nA, (1.13)

where A is the x-ray wavelength and 6 is the angle of incidence measured with
respect to the diffracting planes. Two angular measurements are required from
which the two lattice constants can be calculated.

The reciprocal lattice vector, @, corresponding to (hkl) planes in <100>-

oriented crystals is given by

G=2r [—h—iz+£1}+—l—i]. (1.14)

a, ay ay

Since the interplanar spacing is given by %’-, it can be expressed through the use

of Eq. 1.14 in terms of ¢y and a, by

aa 1
d=—2t ) 1.15
h\/k2+l2\/(a,)2+ ay? (1.15)
h k312

As indicated earlier, the diffracting plane (hkl) makes an angle, ¢, with respect
to the surface. Now, consider the projection of G on the surface. Since G is
perpendicular to the diffracting plane, the angle between G and its projection
onto the surface, 13, 1s exactly ¢. From the dot product, P. é, expressions for

sin @ and cos ¢ can be easily derived in terms of a,, ay, and d. First, Pis given

by

e k ~ l ~
P =2rx [—k-}——-l] . (1.16)
@y a
In terms of the dot product, sin ¢ can be written as
P.G
sing = —=——=. 1.17
*= 1Tl o
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Also,
.. R
P.G=(2n) [ i l (1.18)
ay
and
o 27)2Vk? 4 12
15| |g| = VBT E (1.19)
a"d
Substitution of Eqs. 1.18 and 1.19 into Eq. 1.17 yields
dvk? + 12
sing = Y T (1.20)
a)
and
cos ¢ = ill (1.21)
a,

From these equations and Bragg’'s Law, a, and @, are derived in terms of ¢ and

6, the two unknowns:

Ah
= 2sin 4 cos ¢ (1.22)
AVEk? + 12 (1.23)

ay = m

Since there are two unknowns, two measurements are needed to determine a,
and a; uniquely. Let a and B equal 6 + ¢ and 6 — ¢, respectively. In practice,
a diffracting plane is chosen (typically (422) or (440) in Si;_.Ge,) and the two
quantities, a and 3, are measured for the epilayer with respect to the substrate.

In the so-called forward-scattering geometry, one measures
Aa = asuB — QEPI (1.24)

and in the reverse geometry,

AB = Bsus — Bepr. (1.25)

A diagram elucidating the two geometries is shown in Fig. 1.6. Once Aa and

AP have been measured, § and ¢ can be calculated from

Aa + A

. (1.26)

GEPI = BSUB -
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Scattering Geometries for
Asymmetric HRXRD

forward
scattering geometry

A

measure (esmﬁ" (psm;) -(eEPl + Qepr )
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Figure 1.6: Forward and reverse scattering geometries for asymmetric measure-
ments of a, and a; through the use of high-resolution x-ray diffraction (HRXRD).
In the forward (reverse)-scattering geometry, the difference of the angle 8 + ¢
(6 — ¢) between the substrate (SUB) and the epilayer (EPI) is measured. From

these data, fgpr and @gpr can be calculated from the known values of syp and

¢SUB .
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and
Aa - AB

> (1.27)

$up1 = dsun —
Finally, a, and ay are obtained using Eqs. 1.22 and 1.23. a, can also be measured
using the symmetric (400) Bragg reflection. In this case, ¢ = 0 and the epilayer
must be assumed to be coherently strained (i.e., ay = ao); therefore, fsyp — gp1
is directly measured and a, can be calculated from Bragg’s Law.

Actual measurements of angles in the two techniques differ considerably and
should be addressed. In HRXRD, a detector is placed near the expected angle
(with respect to the incident beam) for the n = 1 Bragg reflection from the
substrate, and the sample is rotated through the correct Bragg condition. Both
symmetric and asymmetric measurements can be made with this technique. For
the case of -20 XRD, the incident beam remains fixed, while the sample rotates
at § and the detector scans at 26. In principle, 6-20 XRD can be used to per-
form both symmetric and asymmetric measurements; however, for the samples
we studied, accurate measurements of the lattice constants required the higher
resolution of the HRXRD technique. The geometry for symmetric -2 XRD is

shown in Fig. 1.7.

1.4 Determining Band Offsets by XPS

In Chapter 3, we measure the strain dependence of the (100) Si/Ge valence
band offset using x-ray photoelectron spectroscopy (XPS), otherwise known as
electron spectroscopy for chemical analysis (ESCA). Samples are irradiated in
UHV with a monoenergetic beam of Al K, x-rays (hv = 1486.6 eV) to induce
electron emission from the first few tens of Angstroms into the surface (see Fig.
1.8(b)). The emitted electrons are subsequently analyzed with an electron spec-

trometer to measure their kinetic energies. Our present capabilities allow UHV
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Geometry for Symmetric
6-20 XRD

¥

sample rotated at 9
detector scanned at 26

A = Og,y 9., is measured directly

Figure 1.7: Scattering geometry for 6-26 x-ray diffraction (8-26 XRD). The sub-
strate is rotated at § while the detector is scanned at 2. The difference in
scattering angle between the substrate and the epilayer is measured directly, im-

mediately giving fgp; if fsyp is known.
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transfer of samples grown in one of three MBE growth chambers. As a result,
atomically smooth semiconductor heterojunctions, free from atmospheric con-
tamination, can be studied in situ.

The kinetic energies of emitted electrons depend upon the binding energy of

the electron state from which they were scattered according to the equation[38]
Ekinetic = hv — Ebind.ing - ¢a, (128)

where ¢, is defined as the spectrometer work function. A spectrum obtained
by plotting counts as a function of binding energy can be compared to standard
spectra[38) for each of the elements of the periodic table, allowing the constituents
of the surface to be identified. In addition, surface states can be identified from
any shifts in the bindiﬁg energies of the atomic core levels. Finally, for semi-
conductor materials, the valence-band edge can be determined through a careful
analysis of electrons with binding energies near the band-gap energy.*

In practice, the valence-band edge must be measured with respect to a core
level since the spectrometer work function is not well known. Fig. 1.8(a) diagrams
the relative positions of the valence-band edges and core levels for a heterojunc-
tion between two semiconductors, A and B. If the samples are lattice-matched, a
single thin sample of material A on B or material B on A would suffice, and the
valence band offset could be determined from a single scan. Since most of the
semiconductor heterojunctions in which we are interested are lattice-mismatched,
any measurement of the valence band offset must consider strain effects on the
core levels. In practice, the offset is measured as a function of strain, requiring
a large number of samples to be grown. Fig. 1.8(c) summarizes the sample set

needed for this measurement.

*In general, the binding energy of an electron emitted from the top of the valence band

would roughly equal the Fermi energy measured with respect to the valence-band edge.
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Measuring Band Offsets with XPS

(for semiconductors A and B with lattice mismatch f)

(a) Band Alignments (b) Experimental Technique
E: hv e"
E, %1%% /
Econs EPI
E:ou—— SUB
A B

(c) Required Sample Set

I. Strained A on A-rich A, B_buffers
Measure E.,.- E}

v

I1. Strained B on B-rich A, B, buffers
Measure E;

B
'CORE * Ev

III. Strain-symmetrized A/B superlattices on A, B,
buffers
Measure El;- Ecome

AE, = (E:on' E:) + (E:ou‘ E:on) - (E:ou g E:)

Figure 1.8: (a) Valence-band and core-level alignments at a heterojunction be-
tween semiconductors A and B. (b) Experimental technique of x-ray photoelec-
tron spectroscopy (XPS). Incident x-rays of energy hv scatter electrons from the
epilayer and into a spectrometer which measures their kinetic energy. (c) For
heterojunctions between two lattice-mismatched semiconductors, three sets of
samples are needed to consider strain effects on the band structures properly.

From the data, the valence band offset, AE,, can be calculated.
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First, thin (b < h.) films of material A are grown coherently strained to un-
strained, A-rich, A;__ B, substrates (or relaxed buffer layers). From these sam-
ples, the strain dependence of the energy of a core level is measured with respect
to the valence-band edge in material A (E&qgg — E2). Similarly, E8opg — EB is
determined as a function of strain from samples of material B grown coherently
strained to B-rich, A;__B, substrates. The strain distribution in each of the
samples is determined through HRXRD, using techniques previously discussed
in Section 1.3 Finally, strain-symmetrized A/B superlattices grown on A;__.B,
substrates are used to determine the strain dependence of the energy separation
between the core levels of the two constituent materials. The top layer of the su-
perlattice is chosen to be thinner than the electron-escape depth so that electrons
emitted from both materials can be analyzed simultaneously. The total thick-
ness of the superlattice is chosen to be several thousand Angstroms to facilitate
strain measurements by HRXRD. With this technique, the valence band offset

as a function of strain is calculated from

AE, = (E&opg — E2) + (Edopg — EGorg) — (Eéors — E}). (1.29)

1.5 Characterization of Electronic Devices

Two-terminal devices consisting of mesa structures fabricated from some of
the samples grown for this thesis were studied to determine their electrical prop-

%-V inelastic electron tunnelling spectra (IETS)

erties. DC I-V curves and
were obtained for the structures studied in Chapter 7. Presented here is an intro-

duction to these measurements. Emphasis is placed on describing the techniques.
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1.5.1 -V Measurements

The DC I-V measurement is a useful characterization of two-terminal elec-
tronic devices. For instance, the quality of a p-n junction can be characterized
through a study of the breakdown voltage and the reverse-bias, leakage current
obtained from the /-V curves.[39] Our /-V measurements were performed with
a Hewlett Packard (Model 4145) parametric analyzer. The unit contains four
stimulus/measurement units (SMUs), two voltage sources, and two voltage mon-
itors. The SMUs are capable of simultaneously sourcing and sensing currents and
voltages of £100 mA or +100 V up to a maximum power of 2 Watts. In addition,
the data can be stored digitally and analyzed later with a computer.

I-V curves from two-terminal devices are typically measured through the use
of the 2, 3, and 4-point contacting schemes outlined in Fig. 1.9. A thin metallic
layer (usually Au or Au/Ge alloy) is evaporated onto the sample and mesa struc-
tures are fabricated using standard photolithograpic techniques and wet chemical
etching (see Section 7.3.2). In the 2-point measurement (Fig. 1.9(a)), two con-
tacts are used. The sample is secured on an 8-pin header with silver paint to
contact the backside. Then, a thin (25 gm) Al wire is bonded between the de-
vice and a post, making contact with the top of the device. For the 2-point
measurement to be accurate, the device resistance must be much larger than the
total series resistance of the circuit; otherwise, the measured voltage drop will
reflect these additional resistances. In the 3-point measurement (Fig. 1.9(b)),
contact to a second device eliminates any series resistance that is due to the sub-
strate, since the voltage across the active device can be measured with respect to
the second device. Finally, in the 4-point measurement, a second contact (Fig.
1.9(c)) added to the active device eliminates any series resistance between the

device and the voltage or current source. We found significant effects that were



28

due to series resistances in our devices could be minimized through the use of the

4-point contacting scheme.

1.5.2 Inelastic Electron Tunnelling Spectroscopy

Features visible in the I-V curves of tunnelling devices can be enhanced
through the process of taking derivatives. Unfortunately, numerical differenti-
ation of the /-V curves also enhances noise, which tends to be relatively high
in DC measurements. One solution to this problem is to use modulation tech-
niques. Following Ref. [40], a small AC voltage, v, sinwt, superimposed on a
DC voltage, Vo, is applied across a device having a nonlinear current-voltage
characteristic given by I(V). Expanding into a Taylor series, the current, I(t),

becomes

dl 142

I(t) = I(Vo) + 2 (%)vu, sinwt + = 3 de(Vo)v sin® wt + - (1.30)

From Eq. 1.30, the amplitude of the current at the fundamental frequency is just
dl

from which %I; at Vo can be obtained. By expanding the sin’wt in Eq. 1.30, we
can see that the amplitude of the second harmonic contribution to the current is
given by

1d%1

- Zd_Vz(Vo)v:' (1.32)

In practice, however, it is not possible to apply a pure frequency to the sample.
As a result, the Fourier spectrum of the voltage actually applied may contain
components at frequencies w, 2w, 3w, etc. Therefore, the total contribution to
the amplitude of the current at frequency 2w is the sum of the second harmonic

contribution from v, and the first harmonic contribution from v,

1d*1 , dI
w = Y + A (1.33)
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Contacting Schemes
For I-V Measurements

(a) 2-point (b) 3-point
v A \/
SUBSTRATE SUBSTRATE
Vm VSUB
Measure V-V, I Measure V- Ve, I

(c) 4-point

VD!V
A Vaer
Measure V., Vg, I } ﬁ/

Eliminates series resistances

SUBSTRATE

IJ

Veus

Figure 1.9: (a) Contacting scheme for the 2-point I-V measurement. The 2-point
measurement should be used only if the device resistance is large compared to
any series resistances. (b) The substrate series resistance can be eliminated if a
second device is contacted and the voltage is measured with respect to this device.
(c) A fourth contact can be used to eliminate any series resistances between the

device and the current or voltage source.
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Since v, is also being applied across the linear elements in the circuit, which are
in parallel with the device,
Vaw
Ly = ——;—, (1.34)

where Z is the impedance of the rest of the circuit. Finally, the circuit is tuned

so that at 2w, Z becomes infinite and the amplitude of the signal becomes

14V &I ,
Vow = Zﬁmvw. (1.35)

If g{,— does not vary significantly over the range of voltages observed, then we can
obtain j"% from a measurement of vy, using Eq. 1.35, since we know v,,. In this

way, we were able to obtain the second derivative spectra presented in Chapter

7.

1.6 Owutline of Thesis

The remainder of the thesis is organized as follows. In Chapter 2, Si;_,Ge,
alloys and Si;_,Ge,/Si superlattices, grown at extremely low temperatures (=
365°C) and coherently strained to (100) Si substrates, are studied using 6-26
XRD as a function of ez situ anneal treatment. Significant relaxation is observed
to occur at temperatures as low as 400°C. A 2 h anneal at a temperature of
700°C, considered long enough to allow for complete relaxation, reveals that
alloys relax more fully than superlattices of the same average composition. In
addition, we have determined that the process of relaxation can be described by
first-order kinetics and have experimentally determined the activation energy for
the process to be approximately 2.0 eV.

Chapter 3 describes a study of the strain dependence of the (100) Si/Ge
valence band offset, providing the most definitive measurement to date on this

important device parameter. Si 2p and Ge 3d core-level energy separations and
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core level to valence-band edge energies are measured as a function of strain.
Strain configurations are determined ez situ through the use of HRXRD. From
our results, the valence band offset for Ge strained to (100) Si and Si strained to
(100) Ge is calculated to be 0.83 +0.11 eV and 0.22 & 0.13 eV, respectively.

In addition, two studies pertaining to segregation and ordering effects in
Si;_.Ge, alloys are presented in Chapters 4 and 5. First, Chapter 4 reports
the observation of segregation in Si;_.Ge, alloys through the use of HRXRD. In
the study, Si;_.Ge, alloys grown coherently strained on (100) Si to thicknesses
exceeding the critical thickness for growth at 550 °C[30] are shown to have segre-
gated into several layers of different composition. Chapter 5 describes the first
observation of a (2 x 8) surface reconstruction on (100) Si;_.Ge,, using RHEED
and LEED surface-analysis techniques. The reconstruction is observed as a func-
tion of temperature to be a thermodynamically stable phase in which Ge dimers
may be ordering along the direction of the (2 x 1) reconstruction normally seen
on (100) Si surfaces.

Presented in Chapter 6 is a study of the growth of superconducting V3Si on
(111) Si through the use of MBE techniques. Si and V are codeposited on clean
(111) Si surfaces at various temperatures. Growth at 400 °C is shown to minimize
reaction with the Si substrate while still allowing nucleation of the superconduct-
ing Al5 phase of V3Si. Auger sputter-depth profiling and transmission electron
microscopy (TEM) are used to confirm this result. In addition, structural anal-
ysis of superconducting films with TEM demonstrates that the superconducting
films consist of columnar, polycrystalline grains approximately 200 A in diameter.

Finally, we report an electrical characterization of the first p-Si;_.Ge_./n-Si
heterojunction interband-tunnel (HIT) diodes in Chapter 7. Equilibrium band-
bending calculations predict a decrease in the tunnelling distance as a function

of Ge concentration in the Si;_,Ge, alloy layers. At fixed doping levels, the



32

current-voltage relationship obtained from two-terminal p-Si;_,Ge,/n-Si diodes
show enhanced negative differential resistance (NDR) with increasing Ge concen-
tration, in support of our band-bending calculations. In addition, %I,— spectra
from these samples reveal previously unobserved phonon peaks. An interpreta-

tion of the origin of these features is presented.
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Chapter 2

Kinetics of Strain Relaxation in
Si;_,.Ge; Alloys and Si;__Ge;/Si

Superlattices

2.1 Introduction

2.1.1 Background

The Si;_,Ge./Si material system has recently emerged as the model for study-
ing relaxation behavior in strained-layer heterostructures, which is due to its mod-
erate lattice mismatch (~ 4.18% for Ge/Si pseudomorphic growth) and relatively
simple growth dynamics. Epitaxial Si;_,Ge,/Si heterostructures[1]-[3] have been
reported to grow coherently strained on (100) Si with thicknesses exceeding the-
oretical predictions based upon equilibrium arguments.[4, 5] In particular, some
authors have reported that the onset of relaxation in Si;_,Ge,/Si strained-layer
superlattices (SLS) is strongly dependent on growth temperature.[6, 7] These re-

sults suggest that a significant amount of excess strain can be metastably “frozen”
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into a strained-layer heterostructure before the microscopic mechanisms of relax-
ation become active. Considerable work remains to be done before an adequate
description of relaxation is achieved.

Substantial effort in recent years has focused on understanding the micro-
scopic mechanisms of strain relaxation through defect formation. For example,
Fiory et al.[8] have investigated relaxation in metastable Si;_,Ge, films through
the use of ion channeling and transmission electron microscopy (TEM). Dislo-
cation formation near the epilayer/substrate interface was shown to cause local
strain reduction after a 30 min anneal at 750 °C. Subsequently, Hull et al.[9] have
observed motion of misfit dislocations in Si;_,Ge, alloys annealed in situ with
the aid of TEM. In a later paper, Hull and Bean[10] reported that the relaxation
rate of metastable Si; _,Ge, alloy samples depends strongly on Ge concentration
and provide an explanation based upon interactions between dislocations as the
films relax. In a related study of Si;_,Ge,/Si superlattices, Tuppen et al.[11]
report that interactions between dislocation half-loops and the alternating strain
fields in the superlattice provide a further impediment to dislocation formation.
These results are used to explain differences in the extent of relaxation between
superlattices and alloys.

The preceding results were all obtained from samples grown at higher tem-
peratures (550 — 600°C) than those used in the present work, and significant
relaxation was not observed until the annealing temperature was taken above
650°C. Our samples were grown at a temperature of approximately 365 °C and
relaxed considerably upon annealing at only 370°C. Through the use of x-ray
diffraction (XRD), we have followed the relaxation process as a function of an-
neal time for both single-layer Si;_,Ge, alloys and Si;_,Ge./Si superlattices.
Our results[12, 13] demonstrate that relaxation can be described as a thermally

activated, first-order kinetic process with an activation energy close to 2.0 eV,
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regardless of composition or detailed strain distribution. Interestingly enough,
previous studies[14] describe dislocation glide in Si as a thermally activated pro-
cess and also measure an activation energy near 2.0 eV, suggesting that glide may
be the mechanism responsible for limiting strain relaxation. We have also inves-
tigated the extent of relaxation in single-layer Si;_.Ge, alloys and Si;_,Ge,/Si
superlattices with the same average composition after a 2 h anneal at 700°C. We
report that the alloys relax ~ 84% of their coherent strain, while the correspond-
ing superlattices relax only ~ 43%. These results are consistent with the studies

performed by Tuppen et al.[11]

2.1.2 Outline of Chapter

In this chapter, we report the first quantitive study of strain relaxation kinetics
in single-layer Si;..Ge, alloys and Si;_.Ge,/Si superlattices grown at unusually
low growth temperatures (365°C). In Section 2.2, we describe the experimental
details pertaining to this work focusing on sample preparation, ez situ annealing
procedures, and the determination of strain relaxation using XRD. A description
of the sample set studied here is presented in Table 2.1. Single-layer Si;_,Ge,
alloys and Si;__Ge_./Si superlattices having the same average composition were
grown to allow rqua.lita.tive comparison of relaxation behavior. The results of this
work are presented in Section 2.3. The extent of relaxation for a SigsGeo s alloy
film and a Sig ¢Geg 4/Si superlattice both having average composition, T = 20%, is
presented in Section 2.3.1. In Section 2.3.2, relaxation of a 5000 A Sig sGeo., alloy
is studied as a function of ez situ anneal treatment through the use of §-26 XRD.
Significant relaxation is observed at temperature of only 414°C. In addition,
we describe relaxation as a thermally activated, first-order kinetic process and

measure the activation energy for several Si;_,Ge, alloy layers and a Si;_,Ge,/Si
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superlattice in Section 2.3.3. Finally, our results are discussed in detail in Section

2.4, and a chapter summary is given in Section 2.5.

2.2 Experimental

2.2.1 Sample Growth

The samples prepared for this study were grown in a Perkin-Elmer (Model
430S) MBE system. Ge and Si are codeposited from a dual e-beam source onto
a radiatively heated, Si substrate in an ultrahigh-vacuum (UHV) environment
(base pressure < 8 x 107! Torr). For a more detailed description of the deposition
system, please refer to Section 1.2.1. All samples were grown at a temperature
of 365°C, measured with the aid of a thermocouple seated against a reflector
located inside the heater. Thermocouple temperature was calibrated with an
optical pyrometer (Ircon, W-series) and through the in situ observation of Au/Si
and Al/Si eutectic reactions. Growth temperature is assumed to be accurate to
+20°C.

Ez situ substrate preparation consisted of chemical degreasing followed by a
rinse in de-ionized water. Subsequently, the substrate was dipped in a 50% HF
solution and rinsed again just prior to loading into the MBE growth chamber.
To prepare an atomically smooth Si starting surface, the substrate temperature
was raised to 850°C, and a slight Si flux (0.1A/s) was applied until a (2 x
1) reconstruction was observed with reflection high-energy electron diffraction
(RHEED).[15]-[17] This procedure was used to facilitate the removal of any native
oxide remaining on the substrate surface. Finally, a 1000 — 2000 A thick, pure
Si buffer was grown after the substrate temperature was lowered to 700°C. A

sharp (2 x 1) reconstruction indicative of a clean, atomically smooth, Si starting
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surface was observed with RHEED after this step.[18]

The Si;—,Ge./Si sample set prepared for this study is shown in Table 2.1.
Avérage sample composition and thickness were chosen to place the samples
above the empirical critical thickness curve of People and Bean[2] (see Section
1.3.1) for growth at 550 °C. The superlattices, SL1 and SL2, were designed to have
the same average properties as sample A2 and to this end, consist of alternating
layers of 72 A SigeGeoq and 73A Si (36 periods). Although our samples would
relax considerably during growth at 550°C,[2] high-resolution x-ray diffraction
(HRXRD) and TEM indicate that they remain coherently strained at a growth

temperature of 365 °C.

2.2.2 Ez situ Annealing Procedure

Strain relaxation was accomplished by annealing pieces of the samples in a
conventional quartz-tube furnace flooded with N, gas. Furnace temperatures were
measured with the aid of a thermocouple and controlled to within 41°C. A pre-
warmed quartz boat was used to support the sample during the anneal and also
served to minimize errors associated with warm-up transients. Even so, a slight
correction was needed to account for these effects, although this correction did
not affect E,. Immediately after each annealing step, the samples were quenched

in water to bring them quickly back to room temperature.

2.2.3 Determination of Strain Relaxation Using XRD

Measurements of a, and a; with HRXRD (resolution < 5 arcsec) confirm
that the samples were all grown coherently strained. In our setup, Cu K, x-ray
radiation is selected with a Ge four-crystal monochromator and collimated onto

the sample. A detector is placed near the expected angle for the n = 1 reflection



Sample h(A) 7 75® (%) E, (meV)
Al 5040 23 17

A2 4990 21 16 2.01+0.1
A3 2900 26 17 2.0+0.1
A4 900 37 34

A5 3500 21 47 2.3+0.3
SL1 5220 20 57

SL2 5220 18 57 1.9+0.3

Table 2.1: Si;_,Ge,/Si sample set studied for this chapter. Average Ge concen-

tration, Z, and residual strain, 7 °, were determined through the use of §-26

XRD.
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corresponding to diffraction from (400), (422), or (440) Bragg planes. For the
alloy samples (Al-A5), analysis was straightforward since only a single peak
corresponding to the alloy and a substrate peak appear in the scans. In this case,
the angular separation between the alloy and substrate peaks is measured. The
lattice constants, a, and a, are determined from the equations derived in Section
1.3.2. For the superlattices, several peaks are visible in the scans because of the
long wavelength periodicity present in the structure. As a result, only average
properties can be determined. In practice, the angular separation between the
substrate and the m = 0 superlattice peak[19] is used to calculate @, and g.

In a coherently strained film, alloy composition fixes the angle of incidence,

6, and hence the spacing between Bragg planes, d, through
A =2dsiné. (2.1)

For (400) diffraction, we define the fraction of coherent strain, 7, in terms of the
tetragonal distortion,[1] ez = —e,/¢; = 0.76, and the mismatch, f = 0.0418,
by[12]

d(ac0)(1) = “74* ~dg [1+ f[1 + 7€ 2. (2.2)
Therefore, we can fix 7 = 1 since the samples are coherently strained and deter-
mine average composition, Z, from Eq. 2.2 and a measurement of @, .

After each annealing step, (400) 6-28 scans were used to measure 7 as a func-
tion of annealing time. Since the average composition remains fixed throughout
the annealing sequence,  can be determined from Eq. 2.2 and a measurement
of d(400). For these measurements, Cu Kz as opposed to Cu K, x-ray radiation
was selected through the use of a graphite, monochromating filter, eliminating
the need to perform a Rachinger correction on the data. Data were acquired

digitally and peak positions were determined through the use of a numerical,

peak-finding algorithm.[20]
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2.3 Results

2.3.1 Comparison of Residual Strain in Si;_,Ge, Alloys

and Si; ,Ge./Si Strained-layer Superlattices

After pieces of the samples were annealed at 700°C for 2 h, the extent of
relaxation was determined with 6-26 XRD. While significant interdiffusion did
not occur at this temperature, the treatment was seen as being sufficient to allow
complete relaxation. In Fig. 2.1, we compare the amount of residual strain
remaining in the single-layer, alloy sample A2 and the superlattice SL1. Recall,
both samples were designed to have the same average properties, and therefore,
according to equilibrium critical thickness theories, should relax to the same
degree.[3]-[5] In the figure, a single peak corresponding to the (400) reflection
from the alloy and a family of peaks corresponding to the (400)-like reflections
from superlattice are visible. A comparison of the scans taken before (solid)
and after (dotted) reveal that significant relaxation has occurred. The peak at
26 = 61.68° is from the substrate, and its position does not change. In (a), the
d-spacing between (400) planes in the alloy sample has relaxed by (0.55%)ds;
which, according to Eq. 2.2, corresponds to relaxation of ~ 84% of coherent
strain. Similar analysis of the (400)-like, zeroth-order superlattice peak[19] in (b)

indicates that the superlattice relaxes only ~ 43% of its coherent strain.

2.3.2 Relaxation Behavior of Si;_,Ge, Alloys

In Fig. 2.2, we study the relaxation behavior of sample A2 following a se-
quence of anneal steps at a temperature of 414 °C. In the figure, the peak marl;:ed
COH corresponds to the §-26 scan prior to annealing. The peaks 1-4 reveal that

each annealing step causes the sample to relax further as indicated by the move-



45

[ I i S
(a) Si1-xGex(X=20%) ALLOY

— AS GROWN Ae=0.55%
----- 700°C/2 h ANNEAL | |

(b) SUPERLATTICE (X=20%)

A€=0.28%

LOG X-RAY INTENSITY (arbitrary units)

| | | |
58 59 60 61 62 63
20 (deg)

Figure 2.1: (a) Symmetric (400) Bragg reflections from sample A2 showing the
full extent of relaxation after a 2 h anneal at 700°C. (b) For a superlattice with
the same average composition (sample SL1), the average strain measured from

the (400)-like, m = 0 superlattice reflection[19] relaxes considerably less. (From

Ref. [13].)
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Figure 2.2: 6-20 XRD scans of the (400) Bragg reflection from sample A2 as
a function of anneal time. Initially strained coherently to (100) Si (COH), the
sample is shown to relax significantly after several 35 min anneals at only 414 °C
(1-4). A scan from a fully relaxed piece of A2 is included for comparison (RLX).
(From Ref. {12].)
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ment of the peak position toward increasing 26 (decreasing d(400)). Notice that
the width of the alloy peak is observed to broaden after the first anneal suggest-
ing that the relaxation is not homogeneous (compare the peaks labeled “COH”
and “1”). Data taken from Fig. 2.1(a) are also included in the figure to allow
comparison with a fully relaxed piece of the sample (RLX). Analysis of the peak
positions indicates that the strain decays exponentially with anneal time toward

a residual value.

2.3.3 Strain Relaxation Kinetics

In Fig. 2.3 we plot 5, the fraction of coherent strain, as a function of ez situ
anneal time for sample A3. Pieces of the sample were annealed at various tem-
peratures between 369 and 437°C in a series of isochronal anneal steps. After
each step, 6-20 XRD was used to determine the fraction of coherent strain re-
maining in the epilayer. In (a), we show that relaxation proceeds to a residual
value, 7o, exponentially, regardless of the anneal temperature. Values for 5, were
determined in all our samples after a 2 h anneal at 700 °C and are displayed in
Table 2.1. In (b), In(n — 7o) is plotted as a function of anneal time and a linear
fit is made to the data at each temperature assuming first-order kinetics. The
strain relaxation rate is determined from the slope of the fit. The error bars at
each point reflect the uncertainty in 7 arising from the finite resolution of the
diffractometer used to measure the x-ray peak positions. A slight, systematic
deviation from first-order kinetics is observed as the relaxation proceeds, perhaps
indicating that interactions between dislocations become more significant. From
the decay rates, an activation energy can be obtained. In Fig. 2.4, we plot strain
relaxation rate vs. 1/kT for each sample. Regardless of composition or anneal

temperature, each sample is observed to relax with an activation energy near 2.0
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eV.

2.4 Discussion

The results presented in this chapter describe the relaxation process in
Si;_»Ge_/Si heterostructures in quantitative detail. We find that structures can
be grown coherently strained to (100) Si at a growth temperature of 365°C to
thicknesses considerably in excess of previous experimental values for growth at
higher temperatures (550 — 600 °C).[1] Furthermore, we have observed significant
relaxation in our samples during anneals at temperatures as low as 370 °C, far
below temperatures employed in previous studies of relaxation.[8, 9, 26] In a se-
ries of isochronal anneals, relaxation is observed to proceed roughly exponentially
toward a residual value at a rate dependent upon the detailed strain distribution
in the sample. It was pointed out in Section 2.3.3 that as the relaxation proceeds,
a systematic deviation from first-order kinetics is observed. Also, the observed
broadening of the alloy peak from sample A2 after the first anneal (see Fig. 2.2)
suggests that the actual relaxation mechanism may be more complicated. In fact,
a complete picture of relaxation may require a sequence of events to occur, each
having different activation energies.[21]-[24]

On the basis of our results, we can attempt to determine which microscopic
properties might be important. In Section 2.3.1, we compared the relaxation
behavior between a SipgGep, alloy and a superlattice having similar average
properties. In contrast with the predictions of equilbrium, critical thickness
theories,[3]-[5] the two samples do not relax to the same extent. Apparently,
the detailed structure in the superlattice serves as impediment to the micro-
scopic mechanisms of relaxation. These results suggest that any microscopic

theory of relaxation must involve mechanisms that allow interaction of disloca-
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Figure 2.3: (a) 7, the fraction of coherent strain, is plotted as a function of anneal
time for sample A3 at various temperatures. (b) Assuming first-order kinetics,
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tions with the alternating strain fields of a superlattice, in agreement with the
work of Tuppen et al.[11] Indeed, previous work with GaAsP on GaAs suggests
that superlattices may bend dislocations toward the sample edge,[25] decreasing

the density of threading dislocations in the heteroepitaxial layers.

2.5 Chapter Summary

In this chapter, we have presented results from a quantitative study of strain
relaxation in Si;_,Ge, alloys and Si,_,Ge,/Si superlattices initially grown coher-
ently strained to (100) Si substrates. Alloys and superlattices designed to have
the same average properties were compared to determine the extent of relaxation
after a 2 h anneal at 700°C. From 6-20 XRD, a SiosGeo, alloy was shown to
relax approximately ~ 84% of its initial strain compared with only ~ 43% for
the corresponding superlattice. Interactions between dislocations and the alter-
nating strain fields of the superlattice appear to be responsible for the observed
differences. In addition, the kinetics of relaxation was investigated quantitatively
for several samples. Significant relaxation is observed as the samples were an-
nealed at temperatures as low as 370 °C, considerably below growth temperatures
typically employed in previous studies.[1, 11, 26] In each case, relaxation can
be described as a single, thermally activated, first-order kinetic process having
an activation energy near 2.0 eV. Since an activation energy of 2.0 eV is also at-
tributed to the glide of misfit dislocations in Si,[14] glide may be the rate-limiting

mechanism for strain relaxation in our samples.
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Chapter 3

Measurement of the Strain
Dependence of the (100) Si/Ge
Valence Band Offset

3.1 Introduction

3.1.1 Background

In general, heterojunction devices fabricated from dissimilar semiconductors
possess discontinuities in their valence and conduction bands; therefore, since the
band gaps of most semiconductor materials are well known,[1] a measurement of
the valence band offset reveals much about the potential behavior of any electronic
devices[2, 3] fabricated from the materials. Often, the valence band offset can
be affected by strain, causing shifts in the heavy-hole, light-hole, and spin-orbit
energies, complicating the picture considerably.[4] Theoretical calculations[5] and
recent experimental results[6, 7] confirm the strong influence of strain in these

systems. Consequently, meaningful measurements of band offsets must address
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the various effects of strain.

Earlier in this thesis, the Si;_,Ge,/Si material system was indicated to possess
a moderate lattice mismatch, f = 4.18%, thereby requiring a careful