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Preface

Semiconductor alloys provide a natural means of tuning the magnitude of the band-gap energy
and other material properties so as to optimize and widen the application of semiconductor
devices. Current research and development in semiconductor alloys is focused on areas of
improved materials growth, development of unique materials characterization and suitable
process technologies, fabrication of novel devices using artificially controlled materials
structures and better understanding of degradation mechanisms in electronic and optoelec-
tronic devices for improved device reliability.

Even though the basic semiconductor alloy concepts are understood at this time, the
determination of some device parameters has been hampered by a lack of definite knowledge of
many material parameters. The main purpose of this book is to provide a comprehensive
treatment of the materials aspects of group-IV, III -V and II—VI semiconductor alloys used in
various electronic and optoelectronic devices. The topics treated in this book include the
structural, thermal, mechanical, lattice vibronic, electronic, optical and carrier transport
properties of such semiconductor alloys. The book covers not only commonly known alloys
(SiGe, AlGaAs, GalnPAs, ZnCdTe, etc.) but also new alloys, such as dilute-carbon alloys
(CSiGe, CSiSn, etc.), [II-N alloys, dilute-nitride alloys (GaNAs, GalnNAs, etc.) and Mg- or
Be-based II—-VI semiconductor alloys.

The reader may also find the companion book ‘Properties of Group-1V, III—V and II-VI
Semiconductors’ published in this series useful since it emphasizes the endpoint semiconductor
principles and properties.

The extensive bibliography is included for those who wish to find additional information if
required. It is hoped that the book will attract the attention of not only semiconductor device
engineers, but also solid-state physicists and materials scientists, and particularly postgraduate
students, R&D staff and teaching and research professionals.

Sadao Adachi,
Gunma University, Japan



Series Preface

WILEY SERIES IN MATERIALS FOR ELECTRONIC AND
OPTOELECTRONIC APPLICATIONS

This book series is devoted to the rapidly developing class of materials used for electronic and
optoelectronic applications. It is designed to provide much-needed information on the
fundamental scientific principles of these materials, together with how these are employed
in technological applications. The books are aimed at (postgraduate) students, researchers and
technologists, engaged in research, development and the study of materials in electronics and
photonics, and industrial scientists developing new materials, devices and circuits for the
electronic, optoelectronic and communications industries.

The development of new electronic and optoelectronic materials depends not only on
materials engineering at a practical level, but also on a clear understanding of the properties of
materials, and the fundamental science behind these properties. It is the properties of a material
that eventually determine its usefulness in an application. The series therefore also includes
such titles as electrical conduction in solids, optical properties, thermal properties, and so on,
all with applications and examples of materials in electronics and optoelectronics. The
characterization of materials is also covered within the series in as much as it is impossible
to develop new materials without the proper characterization of their structure and properties.
Structure-property relationships have always been fundamentally and intrinsically important
to materials science and engineering.

Materials science is well known for being one of the most interdisciplinary sciences. Itis the
interdisciplinary aspect of materials science that has led to many exciting discoveries, new
materials and new applications. It is not unusual to find scientists with a chemical engineering
background working on materials projects with applications in electronics. In selecting titles
for the series, we have tried to maintain the interdisciplinary aspect of the field, and hence its
excitement to researchers in this field.

Peter Capper
Safa Kasap
Arthur Willoughby
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Introductory Remarks

A.1 AN ALLOY AND A COMPOUND

An alloy is a combination, either in solution or compound, of two or more elements. An alloy
with two components is called a binary alloy; one with three is a ternary alloy; one with fouris a
quaternary alloy; one with five is a pentanary alloy. The resulting alloy substance generally has
properties significantly different from those of its components. The proportions of the
ingredients are available.

A chemical compound is a substance consisting of two or more chemical elements that are
chemically combined in fixed proportions. The ratio of each element is usually expressed by
chemical formula. For example, water is acompound consisting of two hydrogen atoms bonded
to an oxygen atom (H,0O). The atoms within a compound can be held together by a variety of
interactions, ranging from covalent bonds to electrostatic forces in ionic bonds. A continuum of
bond polarities exists between the purely covalent and ionic bonds. For example, H,O is held
together by polar covalent bonds. NaCl is an example of an ionic compound.

Simply, an alloy is formed from a physical mixture of two or more substances, while a
compound is formed from a chemical reaction. An alloy crystal is sometimes called a mixed
crystal or a solid solution. For example, GaAs is a compound consisting of Ga atoms bonded to
As atoms. It is not an alloy. Al,Ga,_,As is an alloy compound consisting of AlAs and GaAs
with a mole ratio of x:(1— x). The bonds in GaAs and AlAs are not adequately described by any
of these extreme types, but have characteristics intermediate to those usually associated with
the covalent and ionic terms. The bonds in diamond, C—C, can be described by the covalent
bond term only. It is an elemental semiconductor, not a compound semiconductor. Similarly, Si
and Ge are elemental semiconductors. Like Al,Ga,_,As, Si,Ge;_, (0 <x<1.0) is an alloy
semiconductor. The bonds Si—Ge, Si—Si and Ge—Ge in Si,Ge, _, are, therefore, described by
the covalent term only. It should be noted, however, that silicon carbide (SiC) is a compound,
not an alloy. This is because that the chemical bonds in SiC cannot be described only by the
covalent term, but have characteristics intermediate to those associated with the covalent and
ionic terms, like GaAs and AlAs.

There is an ordered alloy phase in Si,Ge, _, binary alloy [1]. This phase exhibits long-range
order rather than random arrangement of atoms as expected previously. The ordered phase, as
expected, occurs mostly in bulk Si,Ge;_, layers at x~ 0.5 and can be explained by the
rhombohedral structure. Note that SiC is thought to be an ordered alloy. It crystallizes in a large
number of polytypes. The various types of SiC differ one from another only by the order in
which successive planes of Si (or C) atoms are stacked along the ¢ axis; one polytype is the
cubic, zinc-blende structure (3C) while the reminder, including two of the more frequently
occurring forms, 6H (hexagonal) and 15R (rhombohedral), possess uniaxial symmetry [2].
There is no diamond structure in the SiC polytypes. An ordered alloy phase has been found not
only in Si,Ge,_,, but also in many III-V and II-VI semiconductor alloys [3].

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0



2 PROPERTIES OF SEMICONDUCTOR ALLOYS

A.2 GRIMM-SOMMERFELD RULE

The periodic law is most commonly expressed in chemistry in the form of a periodic table or
chart. An important part of this table is shown in Table A.1. The so-called short-form periodic
table, based on the Mendeleyev table, with subsequent emendations and additions, is still in
widespread use. The elements in this table are arranged in seven horizontal rows, called the
periods, in order of increasing atomic weights, and in 18 vertical columns, called the groups.
The first period, containing two elements, H and He, and the next two periods, each containing
eight elements, are called the short periods. The remaining periods, called the long periods,
contain 18 elements, as in periods 4 and 5, or 32 elements, as in period 6. The long period 7
includes the actinide series, which has been filled in by the synthesis of radioactive nuclei
through element 103, lawrencium (Lr). Heavier transuranium elements, atomic numbers 104 to
112, have also been synthesized.

Table A.1 Periodic table

Ia

VIIa

1| 1] ma IIa IVa Va VIa VIIa| 2
Hl @2 (13) (14) (15) (16) (17) |He

5 3 4 S 6 7 8 9 10
Li | | Be B C|ILNI]LO F || Ne

3 1] 12 mh (13|14 || 15|16 || 17 || 18
Na | | Mg (12) LALIISi]| P S 1LC1 || Ar

4 19120, . . 30131132 []133]]34]]135]] 36
K |LCa Zn || Ga||Ge|LAs ]| |LSe || Br]|Kr
NI EEEEBREE
Rb | | Sr Cd||In||Sn||LSb]|Te]| I J|Xe
6 S5 || 56 B0 S1)|S2]]83]|54]]|385]] 86
Cs||Ba]® * ° ° Hg|| T1 || Pb || Bi || Po || At ||Rn

. 87 118
Frl o oo oo o v oo e v v v v v vt ol

The elemental semiconductors in column I'Va of the periodic table are diamond, Si and Ge,
and they are of some importance in various device applications. Note that gray tin (@-Sn) is a
semiconductor (semimetal) and Pb is a metal. SiC is the only compound semiconductor formed
by column IVa elements. The III-V and II-VI semiconductors possess a crystal structure
similar to either one of the cubic mineral, sphalerite or to hexagonal wurtzite. There are 15
M-V, 18 II-VI and four I-VII compound semiconductors. The four I-VII compound
semiconductors are: CuCl, CuBr, Cul and Agl.

A substantial development in the search for semiconducting materials with new combina-
tions of physical and chemical properties was reached when Goryunova using the ideas of
Huggins [4] and Grimm and Sommerfeld [5], developed a method of prediction of the
composition of chemical compounds with the tetrahedral and octahedral (NaCl-type) coordi-
nation of atoms in their crystal lattice [6]. His method is based on consideration of the number
of valence electrons in the elements, which is assumed to be equal to the number of the group in
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the periodic table to which they belong (so-called full or normal valency) and can be expressed
in the form of the equation system [7]

A
ZB,‘)C,':4
i=1 B

ZB,‘X,‘Z Z (873,‘))6,‘ (A])
i=1

i=n+1

A
inzl
i=1

for calculating the content of the representatives of different groups of the periodic table in a
compound containing A components, n of which are considered as cations, where B; is the
number of the group in the periodic table to which the ith component of the compounds
belongs, and x; is its concentration in the compound. The first expression in Equation (A.1)
represents the condition that the average number of valence electrons per atom is equal to four
(tetrahedral rule). The second equation states that in the compound, the number of valence
electrons, which ‘cations’ give to ‘anions’ is equal to the number of electrons the anion needs
to form the octet (i.e. the normal valency condition). The quotation marks here are used to
remind us that in the solids with dominating covalent bonds, which factually form the class of
semiconductor, the ion concept is quite conditional. Based on these criteria, it is possible to
obtain all probable types of tetrahedral substances, taking into consideration only the
location of their components in one or another group of the periodic table. Table A.2 briefly
summarizes these results.

Table A.2 Summary of valence binary compounds and ternary analogs of binary valence compounds
which satisfy tetrarahedral rule (Z=4). ch=chalcopyrite; zb=zinc-blende; t=tetragonal;
or=orthorhombic; w=wurtzite; h=hexagonal (P63mc (Cg,)); rh=rhombohedral

Cation Compound Typical compound (Crystal structure)

I [-II-VI, CuGaSe, (ch)
I—IVQ—V:; CUG62P3 (Zb)
IQ—IV—VI:; CUZGSSC3 (t)
I3—V—VI4 CU3PS4 (OI')
-vil y-CuCl (w)

II 1,-I-VII;
[I-IV-V, ZnSiP; (ch)
I-1V-VII,
IL,-V-VIL
[I-VI CdTe (zb)

I I,-IV-VI Al,CO (w)
M5-1V,-VIL
n-v GaAs (zb)

v IV-1V SiC (zb, w, h, th)




4 PROPERTIES OF SEMICONDUCTOR ALLOYS

Table A.3 All the possible types of valence binary compound

Cation Cation to anion content ratio x/y, (Z), Typical compound
II 111 v \'% VI VII
I 6:1 5:1 4:1 3:1 2:1 1:1
(1.14) (1.33) (1.60) (2.00) (2.67) (4.00)
K5Sb AgsS y-CuCl
I — 5:2 2:1 3:2 1:1 1:2
(2.29) (2.67) (3.20) (4.00) (5.33)
Mg2S1 CdgASz CdTe Hg12
I — — 4:3 1:1 2:3 1:3
(3.43) (4.00) (4.80) (6.00)
GaAs Ga,Sey
v — — 1:1 3:4 1:2 1:4
(4.00) (4.57) (5.33) (6.40)
SiC SnS,
v — — — — 2:5 1:5
(5.71) (6.67)
VI — — — — — 1:6
(6.86)

In analyzing the normal valency compounds, not only tetrahedral phases but all compounds
of this category can be grouped, first of all, in accordance with the average valence electron
content per atom of a compound, Z. We list in Table A.3 all possible types of the binary valence
compounds [7]. If A and B are the cation valencies in a binary compound, the atomic ratio of
components in a valence compound A,B,, is given by

x 3-B

A2
- (42)
and the valence electron concentration per atom in the corresponding binary compound is

8A 84
8—(B—A) 8+(A—B)

Z= (A.3)
as following from Equation (A.1).

In Table A.3, there are 22 types of binary valence compounds. Goryunova [6] concluded
from the available experimental data that the phases possessing semiconducting properties are
those with Z between two and six; the phases smaller than two are either metal alloys or the
compounds with typical metallic crystal structure and properties. Goryunova also showed that
there are 148 types of ternary compounds which are the electron analogs of the binary valence
compounds [7]. Among them, there are 10 types of ternary compounds which satisfy the
tetrarahedral rule Z =4, as listed in Table A.2.

A.3 AN INTERPOLATION SCHEME

The electronic energy-band parameters of semiconductor alloys and their dependence on alloy
compositionare very important, and sothey have received much attention in the past. Investigation
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of many device parameters have, however, been hampered by a lack of definite knowledge of
various material parameters. This necessitates the use of some sort of interpolation scheme.

If the linear interpolation scheme is used, the ternary material parameter 7 for an alloy of the
form A,B;_,C can be derived from binary parameters (B) by

T(x)=xBac+(1—x)Bpc=a+bx (A4)
where a = Bgc and b = Boc — Bgc. Some material parameters, however, deviate significantly
from the linear relationship shown in Equation (A.4), and exhibit an approximately quadratic

dependence on x. The ternary material parameter in such a case can be very efficiently
approximated by the relationship

T(x) =xBac+ (1—x)Bpc+x(1—x)Cap =a+bx+cx’ (A.5)
where a = Bgc, b =Bac — Bpc + Cap and ¢ = —Cxg. The parameter c is called a bowing
parameter.

The quaternary material A,B,_,C,D; _, is thought to be constructed from four binaries: AC,

AD, BC and BD. If the linear interpolation scheme is used, the quaternary material parameter Q
can be derived from the binary parameters by

O(x,y) =xyBac +x(1—y)Bap+(1—x)yBpc+(1—x)(1-y)Bpp (A.6)
If one of the four binary parameters (e.g. Bap) is lacking, O can be estimated from
Q(x,y) =xBac+(y—x)Bpc+(1—y)Bsp (A7)

The quaternary material A,B,C, _,_,Dis thought to be constructed from three binaries: AD,
BD and CD. The corresponding linear interpolation is given by

Q(x,y)=xBap+yBsp+(1—x—y)Bcp (A.8)

If relationships for the ternary parameters are available, the quaternary material parameter Q
can be expressed either as (A,B,_,C,D;_,)

_ X(1=x)[yTapc(x) + (1—y) Tapp (x)] +y(1=y) xTacp (y) + (1—x) Tscp (V)]
O(x,y)= ) (1) (A9)
or (AxByclfxfyD)
~ xyTapp(u#) +y(1=x—y)Tcp (v) +x(1—x—y)Tacp (W)
Qxy)= xy+y(1—x—y)+x(1—x—y) (A.10)
with
u=(1-x-y),2
v=(2-x-2y)/2 (A.11)

w=(2—2x—y)/2
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If a quaternary bowing term Dapcp=—d is considered in Equation (A.9) or
Equation (A.10), we can obtain

O(x,y) = {x(1—x)[yTapc (x) + (1—y)Tap (x) +y(1—y)Dacp] +y(1-y) :
x [¥Tacp (¥) +(1=x) Taep (y) +x(1—x)Dapep } x [x(1—x)+y(1-y)] ' (A.12)
for the A,B,_,C,D;_, quaternary or

 xyTapp (u) +y(1—=x—y)Tcp (v) +x(1—x—y) Tacp (W) +xy(1—x—y) Dapcp
Q)= xy+y(1=x=y) +x(1-x-y) (A13)

for the A,B,C;_,_,D quaternary.
The weighted form of Equation (A.12) can be written as

Q(x,y) = y(1—x)Bpc+xyBac+(1—y)xBap+(1—x)(1—y)Bcp +x(1—x)(1—y) Cagp)
+x(1=x)yCag(c) +(1=x)y(1-y)C)cp +xy(1-y)C(a)cp

+x(1-x)y(1=y)Dapcp (A.14)

where Capmp) is the ternary bowing parameter for an alloy AB;_,D and so on.
Expression (A.14) can be conveniently compacted into an inner product whose 3 x 3 matrix
includes only the alloy parameters and closely resembles the map of the quaternary alloy in its
compositional space [8]

Bgc  Cas(c) Bac 1—x
O(x,y)=[y y(1-y) 1-y]| Cm)cp Dasco Ciayep | | x(1-x) (A.15)
Bgp  Cap(p) Bap x

If the bowing parameters C and D in Equation (A.15) are zero, Vegard law is recovered in its
bilinear formulation. Equation (A.15) is valid for quaternaries of types A,B;_,C,D,_, and
A,B,C,_,_,D (AB,C,D,_,_,). For the latter, one binary can be assigned twice in the same
raw or column of the alloy matrix with a zero bowing factor (i.e. Boc = Bap and Ciaycp =0).
The composition for such an alloy is given by (Bap)«[(Bep)y(Bcp)i—yli—x (e.g.,
Al(GayIn,_,),_,P).

The essentially same expressions can be obtained for group-IV semiconductor alloys. The
binary material parameter B in the form of A,B;_, can be written using the elemental material
parameters (A) as

B(x)=xAx+(1—x)Ap =a+bx (A.16)

The bowing effect modifies Equation (A.16) in the form
B(x) =xAr+ (1—x)Ap +x(1—x)Cap =a-+bx+cx* (A.17)
Similarly, the ternary material parameter 7 in A,B,C,_,_, can be expressed as

T(x,y)=xAa+yAp+(1—x—y)Ac (A.18)
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and
_ xyBag () +y(1—x—y)Bpc(v) +x(1—x—y)Bac(w)
Toy)= xy+y(1—x—y)+x(1—x—y) (A-19)
T(xy) _xyBap (1) +y(1—x—y)Bpc(v) +x(1—x—y)Bac(W)+xy(1—x—y)Capc (A20)

xy+y(1—x—y)+x(1—x—y)

with u, v and w given in Equation (A.11). In Equation (A.20), Capc is a ternary bowing
parameter.
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1 Structural Properties

1.1 IONICITY

Details of ionicity f; are given in Adachi [1]. Any given definition of ionicity is likely to be
imperfect. We present in Table 1.1 f; values for a number of group-1V, III-V and II-VI
semiconductors, including Be-based semiconductors and CdO. We have Phillips ionicity of
fi=0 for all group-IV elemental semiconductors (diamond, Si, Ge and «-Sn) and f; > 0.9 for
some alkali halides (NaCl, KCI, etc.).

Figure 1.1(a) plots f; versus x for C,Si; _,. Note that f; = 0.177 for silicon carbide (SiC). This
means that the bond character of SiC resembles that of III-V or II-VI semiconductors
rather than of Si or diamond, so that its crystal structure must be zinc-blende, hexagonal or
rhombohedral. Similarly, an ordered alloy of Si,Ge,_, may have a nonzero f; value near the
ordered-phase composition x ~0.5. In fully disordered alloys (C,Si,_,, Si,Ge,_,, etc.), we
should have f; =0 over the whole alloy range 0 <x <1.0.

The plots of f; versus x or y for Al,Ga, _,As, Ga,In; _,P,As,_,/InPand Mg,Zn;_,S,Se; _,/GaAs
are shown in Figure 1.1(b). These values are obtained from the linear interpolation of
Equations (A.4) and (A.6) between the endpoint data in Table 1.1. The resulting f; versus
x (¥) plots can be expressed in the usual power form as

fi(x) =0.310 — 0.036x (1.1a)
for Al,Ga;_,As,
£i(y) = 0.335+0.065y +0.021y* (1.1b)
for Ga,In;_,PyAs;_,/InP and
fi(x) = 0.630 +0.154x + 0.003x* (1.1c)

for Mg,Zn;_,S,Se;_,/GaAs. The values of f; for fully disordered alloys should be safely
estimated from the linear interpolation scheme.

1.2 ELEMENTAL ISOTOPIC ABUNDANCE
AND MOLECULAR WEIGHT

In Tables 1.2 and 1.3 of Adachi [1], the elements which form at least one tetrahedrally
coordinated AVB®* " semiconductor, together with their natural isotopic abundance in percent
and atomic weight are listed. Let us add an element of beryllium: natural abundance of
°Be = 100%; atomic weight =9.012182(3).

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0
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Table 1.1 Phillips’s ionicity f; for a number of group-IV, III-V and II-VI semiconductors

v fi n-v f I-VI fi
Diamond 0 BN 0.221 BeO 0.602
Si 0 BP 0.032 BeS 0.286
Ge 0 BAs 0.044 BeSe 0.261
Sn 0 AIN 0.449 BeTe 0.169
SiC 0.177 AlP 0.307 MgO 0.841
AlAs 0.274 MgS 0.786
AlSb 0.250 MgSe 0.790
GaN 0.500 MgTe 0.554
GaP 0.327 Zn0O 0.616
GaAs 0.310 ZnS 0.623
GaSb 0.261 ZnSe 0.630
InN 0.578 ZnTe 0.609
InP 0.421 Cdo 0.785
InAs 0.357 CdS 0.685
InSb 0.321 CdSe 0.699
CdTe 0.717
HgS 0.790
HgSe 0.680
HgTe 0.650

The molecular weight M for an A™ B®" compound semiconductor (N#4) can be simply
given by the sum of the atomic weights of atoms A and B. For an elemental semiconductor
(N=4), itis given by the atomic weight of the element atom A = B. The molecular weight M
of any alloy semiconductors can be obtained from the linear interpolation scheme.

0.25 —_—
020+ CSi, SiC (a) -
015+ 4
0.10 - Ordered
alloy Disordered
0.05 |- alloy .

0.8 - Mg, Zn, S

Se],y/GaAs (x)

ez S ksl

)

GaXInHPy As]i‘ /TnP (y)

0.2 C (b) Al Ga,  As

0 1 | 1 | 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1.0

xory

Figure 1.1 Phillipsionicity f; versus x or y for (a) C,Si; . and (b) Al,Ga; _As, Ga,In, _,P,As; _,/InP and
Mg,Zn,_,S,Se;_,/GaAs. The open and solid circles in (a) show the endpoint and SiC (x =0.5) values,
respectively. The solid lines in (b) are calculated from Equation (1.1)
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1.3 CRYSTAL STRUCTURE
1.3.1 Random Alloy

Table 1.2 summarizes the crystal classes for easily obtained or normally grown: (a) group-IV
elemental semiconductors, (b) III-V and (c) II-VI binary semiconductors. In Table 1.2(a),
the crystal classes for an easily grown compound semiconductor SiC are also included.

Table 1.2 Summary of crystal structure for: (a) group-IV, (b) III-V and (c) II-VI semiconductors.
d = diamond; zb = zinc-blende; w = wurtzite (C,); h =hexagonal (C, or Dgj); th =rhombohedral;
t = tetragonal; rs = rocksalt; or = orthorhombic. Note that 8-Sn (t) is a metal

(@)

v C Si Ge Sn

C d zb, w, h, th

Si zb, w, h, rh d

Ge d

Sn d,t
(b)

/v N P As Sb

B zb, h zb zb

Al w zb zb zb

Ga w zb zb zb

In w zb zb zb
©

II/VI (0] S Se Te

Be w zb zb zb

Mg 18 IS zb w

Zn w zb, w zb zb

Cd s w w zb

Hg rh, or zb, rh zb zb

1.3.2 Spontaneous Ordering

(a) Group-1V semiconductor alloy

The phenomenon of spontaneous ordering in semiconductor alloys is observed to occur
spontaneously during epitaxial growth of certain semiconductor alloys and results in a
modification of their structural, electronic and optical properties [2]. Substantial effort has
been focused on learning how to control this phenomenon so that it may be used for tailoring
desirable material properties. We summarize in Table 1.3 the spontaneous ordering phases
observed in some group-IV, III-V and II-VI semiconductor alloys.
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Table 1.3 Types of spontaneous ordering phases observed in some group-IV, III-V and [I-VI
semiconductor alloys

System Ordering type Material Epitaxial growth
v RS1 (CuPt) SiGe MBE*
RS2 (CuPt) SiGe MBE*
RS3 (CuPt) SiGe MBE*
-V CuPt-B AllnP MBE.” MOCVD*¢
GalnP CI-VPE,? HT-VPE,* MBE; MOCVD#
AllnAs MEB,” MOCVD'
GalnAs CI-VPE/ MOCVD*
GalnSb MOCVD'
GaPAs MOCVD"™
GaPSb MOCVD"
GaAsSb MBE’
InPAs MOCVD”
InPSb MOCVD?
InAsSb MOCVD,” MBE®
GalnPAs CI-VPE/ MOCVD'
AlGalnP MOCVD¢
CuPt-A AlInP MBE”
AllnAs MBE"*
CuAu-1 AlGaAs MOCVD"”
GalnAs MBE"
GaAsSb MBE,* MOCVD”
TP-A AllnAs MBE?
GalnAs MBE®*
II-VI CuPt-B ZnCdTe MOCVD*
CdHgTe LPE*
ZnSeTe MOCVD#
CuAu-I ZnCdTe MBE“
ZnSeTe MBEY
CusAu ZnCdTe MBE®“

“See, W. Jager, in Properties of Strained and Relaxed Silicon Germanium, EMIS Datareviews Series No. 12 (edited by
E. Kasper), INSPEC, London, 1995, p. 53

YA. Gomyo et al., Jpn. J. Appl. Phys. 34, L469 (1995)

°T. Suzuki et al., Jpn. J. Appl. Phys. 27, 2098 (1988)

0. Ueta et al., J. Appl. Phys. 68, 4268 (1990)

K. Nishi and T. Suzuki (unpublished)

fA. Gomyo et al., Mater. Res. Symp. Proc. 417, 91 (1996)
¢A. Gomyo et al., Phys. Rev. Lett. 60, 2645 (1988)

"T. Suzuki et al., Appl. Phys. Lett. 73, 2588 (1998)

’A. G. Norman et al., Inst. Phys. Conf. Ser. 87, 77 (1987)

/M. A. Shahid et al., Phys. Rev. Lett. 58, 2567 (1987)
*T-Y. Seong et al., J. Appl. Phys. 75, 7852 (1994)

'J. Shin et al., J. Electron. Mater. 24, 1563 (1995)

"G. S. Chen et al., Appl. Phys. Lett. 57, 2475 (1990)

"G. B. Stringfellow, J. Cryst. Growth 98, 108 (1989)
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Figure 1.2 Si-Ge ordered structures of types (a) RS1, (b) RS2 and (c) RS3. In (c), the four projected
compositions «, 3, Y and & correspond to specific Si- and Ge-rich sites

Normally, Si,Ge;_, crystallizes in the diamond structure which contains of two fcc
sublattices shifted by one quarter of the body diagonal. Observations of long-range ordering
of group-1V semiconductor alloy have been made on Si,Ge;_, layers grown on Si(100) by
MEB [3] and subsequently at interfaces of SLs [2]. Different order structures were suggested in
bulk Si,Ge; _, on the basis of experimental results and are depicted in Figure 1.2. They are RS1,
RS2 and RS3 with the rhombohedral structures (CuPt ordering, R3m). The stoichiometry for
RS1and RS2 s Sij sGe 5, while RS3 allows compositional differences on specific lattice sites.
As seen in Figure 1.2, RS1 (RS2) has the widely (closely) spaced {111} planes occupied by
the same atom type, while RS3 allows compositional differences between projected sites or
columns with compositions «, B8, ¥ and & corresponding to specific Si- and Ge-rich sites.

<

°Y.-E. Thm et al., Appl. Phys. Lett. 51, 2013 (1987)

PD. H. Jaw et al., Appl. Phys. Lett. 59, 114 (1991)

9See, H. R. Jen et al., Appl. Phys. Lett. 54, 1890 (1989)

"H. R. Jen et al., Appl. Phys. Lett. 54, 1154 (1989)

*T.-Y. Seong et al., Appl. Phys. Lett. 64, 3593 (1994)

'W. E. Plano et al., Appl. Phys. Lett. 53, 2537 (1988)

“T. Suzuki et al., Appl. Phys. Lett. 73, 2588 (1998)

YT. S. Kuan et al., Phys. Rev. Lett. 54, 201 (1985)

"0. Ueda, et. al., J. Cryst. Growth 115, 375 (1991)

*0. Ueta et al., Proc. 7th Int. Conf. InP and Related Materials Sapporo, Japan, p. 253 (1995)
*H. R. Jen et al., Appl. Phys. Lett. 48, 1603 (1986)

*A. Gomyo et al., Phys. Rev. Lett. 72, 673 (1994)

““D. Shindo et al., J. Electron Microscopy 45, 99 (1996)

“N. Amir et al., J. Phys. D: Appl. Phys. 33, L9 (2000)

““K. T. Chang and E. Goo, J. Vac. Sci. Technol. B 10, 1549 (1992)
K Wolf et al., Solid State Commun. 94, 103 (1995)

“H. S. Lee et al., Appl. Phys. Lett. 83, 896 (2003)

YH. Luo et al., J. Vac. Sci. Technol. B 12, 1140 (1994)

“SH. S. Lee et al., Solid State Commun. 137, 70 (2006)
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The long-range order parameter in RS1 and RS2 can be defined by

rsi—X

S = (1.2)

1—x
where rg; is the fraction of Si sites occupied correctly and x is the fraction of Si atoms in
Si,Ge;_,. S = 1 means perfect and complete order, while S = 0 means random alloy. The degree
of long-range order can be quantitatively deduced from the electron diffraction intensity of
superstructure reflections. However, because of the presence of crystalline defects, of
superposition of various domains and of the multiple scattering, the actual intensity substan-
tially deviates from the kinematic value so that quantitative determination from selected-area
electron diffraction intensity is usually obscured [2].

Observations of the long-range ordering have been made on bulk SiGe or SL samples
prepared by MBE at medium temperature and for various compositions. However, no
observations of ordered phases are reported for bulk SiGe grown from the melt [4].

(b) III-V semiconductor alloy

In 1985, Kuan et al. [5] first observed an ordered phase (CuAu-I type) in III-V semiconductor
alloy which was an AlGaAs epilayer grown on GaAs(100) at 600—-800 °C by MOCVD. Since
the finding of CuPt-type ordering in SiGe alloy [3], this type of ordering (CuPt-B) has also been
reported for many III-V alloys, such as AlInP, GalnP, AllnAs and GalnAs ([6], see also
Table 1.3). New types of ordering, CuPt-A and TP-A, are also found in AlInP [7] and AllnAs
alloys [8]. Other types of ordering, CuAu-I, famatinite and chalcopyrite, are reported in the
early history of the spontaneous ordering in III-V alloys; however, mechanism of these phases
seems to be quite different from those of CuPt-B, CuPt-A and TP-A [6].

The unit cells of (a) CuPt-B, (b) CuAu-I and (c) chalcopyrite structures are shown in
Figure 1.3. The metallurgical CuPt alloy has a random fcc structure at high temperatures, but
quenching at low temperatures produces a rhombohedral phase with 1/2{111} chemical
ordering. The CuPt-B structure is among the most widely discussed and accessed forms
of spontaneous ordering in III-V ternaries, and occurs in both common anion and common
cation alloys (Table 1.3). It is a monolayer SL of III, (V4)-rich planes and Iz (Vg)-rich
planes ordered in the [111] or [111] directions, as depicted in Figure 1.4. The CuPt-A and

®

Figure 1.3 Unit cells of (a) CuPt-B (GalnAs), (b) CuAu-I (AlGaAs) and (c) chalcopyrite structures
(CuGaSe,)
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Growth axis

[001] : _
t Ga(I11) In(111)
[110]

Figure 1.4 [110] projection of CuPt-B ordering (GalnP)

TP-A phases occur in the [111] and [111] directions, in which CuPt-B ordering is never
observed. The metallic CuAu alloy shows two prominent ordered phases: (i) CuAu-I trigonal
phase with alternating (002) planes of pure Cu and Au compositions and (ii) orthorhombic
CuAu-II phase. The CuAu-I ordering occurs spontaneously within fcc sublattices of some
III-V pseudobinary alloys, such as AlGaAs, GalnAs and GaAsSb (Table 1.3).

An earlier thermodynamic calculation based on a first-principles theory predicted that an
ordered phase with a large lattice-constant mismatch is more stable than the corresponding
random phase [9]. Some experimental data, on the other hand, showed that the kinetics of
crystal growth plays an important role in the formation of an ordered structure as discussed in
Mascarenhas [2].

(c) II-VI semiconductor alloy

Only a few studies have been carried out on spontaneous ordering of II-VI semiconductor
alloys. These studies reported ordering of CuPt and CuAu-I types (Table 1.3). Recently, a new
ordering phase, CusAu, has been observed in Zng oCdy ;Te epilayers grown on GaAs(100)
substrates [10]. We can see a tendency in Table 1.3 to observe the CuPt (CuAu-I) phase if
samples were grown by MOCVD (MBE).

1.4 LATTICE CONSTANT AND RELATED PARAMETERS
1.4.1 CuAu Alloy: Ordered and Disordered States
Cu-Au alloy is among the best studied of all metallic alloys. The most interesting feature of this

alloy is that CuAu (x = 0.5), CuAu; (x = 0.25) and CuzAu (x = 0.75) can be obtained in either
ordered or disordered form. The ordered CuAu alloy crystallizes in the LI tetragonal structure
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3.0 1 | 1 | 1 | 1 | 1

Figure 1.5 Lattice constant a versus x for Cu,Au;_,. The solid and open circles represent the ordered
(x=0.25, 0.75) and disordered alloy values, respectively. The solid line shows the linear interpolation
result between the endpoint elemental data

(space group = P4/mmm), while the ordered CuAu; and CuzAu alloys crystallize in the LI,
cubic structure (Pm3m).

In Figure 1.5 the lattice constant a has been plotted as a function of x for Cu,Au, _,. The solid
and open circles represent the ordered and disordered alloy data, respectively. The solid line
shows the linear interpolation result between the Au (x =0) and Cu (x = 1.0) values. It can be
seen from Figure 1.5 that the Cu—Au ordering has no strong effect on the lattice parameter.
Similarly, no clear spontaneous ordering effect has been observed on the lattice parameters of
semiconductor alloys.

1.4.2 Non-alloyed Semiconductor

The lattice parameters for a number of the most easily grown group-IV, III-V and II-VI
semiconductors are listed in Table 1.4. Tables 1.5, 1.6 and 1.7 also list the molecular weight
(M), lattice constants (a and b) and crystal density (g) for anumber of group-VI, III-Vand I[I-VI
semiconductors crystallizing in the diamond, zinc-blende and wurtzite structures, respectively.
These values can be used to obtain alloy values using the interpolation scheme.

Table 1.4 Most easily grown crystal structure and lattice constants at 300 K for a number of easily or
normally grown group-IV, III-V and II-VI semiconductors. d = diamond; zb = zinc-blende;
h = hexagonal; w = wurtzite; rs = rocksalt; or = orthorhombic; rh = rhombohedral

System Material Crystal structure a (A) c (A)
v Diamond d 3.5670

Si d 5.4310

Ge d 5.6579

Sn d 6.4892

3C-SiC zb 4.3596

6H-SiC

=

3.0806 15.1173
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Table 1.4 (Continued)
System Material Crystal structure a (A) c (A)
n-v BN zb 3.6155
BN h 2.5040 6.6612
BP zb 4.5383
BAs zb 4.777
AIN h (w) 3.112 4.982
AlP zb 5.4635
AlAs zb 5.66139
AlSb zb 6.1355
GaN h (w) 3.1896 5.1855
GaP zb 5.4508
GaAs zb 5.65330
GaSb zb 6.09593
InN h (w) 3.548 5.760
InP zb 5.8690
InAs zb 6.0583
InSb zb 6.47937
I-VI BeO h (w) 2.6979 4.380
BeS zb 4.865
BeSe zb 5.137
BeTe zb 5.617
MgO rs 4.203
MgS IS 5.203
MgSe zb 591
MgTe h (w) 4.548 7.390
ZnO h (w) 3.2495 5.2069
ZnS h (w) 3.8226 6.2605
ZnS zb 5.4102
ZnSe zb 5.6692
ZnTe zb 6.1037
CdO rs 4.686
CdS h (w) 4.1367 6.7161
CdSe h (w) 4.2999 7.0109
CdTe zb 6.481
HgO or 3.577 (a)
8.681 (b)
2.427 (c)
0.745 (u)
HgS rh 4.14 (a)
9.49 (b)
2.292 (c)
0.720 (u)
0.480 (v)
HgSe zb 6.084
HgTe zb 6.4603




Table 1.5 Molecular weight M, lattice constant a and crystal density g for a number of cubic, diamond-
type semiconductors at 300 K

System Material M (amu) a (A) g (g/cm3 )

v Diamond 12.0107 3.5670 3.5156
Si 28.0855 5.4310 2.3291
Ge 72.61 5.6579 5.3256
Sn 118.710 6.4892 5.7710

Table 1.6 Molecular weight M, lattice constant a and crystal density g for a number of cubic, zinc-
blende-type semiconductors at 300 K

System Material M (amu) a (/DX) g (g/cm3 )
v 3C-SiC 40.0962 4.3596 3.2142
m-v BN 24.818 3.6155 3.4880
BP 41.785 4.5383 2.9693
BAs 85.733 4.777 5.224
AIN 40.98828 4.38 3.24
AlP 57.955299 5.4635 2.3604
AlAs 101.903098 5.66139 3.73016
AlSb 148.742 6.1355 4.2775
GaN 83.730 4.52 6.02
GaP 100.696 5.4508 4.1299
GaAs 144.645 5.65330 5.31749
GaSb 191.483 6.09593 5.61461
InN 128.825 4.986 6.903
InP 145.792 5.8690 4.7902
InAs 189.740 6.0583 5.6678
InSb 236.578 6.47937 5.77677
II-VI BeO 25.0116 3.80 3.03
BeS 41.078 4.865 2.370
BeSe 87.97 5.137 4.310
BeTe 136.61 5.617 5.120
MgO 40.3044 421 3.59
MgS 56.371 5.62 2.11
MgSe 103.27 5.91 3.32
MgTe 151.91 6.42 3.81
ZnO 81.39 4.47 6.05
7ZnS 97.46 5.4102 4.0879
ZnSe 144.35 5.6692 5.2621
ZnTe 192.99 6.1037 5.6372
Cdo 128.410 5.148¢ 6.252¢
CdS 144.477 5.825 4.855
CdSe 191.37 6.077 5.664
CdTe 240.01 6.481 5.856
HgS 232.66 5.8514 7.7135
HgSe 279.55 6.084 8.245
HgTe 328.19 6.4603 8.0849

“Theoretical
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Table 1.7 Molecular weight M, lattice constants a and ¢ and crystal density g for a number of hexagonal,
wurtzite-type semiconductors at 300 K

System Material M (amu) Lattice constant (A) g (g/cm3)
a c

v 2H-SiC 40.0962 3.0763 5.0480 3.2187

n-v AIN 40.98828 3.112 4.982 3.258
GaN 83.730 3.1896 5.1855 6.0865
InN 128.825 3.548 5.760 6.813

II-VI BeO 25.0116 2.6979 4.380 3.009
BeS“ 41.078 3.440 5.618 2.370
BeSe“ 87.97 3.632 5.932 4311
BeTe* 136.61 3.972 6.486 5.120
MgO 40.3044 3.199 5.086 2.970
MgS 56.371 3.972 6.443 2.127
MgSe 103.27 4.145 6.723 3.429
MgTe 151.91 4.548 7.390 3.811
ZnO 81.39 3.2495 5.2069 5.6768
ZnS 97.46 3.8226 6.2605 4.0855
ZnSe 144.35 3.996 6.626 5.232
ZnTe 192.99 4.27 6.99 5.81
Cdo “ 128.410 3.678 5.825 6.249
CdS 144.477 4.1367 6.7161 4.8208
CdSe 191.37 4.2999 7.0109 5.6615
CdTe 240.01 4.57 7.47 5.90
HgS 232.66 4.1376 6.7566 7.7134
HgSe ¢ 279.55 4.302 7.025 8.246
HgTe “ 328.19 4.5681 7.4597 8.0850

“Estimated or theoretical
1.4.3 Semiconductor Alloy

(a) Group-1V semiconductor

Table 1.8 gives the lattice-matching condition between some group-IV ternary alloys and
Si substrate. The incorporation of carbon into Si or SiGe gives rise to additional flexibility for
group-IV-based heterostructure design [11]. Due to huge lattice mismatch between diamond

Table 1.8 Lattice-matching conditions of some group-IV ternaries at 300 K

Material Substrate Expression Remark
C,Si,Gey_y—y Si x=0.109-0.109y 0<y<1.0,x/(1 —x—y)=0.122
CSiySn;_,_, Si x=0.362-0.362y 0<y<1.0,x/(1 —x—y)=0.567

C,Ge,Sny_,_, Si x=0.362-0.284y 0<y<0.89
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and Si, a small amount of substantially incorporated C induces a substantial tensile strain
in pseudomorphic C,Si;_, layers on Si. This effect can be exploited for C,Si,Ge;_,_,/Si,
C,Si,Sn; _,_,/Si and C,Ge,Sn;_,_,/Si heterostructures by properly choosing pseudomorphic
compositions x and y. It should be noted, however, that the solubility of C into Si is only
about 6 x 107% at% (~3 x 10~'7 cm?) at the melting point of Si. Carbon incorporated into
substitutional lattice sites up to a few atomic percent has been achieved only using growth
techniques far from thermodynamic equilibrium [12].

Figure 1.6 shows the plot of the lattice constant a versus x for bulk C,Si; _,. The open circles
represent the experimental data for diamond and Si, while the solid circle shows the data for

Figure 1.6 Lattice constanta versus x for bulk C,Si; _, at 300 K. The open and solid circles represent the
experimental data. The light solid and dashed lines represent the results of Vegard law between Si (x =0)
and 3C-SiC (x=0.5) and between Si (x =0) and diamond (x = 1.0), respectively. The heavy solid line
shows the theoretical values obtained from a Monte Carlo simulation by Kelires [13]

3C-SiC (x=0.5). The light solid line is obtained from Vegard law between Si and 3C-SiC
(x=0.5), while the dashed line is obtained between Si and diamond (x = 1.0). The 3C-SiC
value is smaller than the linearly interpolated value. The heavy solid line in Figure 1.6
represents the theoretical a values for C,Si;_, obtained from a Monte Carlo calculation [13].
These values can be expressed as (in A)

a(x) = 5.4310—2.4239x + 0.5705x> (1.3)

The negative deviation a(x) seen in Figure 1.6 has been confirmed experimentally from
pseudomorphic C,Si; _, epilayers (x<0.012) grown on Si(100) by solid-source MBE [14].

Si and Ge, both crystallize in the diamond structure, form a continuous series of Si,Ge;_,
alloys with x ranging from 0 to 1.0. The most precise and comprehensive determination of the
lattice constant a and crystal density g across the whole alloy range was undertaken by
Dismukes et al. [15]. The values they obtained for a and g are plotted versus x for Si,Ge;_, in
Figure 1.7. These data reveal a small deviation from Vegard law, i.e. from the linearity between
the endpoint values. The lattice parameter a shows a downward bowing, while the density
parameter g gives an upward bowing. From Figure 1.7, we obtain parabolic relation for a and g
as a function of x (a in A, gin g/cm3)

a(x) = 5.6575—0.2530x + 0.0266x> (1.4a)
g(x) = 5.3256—2.5083x—0.4853x (1.4b)



STRUCTURAL PROPERTIES 21

Figure 1.7 (a) Lattice constant a and (b) crystal density g for Si,Ge,_, at 300 K. The experimental data
are taken from Dismukes et al. [15]. The solid and dashed lines represent the parabolic and linear fit
results, respectively

As shown in Figure 1.8, the diamond-type lattice, e.g. Si has only one type of first-neighbor
distance

d(Si—Si) = ?a (four bonds) (1.5)

EXAFS has been popularly used to determine bond lengths for different types of neighbor
atom pairs and the corresponding fractional occupancy of each type of neighbor. Recent
EXAFS and XRD studies performed on strained Si,Ge; _,/Si layers indicated that the Si-Si,
Si—Ge and Ge—Ge nearest-neighbor distances are 2.35 +0.02,2.42 + 0.02 and 2.38 £ 0.02 A,
respectively, close to the sum of their constituent-element covalent radii and independent of
x, while the lattice constant varies monotonically with x [16,17]. More recently, Yonenaga
et al. [18] investigated the local atomistic structure in bulk Czochralski-grown Si,Ge;_,
using EXAFS. As shown in Figure 1.9, the bond lengths Si-Si, Si—-Ge and Ge—Ge in the bulk
Si,Ge;_, remain distinctly different lengths and vary in linear fashion of x over the entire
composition range 0 <x<1.0, in agreement with expectation derived from ab-initio
electronic structure calculation. These results suggest that Si,Ge;_, is a typical disorder
material and that the bond lengths and bond angles are disordered with x in Si,Ge;_,.

<0001>

Figure 1.8 Bond distances in (a) diamond (Si), (b) zinc-blende (GaAs) and (c) wurtzite structures (GaN)
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Figure 1.9 Near-neighbor distance in Si,Ge;_, at 300K. The experimental data are taken from
Yonenaga et al. [18]. The horizontal lines show the bond lengths in bulk Si and Ge. The middle thin
line is obtained from Vegard law

(b) III-V semiconductor

The expressions for a versus alloy composition can be obtained from Vegard law. The crystal
density can also be calculated from g = Md\/Na, where M is the molecular weight, Ny =
6.022 x 10** mol ! is the Avogadro constant and d), is the molecular density [1].

The III-V quaternaries can be epitaxially grown on some III-V binaries (GaAs, InP, etc.).
Introducing the binary lattice parameters in Table 1.6 into Equation (A.6) or Equation (A.8), we
can obtain the lattice-matching conditions for A,B,_,C,D;_, and A,B,C,_,_,D quaternaries
on various III-V binary substrates. These results are summarized in Tables 1.9-1.11. The
lattice-matching conditions in Tables 1.9—1.11 can be approximated by more simple expres-
sions. Some results are presented in Table 1.12.

The lattice parameter a at 300K as a function of x for Al,Ga,_,As is shown in

Figure 1.10. The experimental data are taken from Takahashi [19]. From a least-squares fit,
we obtain

a(x) = 5.6533 +0.0083x—0.0003x* (1.6)
The solid line in Figure 1.10 shows the calculated result of Equation (1.6). This equation

promises that the lattice parameter for Al,Ga;_,As can be given by Vegard law with good

Table 1.9 Lattice-matching conditions for some cubic, zinc-blende-type III-V quaternaries of type
AB;_,C,D;_, at 300K

v Ao + Boy
Co+ Doy
Quaternary Substrate Ag By Co Dy Remark
AlIn,_P,As;_, GaAs 0.4050 —0.1893 0.3969 0.0086 0.04<y<1.0
InP 0.1893 —0.1893 0.3969 0.0086 0<y<1.0
Ga,In,_,PAs;_, GaAs 0.4050 —0.1893 0.4050 0.0132 0<y<1.0

InP 0.1893 —0.1893 0.4050 0.0132 0<y<1.0
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Table 1.10 Lattice-matching conditions for some cubic, zinc-blende-type III-V quaternaries of type

AB, ,C,D;_, at 300K

o Ao + Box
r= Co + Dox
Quaternary Substrate Ag By Co Dy Remark
Al Ga,_,P,As;_, GaAs 0 0.0081 0.2025 —0.0046 0<x<1.0
Al,Ga,_,P,Sb;_, GaAs 0.4426 0.0396 0.6451 0.0269 0<x<1.0
GaSb 0 0.0396 0.6451 0.0269 0<x<1.0
InP 0.2269 0.0396 0.6451 0.0269 0<x<1.0
InAs 0.0376 0.0396 0.6451 0.0269 0<x<1.0
Al,Ga;_,As,Sb;_, GaSb 0 0.0396 0.4426 0.0315 0<x<1.0
InP 0.2269 0.0396 0.4426 0.0315 0<x<1.0
InAs 0.0376 0.0396 0.4426 0.0315 0<x<1.0
AlIn,_,P,Sb;_, GaAs 0.8261 —0.3439 0.6104 0.0616 0.53<x<1.0
GaSb 0.3834 —0.3439 0.6104 0.0616 0<x<1.0
InP 0.6104 —0.3439 0.6104 0.0616 0<x<1.0
InAs 0.4211 —0.3439 0.6104 0.0616 0<x<1.0
Al In;_,As,Sb;_, GaSb 0.3834 —0.3439 0.4211 0.0530 0<x<1.0
InP 0.6104 —0.3439 0.4211 0.0530 048<x<1.0
InAs 0.4211 —0.3439 0.4211 0.0530 0<x<1.0
Ga,n;_,P,Sb;_, GaAs 0.8261 —0.3834 0.6104 0.0348 0.52<x<1.0
GaSb 0.3834 —0.3834 0.6104 0.0348 0<x<1.0
InP 0.6104 —0.3834 0.6104 0.0348 0<x<1.0
InAs 0.4211 —0.3834 0.6104 0.0348 0<x<1.0
Ga,In;_,As,Sb;_, GaSb 0.3834 —0.3834 0.4211 0.0216 0<x<1.0
InP 0.6104 —0.3834 0.4211 0.0216 047<x<1.0
InAs 0.4211 —0.3834 0.4211 0.0216 0<x<1.0

Table 1.11 Lattice-matching conditions for some cubic, zinc-blende-type III-V quaternaries of the type
AB,Cy_,_,D or AB,C,D;_,_, at 300K

Quaternary Substrate Expression Remark

Al Gayln,_,_,P GaAs y=0.5158-0.9696x 0<x<0.53

Al Ga,In;_,_,As InP y=0.4674-0.9800x 0<x<048

AlIP,As,Sb;_,_, GaAs x=0.7176-0.7055y 0<y<I1.0
InP x=10.3966-0.7055y 0<y<0.56
InAs x=0.1149-0.7055y 0<y<0.16

GaP,As,Sb;_,_, GaAs x=0.6861-0.6861y 0<y<I1.0
InP x=0.3518-0.6861y 0<y<0.51
InAs x=0.0583-0.6861y 0<y<0.08

InP,As,Sby_,_, GaSb x=0.6282-0.6899y 0<y<091
InAs x=10.6899-0.6899y 0<y<1.0
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Table 1.12 Approximated lattice-matching expression for some important cubic, zinc-blende-type
III-V quaternaries at 300 K

Quaternary Substrate Expression Remark

Al Ga,_,As,Sb;_, GaSb y=0.084x 0<x<1.0
InAs y=0.085 + 0.078x 0<x<1.0

Ga,In;_,PAs;_, InP x=0.47-0.47y 0<y<1.0

Ga,In;_,As,Sb;_, GaSb y=0.91-091x 0<x<1.0
InAs y=1.00-0.91x 0<x<1.0

Al Ga,In;_,_,P GaAs y=0.52-0.97x 0<x<0.53

Al Ga,In;_,_,As InP y=0.47-0.98x 0<x<0.48

a(A)

Figure 1.10 Lattice parameter a as a function of x for Al,Ga,_,As at 300 K. The experimental data are
taken from Takahashi [19]. The solid line represents the quadratic least-squares fit

approximation. The difference in a between Al,Ga,_,As and GaAs can also be written as

a(Al,Ga;_,As)—a(GaAs)

= 0.0015x = 0.1 1.7
a(GaAS) 0.0015x = 0.15x% (1.7)

Figure 1.11 shows the experimental x—y plots for Ga,In;_,P,As;_,/InP [20]. The solid line
shows the exactly calculated x—y relation in Table 1.9

1.0¢x T T T

08 Ga,In 1,XP),AS Iy /InP _'

0.6 - -
- L N

0.4 -

02 -_ Exact |

| === Approx.
0 ] ] ]

0 0.1 0.2 0.3 0.4 0.5

Figure 1.11 Plots of x versus y for Ga,In,_,P,As,_, nearly lattice-matched to InP at 300 K. The
experimental data are taken from Nahory et al. [20]. The solid and dashed lines show the lattice-matching
relationships obtained from Vegard law in Equations (1.8) and (1.9), respectively
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0.1893—-0.1893y

- a 1.8
0.4050 +0.0132y (18)

The dashed line also shows the calculated result using an expression in Table 1.12
x = 0.47-0.47y (1.9)

Both expressions can explain the experimental x—y relation very well and simultaneously
indicate the validity of Vegard law for Ga,In,_,P,As; _,/InP. It has, however, been reported that
strained Al,Ga,_,Sb/GaSb does not obey Vegard law [21].

The crystal density g versus y for Ga,In;_,P,As;_,/InP is shown in Figure 1.12. The solid
line represents the X-ray crystal density calculated from Equation (1.16) of Adachi [1], while
the dashed line is obtained from the linear interpolation between the endpoint densities
(y=0, 1.0). Their difference is within 2%.

6.0 T T T T T T T T T
5.5
E 5.0
N
57
4.5 Exact o
=== Approx
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Figure1.12 X-ray crystal density g versusy for Ga,In;_,P As,_,/InP at 300 K. The solid line represents
the exact X-ray crystal density calculated from Equation (1.16) of Adachi [1], while the dashed line is
obtained from the linear interpolation between the endpoint binary data

The experimental lattice parameter ¢ as a function of x for w-Ga,In;_,N is plotted in
Figure 1.13. The experimental data are taken from Bearch et al. [22] (solid circles) and Romano
et al. [23] (open circles). The Ga,In; N layers (0 <x<0.14) used by Bearch et al. [22]
were grown on (0001) sapphire by MOMBE and were believed to be fully relaxed. On the other
hand, the Ga,In;_,Nlayers in Romano et al. [23] were pseudomorphically grown on 5 um thick
GaN on (0001) sapphlre by MOCVD (x = 0-0.114). The solid line in Figure 1.13 obeys Vegard
law using ¢ =5.1855 A for GaN and ¢ =5.760 A for InN (Table 1.7).

Figure 1.14 shows the lattice parameter ¢ versus x for strained Al,Gag o_,Ing N alloy grown
by MOCVD [24]. The dashed line represents the linear interpolation result using the endpoint
values taken from Table 1.7. The lattice parameter c is found to decrease almost linearly with
increasing x. The prediction of Vegard law gives no good agreement with the experimental data.

It can be concluded from Figure 1.13 that the fully relaxed Ga,In;_,N films follow Vegard
law well; however, no good agreement can be achieved in the case of the pseudomorphic
alloy layers. As we will see later (Section 1.5.2), Vegard law may be applicable if any strain
effects are artificially removed from such pseudomorphically strained layers.

HRXRD has been widely used and demonstrated that almost all III-V semiconductor alloys
obey Vegard law well. It has also been reported that Vegard law remains valid in dilute nitrides,
such as GaN,As, _, and Ga,In;_,N,As,_,, as long as all N atoms in the dilute nitrides locate
at the arsenic sites [25]. The N-N pairs are thought to be the predominant N-related defects
that cause deviation from Vegard law [26]. Germini et al. [21], however, observed a deviation
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Figure 1.13 Lattice parameter c as a function of x for w-Ga,In; _ N at 300 K. The experimental data are
taken from Bearch et al. [22] (fully relaxed layers, solid circles) and Romano et al. [23] (pseudomorphic
layers, open circles). The solid line represents the simply estimate of the ¢ versus x relationship obtained
from Vegard law
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Figure 1.14 Lattice parameter ¢ versus x for strained w-Al,Gag g _,Ing ;N at 300 K. The experimental
data are taken from Aumer et al. [24]. The dashed and solid lines represent the results of applying Vegard
law before and after correcting for the biaxial strain effect

from Vegard law in MBE-grown Al,Ga,;_,Sb/GaSb layers by HRXRD, RBS and RHEED.
These results are plotted in Figure 1.15. The experimental unstrained lattice parameters can be
described by

a(x) = 6.09593 +0.04360x—4.229 x 1073 x* (1.10)

The deviation from linearity is found to be larger than the prediction of a perfect random alloy in
the frame of the Fournet model [27].

There is a significant structural difference between the bond distance in the zinc-blende and
wurtzite structures of A,B,_,C alloy. The first-neighbor distance in the zinc-blende structure
is given from Figure 1.8 by

d(Ga—As) = \/Tga (four bonds) (L.11)

Yet, the wurtzite structure has two types of the first-neighbor anion—cation bond distances
(Figure 1.8)

d(Ga—N}) = ua (one bond) (1.12a)
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Figure 1.15 Room-temperature lattice constant a as a function of x for Al,Ga, ,Sb grown on GaSb.
The experimental data are taken from Germini et al. [21]. The solid line represents the quadratic best-fit
result obtained using Equation (1.10)

2 2
d(Ga—N,) = \/% + (% —u> (ai) ay (three bonds) (1.12b)
where u represents the cell-internal structural parameter and a,, and ¢ show the lengths of the
lattice vectors of the wurtzite structure. In the case of an ideal tetragonal ratio c/a,, = (8/3)“ 2=
1.6330 and an ideal cell internal parameter u =3/8, it follows from Equation (1.12) that
d(Ga-N;) = d(Ga—N,).

In the zinc-blende lattice, we have only one type of second neighbor cation—anion bond
distance

d(Ga—As) = @a(leonds) (1.13)

On the other hand, the wurtzite lattice has three types of second neighbor cation—anion
distances concerning the cation A (Ga) to anions C,,, Cy, and Cy.

d(Ga—Nsy) = (1—1)— ay (one bond) (1.14a)
Ay
uc\’
d(Ga—Ny,) =4/ 1+ (—) ay (six bonds) (1.14b)
Ay
4 (1 \/[c)?
d(Ga—Ny) = 3 + (5 —u) (a_> ay (three bonds) (1.14¢)

For ideal wurtzite parameters of c/a,, = (8/3)1/ 2=1.6330 and u = 3/8, the following expression
can be obtained from Equation (1.14)

d(Ga—Ny,) = 1.0206a,,, d(Ga—Ny,) = d(Ga—Ny.) = 1.1726a,, (1.15)

The spacing between the near-neighbor In-In or P-P atoms in InP is equal to (1/\/ 2)a.
It would be anticipated that for an alloy the interatomic bond length of each constituent remains
constant with alloy composition. Unfortunately, however, standard XRD techniques give
information only on the lattice structure that is averaged over an area larger than the scale of
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lattice constant. The interatomic structure in such semiconductor alloys was, therefore, not well
understood until 1982. Mikkelsen and Boyce [28] reported in 1982 the interatomic structure of
Ga,In;_, As using an EXAFS. They found that the Ga—As and In—As near-neighbor distances
change by only 0.04 A as the In composition varies from 1 to 99 at% despite the fact that this
alloy accurately follows Vegard law with a change in average near-neighbor spacing of 0.17 A
We reproduce in Figure 1.16 the results of Mikkelsen and Boyce [28]. They also observed that
the cation sublattice approaches a virtual crystal (i.e. an average fcc lattice) with a broadened
single distribution of second-neighbor distances, whereas the anion sublattice exhibits a
bimodal anion—anion second-neighbor distribution.

g
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2.50

Near-neighbor distance (&)

245

Figure 1.16 Near-neighbor distance in Ga,In; ,As at 300 K. The middle thin line represents the
bond length curve estimated from Vegard law. [Reprinted with permission from J. C. Mikkelsen, Jr. and
J. B. Boyce, Phys. Rev. Lett. 49, 1412 (1982). Copyright (1982) by the American Physical Society]

The essentially same EXAFS results, but on Ga,In;_,P,As;_,/InP, were reported by
Oyanagi et al. [29]. They reported that the cation—-anion distances in Ga,n;_,P,As,_,/InP
deviate from the average interatomic distance, but are rather close to the bond lengths in pure
parent crystals. The cation—anion distances obtained from this study are plotted in Figure 1.17.

The near-neighbor distances in w-Ga,In;_,N versus x are shown in Figure 1.18. The
experimental data are taken from Jeffe et al. [30]. The theoretical lines are taken from Mattila
and Zunger [31] in which the valence force field simulation with large supercells (512—-1280
atoms) was used. It has been shown [31] that while the first-neighbor cation—anion bonds for
different cations (Ga—N; and In-N,) retain distinct values in the wurtzite and zinc-blende
alloys, the second-neighbor cation—anion bonds Ga—N, and In-N, merge into a single bond
length. However, the second-neighbor cation—anion bonds for the same cation exhibit a crucial
difference between the wurtzite and zinc-blende structures. This is thought to be an intrinsic
property of the binary constituents and persists in the alloy. The small splitting of the first-
neighbor cation—anion bonds in the wurtzite structure is also preserved in the alloy, but
obscured by bond length broadening [31].
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Figure 1.17 Near-neighbor distance in Ga,In; _,P,As;_,/InP at 300 K. The experimental data are taken
from Oyanagi et al. [29]. The dashed line represents the bond length curve obtained from Vegard law

Near-neighbor distance (&)

Figure 1.18 Near-neighbor distances versus x for w-Ga,In; _,N. The experimental data were measured
at 300 K by Jeffe ez al. [30]. The theoretically calculated lines are taken from Mattila and Zunger [31] who
used the valence force field simulation with large supercells (512-1280 atoms)

(c) II-VI semiconductor

Several II-VI semiconductor quaternaries can be epitaxially grown on III-V binary substrates.
The corresponding lattice-matching relationships are shown in Tables 1.13 and 1.14. These
relationships can be approximated using more simple expressions, as listed in Table 1.15.
Figure 1.19 shows the lattice constant a as a function of x for Zn,Cd,; _, Te. The experimental
data were obtained at 300 K using an XRD combined witha WDXS [32]. The combination with
WDXS led to an absolute composition error Ax of less than 0.01. These data suggest that Vegard
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Table 1.13 Lattice-matching conditions for some cubic, zinc-blende-type II-VI quaternaries of the type
AB,;_.C,D,_,at 300K

_ Ap + Box
r= Co + Dox
Quaternary Substrate Ag By Co Dy Remark
Mg, Zn;_,S,Se;_, GaAs 0.016 0.241 0.259 0.031 0<x<1.0
Mg,Zn;_,Se,Te,_, InP 0.235 0.314 0.435 0.075 0<x<0.84

Table 1.14 Lattice-matching conditions for some cubic, zinc-blende-type II-VI quaternaries of the type
AB,C,_,_,D at 300K

Quaternary Substrate Expression Remark
BeMg,Zn;_,_,Se GaAs x=0.030 4 0.453y 0<y<0.67
Mg, Zn,Cd,_,_,Se InP y=0.510-0.409x 0<x<0.83

Table 1.15 Approximated lattice-matching expression for some important cubic, zinc-blende-type
II-VI quaternaries at 300 K

Quaternary Substrate Expression Remark
Mg, Zn,_,S,Se;_, GaAs y=0.08 + 0.82x 0<x<1.0
Mg, Zn,_,Se,Te,_, InP y=0.55 + 0.54x 0<x<0.84
BeMg,Zn;_,_,Se GaAs x=0.03 + 0.45y 0<y<0.67
Mg,Zn,Cd,_,_,Se InP y=0.51-0.41x 0<x<0.83

law is exactly valid within the limits of error Aa/a <4 x 10~* and follows the equation (in A
a(x) = 6.4822—0.3792x (1.16)

CdS, Te,_, shows a zinc-blende—wurtzite crystalline phase change at any alloy composition.
Early studies failed to grow alloys for the full range of compositions, concluding that a large

Figure 1.19 Lattice constant a as a function of x for Zn,Cd; _,Te at 300 K. The experimental data are
taken from Schenk et al. [32]. The solid line represents the linear best fit of Equation (1.16)
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miscibility gap exists in the CdS—CdTe pseudobinary system [33]. In 1973 Ohata et al. [34]
studied the bulk alloy system for the full range of compositions and reported a change in the
crystalline phase at x ~0.2.

Figure 1.20 plots the lattice constants a and ¢ versus x for bulk CdS,Te,_, crystals as
measured by Wood et al. [35] using XRD. The composition x of each pellet was determined
independently using PIXE. In Figure 1.20, the phase change occurs at x ~ 0.2, in agreement with
Ohata er al. [34]. The solid triangles represent the effective cubic lattice parameters aqg=
(\/ 3a2c) 13 defined in Adachi [1]. It can be concluded from Figure 1.20 that the lattice parameters
both in the zinc-blende and wurtzite phases obey Vegard law well. It is also understood that if we
consider a.g, instead of a or ¢, in the wurtzite phase (0.2 <x < 1.0), CdS,Te, _, gives the linear
relationship between a and x over the whole alloy range (0 <x < 1.0).
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Figure 1.20 Lattice constants a and ¢ versus x for bulk CdS,Te; _, in the zinc-blende (zb) and wurtzite
(w) structures at 300 K. The experimental data are taken from Wood et al. [35]. The solid triangles
represent the effective cubic parameters degp= (\/ 3a%c)1?

Motta et al. [36] carried out EXAFS measurements on Zn,Cd;_,Te. These results are
shown in Figure 1.21 by the open circles. The solid circles correspond to the XRD data by
Schenk et al. [32]. We can see that the EXAFS bond lengths in Figure 1.21 change much less
than the nearest-neighbor distances determined from the XRD. As in the case of the III-Valloys
(Figures 1.16 and 1.17), the XRD lattice parameters in II-VI alloys do not reflect the actual
bond lengths of the nearest neighbors. The EXAFS data of Motta et al. [36] agreed with a
random distribution of atoms in the mixed cation sublattice.
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Figure 1.21 Near-neighbor distance in Zn,Cd; _, Te at 300 K. The experimental data (open circles) are
taken from Motta et al. [36]. The solid circles represent the bond lengths obtained from the XRD data
by Schenk et al. [32]
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1.5 COHERENT EPITAXY AND STRAIN PROBLEM
1.5.1 Bilayer Model

Recent semiconductor devices usually have multilayer structures. The distribution of strains in
multilayer structures is the subject of perennial, great interest since internal strains normally
arise in thin epitaxial films during the preparation by heteroepitaxial growth. Internal strains or
stresses are a consequence of the mismatch of lattice constants and/or the difference in the
thermal expansion coefficients of the individual layers. The strain and stress are related through
the fourth-rank elastic stiffness [C] or compliance tensor [S] [1].

Let us consider the case of bonding a thin plate of zinc-blende crystal of size Noa. X Neae X fo
onto a substrate of a different size Nya; X Ngas X t5, where N, is the number of lattice atoms along
the edge of the crystal plate, a; is the lattice constant and #; is the thickness of the plate;
see Figure 1.22(a) [37]. To achieve a coherent interface, N, is set to equal Ny. Let us assume that
a. is less than a and thus [, = N.a. is less than [, = Nya,. The bonding operation is carried out
in the following manner: equal and opposite forces F are applied to the plates to stretch plate
‘e’ and compress plate ‘s’ uniformly in the lateral direction to the same final dimension /¢ X Iy.
The two plates are then bonded together with a perfect alignment of the atomic planes; see
Figure 1.22(b). At the moment when the two plates are bonded together, the composite
experiences an applied bending moment given by F(f, + t.)/2, which is counterbalanced
by the moment resulting from the internal elastic stress. Finally, the applied forces are relieved,
and the moments from the elastic stresses bend the composite in the direction shown in

(a)

Figure 1.22 Formation of a two-layer composite: (a) two single-crystalline plates with the lattice
constants a. and a; (a. < a,) and thicknesses 7, and ¢, respectively; (b) layer ‘e’ is stretched and layer ‘s’ is
compressed to match the macroscopic dimension, and the two layers are then bonded together to form a
composite; (c) the composite bends toward the side with the shorter lattice constant after removal of the
external stresses F, and F
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Figure 1.22(c). The bending of the composite relaxes some of the stress, and the radius of
curvature is determined by the final state of the internal stress.

Based on this bilayer model, Noyan and Segmiiller [37] obtained the coherency condition in
terms of the curvature radius R

a.—as 2 [t 1+ dele N 1 ac (|, asEete\ (Ef2 N E.t’t, (117)
a, R|4 agts Ectt.(1+1./t;) ag a.Ed ) \ 12 4 '

where

Y;
E, =
1—P,

(1.18)

with Y= Young’s modulus and P =Poisson’s ratio. The term & shown in Figure 1.22(c)
represents the shift of the neutral axis of the composite from #,/2. This quantity is given by

_tE. 141/t
© 2E 1+ (Eeto/Esty)

(1.19)

Solving the elastic force and momentum balance equations, Noyan and Segmiiller [37] gave
the elastic stress component X, parallel to the film as

E as |a.—a Aole\ I
X = - =1+ =)= 1.20
> 1 + (asEete /acEsts) ae [ as + asts ) 2R ( )

The relationship between the film and substrate stresses is given by

XX

) te
X, = —=x¢ (1.21)
2

The dependence of X,, on z is now given by

—1.)2
Xe.(z) = XS, + Ee <Z / > for 0<z<t, (1.22a)
t t./2
Xule) = =X, = +E (%) for 0>z> —1 (1.22b)

In the case where a. <as, these expressions give X} <0, X5, >0, and R<O0.

1.5.2 Elastic Strain and Lattice Deformation

Since X_. is equal to zero in the bilayer model discussed above, the lattices are free to expand
or contract in the z direction, that is, perpendicular to the interface. As seen in Figure 1.23, this
causes the cubic lattice structure to be tetragonally distorted. Since both X! and X;y have
opposite signs for i = s compared to i = e, the two cubic lattices are tetragonally distorted in the
opposite sense, one with the lattice constant perpendicular to the interface lengthened and
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Figure 1.23 Cross section of an ‘epilayer—substrate’ system, where a. and a; are the unstrained lattice
parameters of the epilayer and substrate, respectively

the other shortened. Therefore, the measured vertical mismatch is enhanced by the tetragonal
distortion.

Lattice deformation between the epilayer and substrate can be determined by conventional
XRD. For example Ga,In;_,P,As,_, epilayers on InP(100) are shown in Figure 1.24 [38],
where the Ga,In;_,P,As;_,/InP samples were grown by LPE with the Ga atomic fractions in
liquid solution between 0.4 an 1.0 at%. The experimental lattice deformation Aa/a perpendic-
ular to the layer surface for layers with a Ga fraction lower than ~0.0065 has a positive value
(i.e. compressive strain in the growth direction), while it has negative values (tensile strain) for
layers with a fraction larger than 0.0065.

In practical cases where the thickness of the epilayer is very small compared to that of
the substrate, the lattice mismatch can be taken up totally by the tensile or compressive strain
inside the epilayer, giving a coherent interface. A discontinuity in the lattice constant parallel to
the interface can exist only in the presence of misfit dislocations. Nagai [39] studied the

\O
0.6¢ \ GalnPAs/InP
[ [«
0.4}
L o Aal/a
0.2} \
g B o
S 90 .:A_TAh-x‘“A _________
z o TTa——— ]
I AaH/a
0.2}
| o
\
-0.4r o,
- o\o
-0.6} N\
- o\
0.8

0.004 0006 0.008 0010
Ga fraction in liquid solution

Figure 1.24 Lattice mismatch in a GalnPAs/InP heterostructure as a function of the Ga atom fraction in
LPE-growth liquid solution. [Reprinted with permission from K. Oe and K. Sugiyama, Appl. Phys. Lett.
33, 449 (1978). Copyright (1978) by the American Institute of Physics]
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effects of lattice misfit on the lattice deformation for Ga,In; _,As on GaAs by HT-VPE. The
thickness of the substrates was in the range 2—5 mm and the epilayer was in the range 5-10 pm.
His results are shown in Figure 1.25, where g is the unstrained lattice parameter of the substrate
(GaAs) and a is the strained lattice parameter of the epilayer due to tetragonal distortion.
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Figure 1.25 Lattice-constant ratio a./a, for HT-VPE-grown Ga,In;_,Ason (100) and (1 1 1)As planes
of GaAs. [Reprinted with permission from H. Nagai, J. Appl. Phys. 45,3789 (1974). Copyright (1974) by
the American Institute of Physics]

The lattice constant of InAs (6.0583 A) is larger than that of GaAs (5.65330 A). Thus, the
Ga,In;_,As lattice on GaAs is expected to be tetragonally distorted with the lattice constant
perpendicular to the interface being lengthened. The measured lattice constants perpendicular
to the film are indeed larger than that along the surface. In the region x > 0.8 the degree of
deformation increased with decreasing x, but in the region x < 0.8 it decreased with decreasing
x. With the aid of defect revealing etching, it was concluded that in the region x > 0.8 the lattice
mismatch is relieved only by tetragonal distortion and for x <0.8 it is relieved by both misfit
dislocation and tetragonal distortion.

Figure 1.26 plots the lattice constant a versus x for strained C,Si; _, alloy grown on Si(100)
by solid-source MBE. The experimental data are taken from Berti et al. [14]. The dash-dotted
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Figure 1.26 Lattice constant a versus x for strained C,Si; _, grown on Si(1 00) by solid-source MBE.
The experimental data are taken from Berti ef al. [14]. The dash-dotted line represents the linearly
interpolated values between diamond and Si. The light solid and dashed lines are calculated from
Equation (1.23) by introducing a, values estimated from Vegard law between Si and 3C-SiC (x =0.5) and
between Si and C (x = 1.0), respectively. The heavy solid line is calculated by introducing the Monte
Carlo-simulated lattice constants reported by Kelires [13] as ag
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line shows the linear interpolation result between diamond (a = 3.5670 A) and Si(a=5.4310 A).
We can see that the linear interpolation scheme predicts quite different lattice parameters from
the experimental data.

The strain in the epilayer and hence the lattice constant in growth direction a, can be
calculated from the elastic theory [37]

2P

aJ_:(aO—a”) 14+ —— —l—aH (1.23)
1-P

where a is the lattice constant of the relaxed material, g is the in-plane lattice constant

assumed to be the same as the substrate parameter and P is Poisson’s ratio. In the case of cubic

materials, Equation (1.23) can be rewritten as

2C
a; = (ao—aH) (l + 7112) +aq (1.24)

where Cj; is the elastic stiffness constant.

The light solid and dashed lines in Figure 1.26 represent the calculated results of
Equation (1.23) by introducing a, values estimated from Vegard law between Si and 3C-SiC
(x=0.5) and between Si and diamond (x = 1.0), respectively (Figure 1.6). The heavy solid line
is also obtained from Equation (1.23) by introducing Monte Carlo-simulated lattice con-
stants [13] as ag. The P values in Equation (1.23) are obtained from the linear interpolation
between diamond and Si [1]. The results in Figure 1.26 suggest that the lattice constant a in
C,Si,_, significantly deviates from Vegard law. The relationship between a and x can be finally
given by Equation (1.3).

Figure 1.27 shows the lattice parameters perpendicular and parallel to the epilayer surface
of MOMBE-grown GaN,As; _, on GaAs(100) [40]. The experimental data clearly suggest that
the GaN,As;_, layers are coherently grown on the GaAs(100) substrates. The dashed line is
simply estimated from the linear interpolation between c-GaN and GaAs. The solid lines are
calculated from Equation (1.23) with a;=5.6517 A. The relaxed parameter aq and Poisson’s
ratios used in the calculation are taken from Vegard law between c-GaN and GaAs [1]. We can see
in Figure 1.27 excellent agreement between the calculated and experimental lattice parameters.
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Figure 1.27 Lattice parameters perpendicular (a_ ) and parallel (ay) to the epilayer surface of MOMBE-
grown dilute-nitride GaN,As; _, on GaAs(1 00). The experimental data are taken from Uesugi et al. [40].
The dashed line is simply estimated from Vegard law between c-GaN and GaAs. The solid lines are
calculated from Equation (1.23) with a;=5.6517 A (const.). The relaxed parameters ao and Poisson’s
ratios P are taken from Vegard law between c-GaN and GaAs
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The essentially same analysis as in Figure 1.27 is performed on strained Al,Gago_,Ing N
grown by MOCVD [24]. The solid line in Figure 1.14 represents the result of this analysis.
Note that Poisson’s ratio is a crystallographic plane- and direction-dependent quantity. The
expressions of Poisson’s ratio P and corresponding numeric values for some hexagonal
semiconductors are summarized in Tables 3.19 and 3.20 of Adachi [1]. The quaternary
P values used in Equation (1.23) are estimated from Vegard law. The in-plane lattice constant a;,
is assumed to be 5.240 A. In Figure 1.14, there is good agreement between the calculated and
experimental values even in the wurtzite crystal structure. However, in the case of relaxed
Al,In,_,Nalloy Vegrad law leads to an overestimation of the In mole fraction, which cannot be
explained by either strain state or impurity levels. The In atomic fraction can be overestimated
by as much as 6-37% in the range of 0.18 <x<0.93 [41].

Figures 1.28(a) and 1.28(b) show the experimental lattice parameters a and ¢ for Mg,Zn; _,O
layers on sapphire (0001) [42] and on 6H-SiC (0001) [43]. The solid lines show the linear
interpolation results of ¢ and a between MgO and ZnO. The effective cubic lattice parameters
Aoff = (\/ 3a2c)1/ 3 for MgO and ZnO are, respectively, 4.484 and 4.5671&, while those for
sapphire and 6H-SiC are 6.335 Aand4.359 A, respectively. Coherently grown Mg,Zn; _,O films
on the sapphire and 6H-SiC substrates will be tensile- and compressive-strained, respectively.
The ZnO (x =0) layers, however, exhibited virtually relaxed lattice constants of 3.246 and
5.205A along the a and c axes, respectively. As seen in Figure 1.28, the c- (a-) axis length
decreased (increased) with increasing x for Mg,Zn;_,O both on the sapphire and 6H-SiC
substrates. The resulting ratio c/a decreased with increasing x, indicating that the Mg,Zn; _,O
films are considerably distorted from the ideal wurtzite although they are in the relaxed states.
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Figure 1.28 (a) ¢-axis and (b) c-axis lattice parameters at 300 K for Mg,Zn; _,O grown on Al,O5 (0001)
substrate by Ohtomo et al. [42] and on 6H-SiC (0001) substrate by Ashrafi and Segawa [43]. The solid
lines in (a) and (b) show the linearly interpolated values of a and ¢ between MgO and ZnO. The
corresponding c/a ratios are plotted in (c)

1.5.3 Critical Thickness

Pseudomorphic epitaxy, in which a high-quality thin film is epitaxially grown on a lattice-
mismatched substrate, has found its application in many areas [44]. SLs and QWs are
high-quality multilayered structures grown from lattice matched and mismatched materials.
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The large lattice mismatch is totally accommodated by uniform elastic strains in the layers if
the layer thicknesses are kept below certain critical values. The idea for thin films emerged
from a critical layer thickness h. below which a dislocation-free, coherently strained
interface would be stable and above which a misfit dislocation structure and semi-coherent
interface would be stable. Knowledge of the so-called critical thickness is essential for
realizing the advantages of lattice-mismatched heterostructure systems.

The critical thickness A of an epilayer, which was first considered by Frank and van der
Merwe [45], is a parameter introduced to explain the experimental observation of coherent,
pseudomorphic or strained-layer epitaxy. The breakdown of coherency can be determined
in several ways. XRD and PL are commonly employed methods of determining the loss of
coherency by demonstrating a change in average lattice constant (XRD) or a shift in PL peak
energy and a reduction in PL intensity, following the release of strain. TEM is the direct
manifestation of the breakdown of coherency.

We show in Figure 1.29 the critical thickness A, versus x for (a) Si,Ge,_, layer on Si,
(b) Ga,In;_,As layer on InP and (c) GaN,As;_, layer on GaAs, respectively. Note that
x=0.47 in Figure 1.29(b) is the lattice-matching composition to InP.
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Figure 1.29 Critical thickness &, versus x for (a) Si,Ge;_, layer on Si, (b) Ga,In;_,As layer on InP
and (c) GaN,As;_, layer on GaAs. The solid lines represent the theoretical model of Matthews and
Blakeslee [46]. The heavy solid line in (a) is obtained from an energy-balanced misfit dislocation
generation model by People and Bean [47]

Although several theories have been proposed to predict h. [44], most semiconductor
device designers rely upon the model of Matthews and Blakeslee [46]. The solid lines in
Figure 1.29 show the results based on this model. The experimental 4. data usually exceed
the Matthews—Blakeslee’s prediction. It is also understood that for Si,Ge;_, there is little
dependence of h. on x. The heavy solid line in Figure 1.29(a) represents the theoretical
curve obtained from an energy-balanced misfit dislocation generation model by People and
Bean [47]. This model is in excellent agreement with the experimental data.

The critical thicknesses h. for Al,Ga;_,N and Ga,n;_,N on relaxed GaN layers were
measured by Akasaki and Amano [48]. The experimental /. values were in the range 300
to 700nm for AlL,Ga;_,N/GaN (0.05<x<0.2) and ~40nm for Ga,n;_N/GaN (0.8 <x
<0.95).
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The h, values for Si,Ge;_,/Si and some III-V and II-VI semiconductors grown on various
lattice-mismatched substrates are summarized in Figure 1.30. The solid lines are obtained
by least-squares fitting with (. in A, Aa/a in at%)

he = (ﬁ/ay (1.25)

with A=7.5 and n=3.5 for Si,Ge;_,/Si, A=16 and n=2.4 for IlI-V semiconductors and
A =52 and n = 1.5 for II-VI semiconductors. It should be noted that the II-VI semiconductors
have weak bond strength. The dislocation energy in such semiconductors is much smaller
than those in Si,Ge; _,/Si and ITII-V semiconductors. Therefore, dislocations can be more easily
generated in the II-VI semiconductors.
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Figure 1.30 Critical thickness A, for (a) Si,Ge;_,, (b) III-V and (c) II-VI semiconductors grown on
various lattice-mismatched substrates. The solid lines represent the least-squares fit using
Equation (1.25)

1.6 STRUCTURAL PHASE TRANSITION

At high pressure the group-IV elemental semiconductors show metallic transitions in a
sequence from cubic (diamond) — tetragonal (8-Sn) — simple hexagonal — hexagonal
close packed. Similarly, the III-V and II-VI binary semiconductors exhibit a variety of the
crystal structures at high pressures. In Tables 1.8 and 1.9 of Adachi [1], transition pressure to the
first phase (Pr) and transition sequences can be found for some group-IV, III-V and II-VI
semiconductors. The additional data are: Pr=56 GPa (zinc-blende — hexagonal (NiAs))
for BeSe; Ptr=35GPa (zincblende — hexagonal (NiAs)) for BeTe; and Pr=90.6 GPa
(rocksalt — CsCl) for CdO.

There are a very few studies on the structural phase transition in semiconductor alloys.
Some of these studies are summarized in Table 1.16. Webb et al. [49] observed the phase
transition in Zn,Cd;_,Te from the zinc-blende to rocksalt structures. However, the recent
studies on ZnTe and CdTe suggest the presence of cinnabar phase between the zinc-blende
and rocksalt structures [50]. Vnuk et al. [51] studied the effect of pressure on semiconductor
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Table 1.16 Phase-transition sequence observed for some III-V and II-VI ternaries at high pressures.
zb = zinc-blende; or = orthorhombic; w = wurtzite; rs = rocksalt (NaCl); cin = cinnabar

System Material Sequence Ref.
-v Ga/Jn;_,P semiconductor — metal (optical absorption) a
Al Ga;_,As zb — or (Pmm2)/or (Cmcm) (GaAs like) b
Ga,In;_,Sb zb — [-Sn c
1I-VI Mg, Zn, _,O W — TS d
Zn Cd;_,S zb — 18 e
Zn,Cd;_,Se zb — 1s (x=0.9) f
semiconductor — metal (0 <x<0.32) g
Zn,Cd,_,Te zZb — 18 h
ZnS,Se;_, semiconductor — metal (resistance) i
ZnSe, Te;_, zb — cin — 15 (0 <x<0.55) j
zb — 15 (0.55<x < 1) j

“A. R. Goni et al., Phys. Rev. B 39, 3178 (1989)

bW. Paszkowicz et al., Acta Phys. Pol. A, 91, 993 (1997)

°C. Y. Liu et al., J. Phys. Chem. Solids 39, 113 (1978)

). A. Sans and A. Segura, High Pressure Res. 24, 119 (2004)
°A. Béliveau and C. Carlone, Phys. Rev. B 44, 3650 (1991)
JC.-M. Lin et al., Phys. Rev. B 58, 16 (1998)

8Y. C. Lin et al., J. Appl. Phys. 101, 073507 (2007)

hA. W. Webb et al., J. Appl. Phys. 61, 2492 (1987)

S.R. Tiong et al., Jpn. J. Appl. Phys. 28, 291 (1989)

7J. Pellicer-Porres et al., Phys. Rev. B 71, 035210 (2005)

(a-Sn)-to-metal (B-Sn) transition temperature in dilute Ge,Sn; _, (x < 1 at%). They obtained a
slope of —48.4 + 6 K/kbar, in good agreement with thermodynamic prediction.

Figure 1.31 plots the transition pressure to the first phase Pt versus x for Ga,In; _,Sb. The
experimental data are taken from Liu ef al. [52]. A slight bowing can be found in the Pt versus

Py (GPa)

Figure 1.31 Transition pressure to the first phase Pt versus x for Ga,In; _,Sb. The experimental data
are taken from Liu et al. [52]. The solid line shows the quadratic-fit result using Equation (1.26).
zb = zinc-blende
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x plots. The solid line shows the best-fit result of the quadratic expression (in GPa)
Pr(x) = 2.3+ 6.5x—2.6x* (1.26)

The transition pressures to the first phase Pt against alloy composition x for some II-VI
semiconductors are shown in Figure 1.32. The experimental data are taken for Zn,Cd; _,S from
Béliveau and Carlone [53], for ZnS,Se;_, from Tiong et al. [54] and for ZnSe,Te,_, from
Pellicer-Porres et al. [55]. In Figure 1.32(c), the transition pressure to the second phase is also
plotted with the open circles. The linear interpolation is concluded to be an efficient tool to
estimate the phase transition pressure in semiconductor alloys.
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Figure 1.32 Transition pressures to the first phase Pragainst x for (a) Zn,Cd; S, (b) ZnS,Se; , and (c)
ZnSe,Te,_,. The transition pressure to the second phase is plotted in (c) by the open circles. The
experimental data are taken for (a) Zn,Cd,_,S from Béliveau and Carlone [53], for (b) ZnS,Se, _, from
Tiong et al. [54] and for (c) ZnSe, Te; _, from Pellicer-Porres et al. [55]. cin =cinnabar; m = metal;
rs =rocksalt (NaCl); s =semiconductor; zb = zinc-blende

1.7 CLEAVAGE PLANE
1.7.1 Cleavage

The cleavage properties of a crystal are strongly related to the atomic arrangement and
corresponding electron density map. The most readily cleaved crystallographic planes can then
be determined only by the crystalline structure. They are (111) plane for alloys of diamond
type, (1 10) plane for zinc-blende type, (1120) and (1010) planes for wurtzite type and (100)
plane for rocksalt type [1].

1.7.2 Surface Energy

The cleavage energy is assumed equal to twice the surface energy of that plane. There is a dearth
of experimental measurements on surface energy. The surface energies for several group-VI
elemental, III-V and II-VI binary semiconductors are listed in Tables 1.11-1.13 of Adachi [1].
No surface energy data are available for semiconductor alloys.
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2 Thermal Properties

2.1 MELTING POINT AND RELATED PARAMETERS
2.1.1 Phase Diagram

(a) Group-1V semiconductor alloy

Figure 2.1 shows the phase diagram for the Si—Ge system at temperatures near the melting
point. The experimental data are taken from various sources. The solid lines show the quadratic
fit results (in °C)

Solidus surface :  Ti(x) = 937 4 244x +231x° (2.1a)
Liquidus surface :  Tj(x) = 937 + 916x—442x° (2.1b)

The phase diagram in Figure 2.1 suggests that Si and Ge are completely miscible as liquid
and as solid. Stable phases formed by Si and Ge are the liquid and a cubic diamond-type
substitutional solid solution. No phase changes or decompositions were detected roentgen-
ographically after annealing homogeneous Si,Ge;_, solid solutions for several months at
temperatures in the range 177-925 °C [1]. At high pressures above ~15 GPa, the bct structure
of a Si—Ge solid solution is estimated to be more stable than the diamond structure [2]. The
Si—Ge system is a typical representative of a system with strong segregation, i.e. a solid solution
in which the solid and liquid phases are separated by a large regime of coexistence.

(b) III-V semiconductor alloy

A series of papers demonstrated the feasibility of calculating phase diagrams in III-V ternary
systems based upon the regular or quasichemical equilibrium model for the solid and liquid
phases [3-5]. Because of the small lattice difference between GaAs and AlAs, their solid
solutions are the closest in the III-V semiconductor systems to being ideal and the alloys
are among the easiest to prepare by LPE. A perspective diagram depicting the solidus surface,
liquidus surface and binary boundaries of the Al-Ga—As ternary system is shown in Figure 2.2(a).
Figure 2.2(b) also shows the pseudobinary phase diagram of AlAs—GaAs system.

We can see in Figure 2.2 that AlAs and GaAs are completely miscible as liquid and as solid.
Stable phases formed by these binary compounds are the liquid and a cubic zinc-blende sub-
stitutional solid solution of Al and Ga atoms in the cation site. The solid lines in Figure 2.2(b)
represent the solidus and liquidus surfaces (in °C) [6]

Solidus surface :  Ty(x) = 1238—54x + 560x* (2.2a)
Liquidus surface :  Tj(x) = 1238 + 1082x—580x> (2.2b)

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0
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Figure 2.1 Normal-pressure phase diagram of a Si—Ge system. The solid lines represent the quadratic
fits using Equation (2.1)
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Figure 2.2  (a) Perspective diagram depicting the solidus surface, liquidus surface and binary
boundaries in the Al-Ga—As ternary system. (b) Solidus and liquidus curves for the AlAs—GaAs
pseudobinary system. The solid lines in (b) represent the solidus and liquidus surfaces calculated from
Equation (2.2)

Figure 2.3 shows the solidus and liquidus curves for (a) GaP-InP, (b) GaAs—InAs and
(c) GaSb-InSb systems. These systems provided a homogeneous series of alloys differing
only in the anion substitution. The pseudobinary GaSb-InSb system can be approximated by
the quadratic expressions (in °C)

Solidus surface :  Ty(x) = 524—72x + 261x* (2.3a)
Liquidus surface :  Tj(x) = 524 +280x—90x” (2.3b)

This is not the case for the GaP-InP and GaAs-InAs systems, as seen in Figures 2.3(a)
and 2.3(b).
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Figure 2.3 Solidus and liquidus curves for (a) GaP-InP, (b) GaAs-InAs and (c) GaSb-InSb pseu-
dobinary systems. The solid lines in (c) represent the solidus and liquidus surfaces calculated from
Equation (2.3)

Ga,In;_,N is a random alloy having the wurtzite structure. Due to the large difference
(~11%) in the lattice constants between GaN and InN, the solid solution has a tendency to
undergo phase separation. It is possible to grow thin epitaxial Ga,In;_,N layers with the cubic
structure. The phase stability of Ga,In; _,N has been the subject of several experimental [7,8]
and theoretical studies [9-15].

We reproduce in Figure 2.4 the pseudobinary diagram of zinc-blende and wurtzite
Ga,In,_,N obtained theoretically by Gan et al. [15]. A direct comparison of the predicted
phase diagram to an experimental phase diagram cannot be made since the latter has never been
determined. However, an experimental study on Gag 91Ing goN [8] suggested that this alloy does
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0 0.2 0.4 0.6 0.8 1.0

Figure 2.4 Pseudobinary phase diagram of zinc-blende and wurtzite Ga,In; _,N. The solid and open
circles represent the experimental data for which phase separation was and was not observed, respectively;
data taken from Doppalapudi et al. [8]. [Reprinted with kind permission from C. K. Gan, Y. P. Feng, and
D. J. Srolovitz, Phys. Rev. B 73, 235214 (2006). Copyright (2006) by the American Physical Society]
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not phase separate at the growth temperature of 923 K. The corresponding data point
(x, T) =(0.09, 923 K) is shown by the open circle in Figure 2.4. It lies in the region between
the binodal and spinodal, suggesting that the solid solution is metastable with respect to phase
segregation. Additional experimental points in Figure 2.4 show that phase separation occurs in
both Gag 63Ing 37N and Gag g5Ing 35N grown at 998 K (solid circles) [8], in agreement with the
predicted phase diagram (i.e. the data fall in the spinodal region). Gan et al. [15] suggested that
the wurtzite structure is thermodynamically more stable than the zinc-blende structure at all
temperatures and alloy compositions. They also demonstrated that the lattice vibrations can
drastically alter the thermodynamic properties and phase diagram of Ga,In;_,N.

(c) II-VI semiconductor alloy

Figure 2.5 shows the phase diagram of the MgO-ZnO system at 4.4 GPa (solid lines) and at
ambient pressure (dashed lines). The ambient and high-pressure diagrams are taken from
Raghavan et al. [16] and Solozhenko et al. [17], respectively. At ambient pressure [16], the
MgO-ZnO system is of eutectic type and is characterized by the extensive solubility of ZnO in
MgO and the restricted solubility of MgO in ZnO. The two-phase region in the MgO-ZnO
system extends from 3.5 to 70.5mol% ZnO at 1000 °C and becomes narrower at higher
temperatures. Solozhenko er al. [17] observed a phase transition of w-Mg,Zn; _,O solid
solution into rocksalt by stepwise heating at various temperatures. The quenching of the

3400
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1000
0

Figure 2.5 Phase diagram of MgO-ZnO pseudobinary system at ambient pressure taken from Raghavan
et al. [16] (dashed lines) and at 4.4 GPa (solid lines). MZO =MgZnO; L =liquid; rs=rocksalt;
w = wurtzite. [Reprinted with permission from V. L. Solozhenko et al., Solid State Commun. 138,
534-537 (2006), Copyright (2006) Elsevier]
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reaction mixtures resulted in the formation of stable Mg,Zn; _,O solid solutions with the
rocksalt structure. The phase diagram at 4.4 GPa in Figure 2.5 was proposed based on these
facts [17].

Figure 2.6 shows the ZnTe—CdTe solidus and liquidus curves. The experimental data are
taken from Steininger et al. [18]. XRD measurements indicated that Zn,Cd;_,Te forms a
complete series of solid solutions with lattice parameters varying almost linearly with x. The
solidus and liquidus curves in Figure 2.6 represent monotonic and sublinear variations with x
from the melting point of CdTe to that of ZnTe. This type of x versus T variation suggests small
and nearly comparable positive deviations from ideality in the solid and liquid phases and is
similar to those observed in other II-VI systems, such as ZnSe—ZnTe [19], CdSe—CdTe [20] and
HgSe-HgTe (Figure 2.9).

1300 I~ Zn,Cd,_,Te

Liquid

1200

T (°C)

1100

Figure 2.6 Solidus and liquidus curves for ZnTe—CdTe pseudobinary system. The experimental data are
taken from Steininger et al. [18]. The solid lines represent the solidus and liquidus surfaces calculated
from Equation (2.4)

The solid lines in Figure 2.6 represent the quadratic expressions (in °C)

Solidus surface :  Ty(x) = 1092 + 30x 4 173x° (2.4a)
Liquidus surface :  Tj(x) = 1092 + 131x + 72x° (2.4b)

Of particular interest in Figure 2.6 is the slow increase in liquid temperatures and the relatively
narrow gap between solidus and liquidus curves (less than 0.16 mole fraction). These are very
favorable for the growth of alloys from the melts in standard quartz ampoules up to relatively
high values of Zn content [21].

The CdS—CdTe system has different crystal structures, that is, the zinc-blende and wurtzite
structures, when prepared high temperatures. Early studies on this alloy system failed to
produce mixed crystals for the full range of compositions, concluding that a large miscibility
gap exists in the CdS—CdTe system. More recently, Ohata ef al. [22] studied the system for the
full range of compositions and observed a change of phase from the zinc-blende to wurtzite at
x~0.2. Wood et al. [23] confirmed using PIXE and XRD that bulk CdS, Te,_, alloy has the
zinc-blende structure for x < 0.2 and the wurtzite structure for x > 0.25. Figure 2.7 shows the
phase diagram of the CdS—CdTe system obtained by these authors [22,23].

Figure 2.8 illustrates the phase diagram for the CdSe—CdTe system [21]. This system and the
ZnTe—CdTe system in Figure 2.6 show typical ‘lens-shape’ phase diagrams with sublinear
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Figure 2.7 Phase diagram of CdS—CdTe pseudobinary system. The experimental curves are taken from
Ohata et al. [22] and Wood et al. [23]

variations in temperature with composition and relatively narrow solidus—liquidus gaps. The
CdSe—CdTe system represents almost the same type of solidus—liquidus diagram with a
degenerate eutectic near 20 mol% CdSe. The narrow zincblende—wurtzite two-phase region
inside the solidus field shows increasing stability of the wurtzite phase with increasing
temperature.
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Figure 2.8 Phase diagram of CdSe-CdTe pseudobinary system. [Reprinted with permission from
J. Cryst. Growth, Phase diagrams and crystal growth of pseudobinary alloy semiconductors by
J. Steininger and A. J. Strauss, 13-14, 657. Copyright (1972), Elsevier]
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Figure 2.9 Phase diagram of HgSe—HgTe pseudobinary system. The experimental data are taken from
Harman [24]. The solid lines represent the solidus and liquidus surfaces calculated from Equation (2.5)

Harman and Strauss [24] determined the phase diagram for the HgSe—HgTe system. The
liquidus data in Figure 2.9 were measured by differential thermal analysis of cooling curves,
while the solidus points were obtained by determining the composition of the alloys that were
the first to freeze from melts of known composition [24]. The solidus and liquidus curves show
a very small separation (about 3 mol% between 25 and 75 mol% HgSe). The solid lines in
Figure 2.9 represent the quadratic expressions (in °C)

Solidus surface :  Ti(x) = 670—12x + 141x> (2.5a)
Liquidus surface :  7j(x) = 670 4 3x + 127x% (2.5b)

2.1.2 Melting Point

The melting point T}, is one of the most essential thermophysical parameters. Some thermo-
physical parameters, including 7,, for a number of group-IV, III-V and II-VI semiconductors
are summarized in Table 2.1.

Figure 2.10 shows the melting point T, versus x for C,Si;_,. The open circles show the
experimental data for diamond and Si, while the solid circle represents the 3C-SiC (x =0.5)
data. The solid line represents Vegard law. It predicts generally acceptable alloy values. We
have, however, already shown in Section 2.1.1 that a quadratic function or a higher-order
polynomial can be fitted to the solidus curves of many alloys. Therefore, attention should be
paid to the estimation of T;, using the linear interpolation scheme.

2.2 SPECIFIC HEAT
2.2.1 Group-IV Semiconductor Alloy

Specific heat is a strongly temperature-dependent quantity [25]. There has been no experi-
mental data on the specific heat of group-IV semiconductor alloys. Kagaya et al. [26]
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Table 2.1 Melting point Ty, specific heat Cp, Debye temperature 0, thermal expansion coefficient a,
and thermal conductivity K for some group-1V, III-V and II-VI semiconductors at 300 K. d = diamond;
zb = zinc-blende; w = wurtzite; h =hexagonal (P63/mmc (Dgy,)); rs = rocksalt; rh = rhombohedral

System  Material Tn(K)  C,(J/gK)  60p(K)  an(10°K") K (WemK)
v Diamond (d) 4100° 0.5148 1870 1.05 22
Si (d) 1687 0.713 643 2616 1.56
Ge (d) 12104  0.3295° 348° 5.75 0.6
Sn (d) 0.278¢ 238¢ 5.25¢
3C-SiC (zb) 2810 0.677¢ 1122 277 3.4
2H-SiC (w) 2810
-V BN (zb) >3246 0.643 1613 1.15 ~138
BN (h) >3246 0.805 323 —2.75 (Lc) 3.9"
38.0 (||c)
BP (zb) >3300 0.75 1025° 2.94 3.5
BAs (zb) 2300 0.408 800
AIN (zb) 3487
AIN (w) 3487 0.728 988 3.042 (Lc) 3.19"
2.227 (||e)
AIP (zb) 2823 0.727 687 0.9
AlAs (zb) 2013 0.424 450 4.28 0.91
AISb (zb) 1338 0.326° 370° 4 0.57
GaN (zb) 2791
GaN (w) 2791 0.42 821 5.0 (Lo) 1.95"
45 (|lo)
GaP (zb) 1730 0313 493% 4.89 0.77
GaAs (zb) 1513 0.327 370 6.03 0.45
GaSb (zb) 991 0.344° 240° 6.35 0.36
InN (zb) 2146
InN (w) 2146 2.274 674 3.830 (L¢) 0.45"!
2.751 (||¢)
InP (zb) 1335 0.322 420° 4.56 0.68
InAs (zb) 1210 0.352 280° 5.50™ 0.3
InSb (zb) 797 0.350" 161° 5.04 0.165-0.185
[I-VI BeO (w) 2851 1.029 1280 7.2 (Le)" 3.7"
6.0 (||c)"
BeS (zb) 0.83 900
BeTe (zb) 7.66
MgO (rs) 3250 0.928 745 10.5 0.52
MgS (rs) 2783°
MgSe (zb) ~1560
MgTe (w) > 1300
ZnO (zb) 1975
ZnO (w) 1975 0.497 416 431 (Lo 0.54"
2.49 (|lo)

ZnS (zb) 2196 0.486 440 6.71 0.27
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Table 2.1 (Continued )

System  Material Tm(K)  C,(/gK) 6p(K)  an(10°K") K (WemK)
ZnS (w) 2196 351 6.54 (Lc) 0.17"7
4.59 (||c)
ZnSe (zb) 1793 0.360 340 7.8 0.19
ZnTe (zb) 1568 0.258 260 8.33 0.18
CdO (rs) 1700 0.340 255 14 0.007
CdS (zb) 1748
CdS (w) 1748 0.3280 310 430 (Lc) 0.20™4
2.77 (||e)
CdSe (zb) 1531
CdSe (w) 1531 0.281 135 4.13 (Lc) ~0.09"
2.76 (||e)
CdTe (zb) 1365 0.211 185 470 0.075
HgS (zb) 1723 43"
HgSe (zb) 1072 0.355 242 1.41 0.001-0.035
HgTe (zb) 943 0.162 143 470 0.0238
“At 12.5GPa
bAt 273K
‘At 100K
9At 220K
¢C, value
TAt 290K
SEstimated

"This semiconductor has two tensor components, K| and K| s however, the difference between K | and K| || appears to be
less than the experimental uncertainty at room temperature

‘At 320K

At 280K

At 150K

'Ceramics

"QObtained from an analysis of GalnPAs quaternary data

"At 373 K

“Theoretical

PNote that the w-ZnS crystal used in the experiment may be faulted; therefore, the value for this crystal is much smaller
than that for c-ZnS

YAt 283K

"T=484 — 621K

investigated theoretically the specific heat of Si,Ge;_, from 0 to 500 K. The difference in
specific heat between at constant pressure and constant volume C,—C, was found to be
negligible at low temperatures, but increased by less than 3-3.5% at 500 K. The calculated C,
values fell between the endpoint values of Si and Ge.

Figure 2.11 shows the specific heat C,, versus x for C,Si; _, at 300 K. The experimental data
for diamond, Si and 3C-SiC (x = 0.5) are shown by the open and solid circles. The dashed line
represents the linear interpolation result between the experimental diamond and Si values
written as (in J/g K)

Cp(x) = 0.713—0.198x (2.6)
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Figure 2.10 Melting point Ty, versus x for C,Si;_,. The open and solid circles show the experimental
data. The solid line represents the result of Vegard law between diamond and Si
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Figure 2.11 Specific heat C, versus x for C,Si;_, at 300K. The open and solid circles show the
experimental data. The dashed line shows the linear interpolation result given by Equation (2.6), while the
solid line is calculated from Equation (2.7)

The linear interpolation is concluded to estimate generally acceptable alloy C, values. The
solid line in Figure 2.11 shows the result of quadratic fit (in J/g K)

Cp(x) = 0.713 4 0.051x—0.245x> (2.7)

2.2.2 III-V Semiconductor Alloy

Sirota et al. [27] determined the C}, and C, values of InP,As, _, from 5 to 160 K and their C,, data
obtained at 160K are shown graphically in Figure 2.12. The solid line shows the linear
interpolation result between InP and InAs (in J/g K)

Cy(x) = 0.220 +0.027x (2.8)

The linear interpolation scheme is found to yield generally acceptable alloy values.
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Figure 2.12  Specific heat C,, versus x for InP,As; _, at 160 K. The experimental data are taken from
Sirota et al. [27]. The solid line shows the linear interpolation result between the endpoint binary data

Sirota et al. [28] measured the C,, and C, values of (GaAs),(InP),_, quaternary from 5 to
300 K. Figure 2.13 shows the C;, data measured at 300 K. The solid line represents the result of
linear interpolation given by (in J/g K)

Cy(x) = 0.309 4 0.014x (2.9)
0.34 — T T T T T T T 1T
032 | '
%)
S ° i
< 030 | .
- (GaAs) (InP)_, 4
0.28 1 ] 1 ] 1 ] 1 ] 1
0 0.2 0.4 0.6 0.8 1.0

Figure 2.13  Specific heat C, versus GaAs composition x for (GaAs).(InP),_, at 300 K. The experi-
mental data are taken from Sirota et al. [28]. The solid line shows the linear interpolation result between
the endpoint binary data

It should be noted that the GaAs and InP values of 0.323 and 0.309 J/g K reported by Sirota
et al. [28] are slightly smaller than those listed in Table 2.1. It can be seen in Figure 2.13,
however, that the linear interpolation scheme is a useful tool for estimating alloy C,
values. Using the linear interpolation scheme, we obtain C,, versus x (0<x<1.0) and T
(300 <T<1500K) for Al,Ga,_,As as (C, in J/gK) [29]

Cp(x,T) = (0.343 +0.133x) + (4.7 + 1.5x) x 10°T—(3.2+3.3x) x 10°T*  (2.10)
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2.2.3 II-VI Semiconductor Alloy

The specific heat of Cd,Hg;_,Te was measured from 5 to 300 K by Sirota et al. [30] and from
room temperature up to 523 K by Gambino et al. [31]. The data of Gambino et al. revealed a
remarkable anomaly in the form of an abrupt increase below a ‘step temperature’ which depended
on x, as shown in Figure 2.14(a). The step temperature reached a maximum at about mid-range
composition. It clearly signified an equilibrium solid-state phase change, which they suggested,
could be a miscibility gap. As plotted in Figure 2.14(b), this phase change reaches 358 K at
x=0.253 and might reach 240 K at x = 0.2. Maleki and Holland [32] subjected Gambino’s data
to a polynomial fit and summarized their results in tabular form. Sirota et al. [30] mentioned ‘an
anomaly’ which caused their data to scatter from 15 to 80K, but did not observe the phase
boundary reported by Gambino et al., possibly because their temperatures were too low [32].

023 T T T T B e e e o e T
Cd Hg, Te r (b) i
w1l 440} ]
022 o o ML .
021 —osd = o0 sty \
. 3601 K 4
M 0.20 . TN |1 ST I Y 1 1
oo O 0 02 04 06 08 1.0
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Figure 2.14  (a) Specific heat C, versus temperature T for Cd,Hg;_,Te with x=0— 1.0. (b) Misci-
bility gap versus x for Cd,Hg,_,Te. (c) Specific heat C, versus x for Cd,Hg,_,Te at 500K. The
experimental data in (a)—(c) were obtained from Gambino et al. [31]. The solid line in (c) shows the linear
interpolation result between the endpoint binary data

The C, versus x data for Cd,Hg;_,Te measured at 500 K by Gambino et al. [31] are shown
in Figure 2.14(c). The solid line represents the linear interpolation between CdTe and HgTe.
It is understood that C,, can be successfully estimated from the linear interpolation scheme;
however, a shallow dip in the experimental Cy—x plots is observed in the region centered
at x~0.5. Gambino et al. [31] considered that the dip in C,, at x~0.5 is due to the pre-
sence of two phases and to the thermal effect associated with the change in equilibrium
(solid « solid(;y + solid(»)) during C}, measurement, i.e. sample heating.

2.3 DEBYE TEMPERATURE
2.3.1 General Considerations

Principally, the X-ray Debye temperature 0, for pure metal can be given by [33]

9fh?
03 =
H7b = Ck2a

(2.11)
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where w is the displacement of an atom from its lattice site, fis an average nearest-neighbor
force constant, C is a numeric constant which depends on the lattice structure, kg is
Boltzmann’s constant and a is the atomic mass unit. For a random alloy, the Debye temperature
can be simply written as [33]

1
Oh = D x5 Y Ayxixi (i + ) (2.12)

i#f

where A;; is the factor accounting for the effect of an alloy disorder on the nearest-neighbor
force constant.

Although Equation (2.12) is for X-ray Debye temperature, it can also be applied to specific-
heat Debye temperatures since the two differ by a factor depending on Poisson’s ratio, which
does not vary significantly from metal to metal and also from semiconductor to semiconduc-
tor [25]. If w; is not dependent on material and A;; is negligibly small, Equation (2.12) can then
be simply written as

62 (x) = Zx,-agi (2.13)

The simplest Vegard law can be expressed as

Op(x) = inaDi (2.14)

2.3.2 Group-1V Semiconductor Alloy
Figure 2.15 shows the Debye temperature 0p, versus x for C,Si;_, at 300 K. The open and solid

circles represent the experimental data for diamond, Si and 3C-SiC (x = 0.5). The light solid
line is calculated from Equation (2.13), while the dashed line is obtained from Equation (2.14).
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Figure 2.15 Debye temperature 6y versus x for C,Si;_, at 300 K. The heavy solid, light solid and
dashed lines are calculated from Equations (2.12), (2.13) and (2.14), respectively
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The heavy solid line can also be obtained from Equation (2.12) with u=pu(=u;) =1
and A;=1.4 (all these quantities are assumed to be non-dimensional). The high Debye
temperature reflects low atomic mass and therefore short interatomic bond length in AVB*™V
semiconductors [25].

2.3.3 III-V Semiconductor Alloy

The specific-heat Debye temperature 6p for (a) InP,As;_, at 160K and (b) (GaAs).(InP);_,
at 300 K is shown in Figure 2.16. The experimental data are taken from Sirota et al. [27,28].
The solid lines show the calculated results obtained using Equation (2.14). It was found that
the O, versus x data can be satisfactorily explained by this expression. The Debye temperatures
for these alloys are also found to vary with temperature in the same way as for the endpoint
binaries, passing through a deep minimum in the region 10-20 K [27,28].
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Figure 2.16 Debye temperature 6y versus x for (a) InP,As;_, at 160K and (b) (GaAs),(InP);_, at
300 K. The experimental data for InP,As; _, are taken from Sirota et al. [27] and for (GaAs),(InP), _, from
Sirota et al. [28]. The solid lines show the results calculated using Equation (2.14)

2.3.4 1I-VI Semiconductor Alloy

Nikiforov and Sredin [34] determined the specific-heat Debye temperature 6, for Cd, Hg, _Te
using a calorimeter. These results are shown in Figure 2.17. The solid line represents the linear
interpolation result between the endpoint data in Table 2.1. As in the case of the III-V
semiconductor alloys, the Debye temperature of Cd,Hg;_,Te is a smooth and monotonic
function of x; however, we can see an abrupt change at x =0.2. This may be due to an
experimental error or may be the effect of any difference in crystalline quality. Since the Debye
temperature is a model parameter that cannot be measured directly, it may contain considerable
uncertainty, including numeric error.
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Figure 2.17 Debye temperature 6, versus x for Cd,Hg; . Te at 300 K. The experimental data are taken
from Nikiforov and Sredin [34]. The solid line shows the linear interpolation result using Equation (2.14)
between the endpoint binary data

2.4 THERMAL EXPANSION COEFFICIENT
2.4.1 Group-IV Semiconductor Alloy

During cooling down in epitaxial growth, a difference in thermal expansion can produce the
driving force that moves the defects in the semiconductor heterostructure. Knowledge of the
thermal expansion coefficient is, thus, essential not only from a physical point of view, but also
for semiconductor device engineering.

Figure 2.18 shows the linear thermal expansion coefficient ay, for C,Si;_, at 300 K.
The experimental data are shown by the open and solid circles. The dashed line represents the

6 T T T T T T T T T

6 -1
ath(lO K

Figure 2.18 Linear thermal expansion coefficient ay, versus x for C,Si;_, at 300 K. The dashed line
represents the linearly interpolated result of Equation (2.15). The solid line shows the quadratic fit of
Equation (2.16)
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linear interpolation between diamond and Si (in 107°K™
an(x) =2.62—1.57x (2.15)

3C-SiC can be regarded as an alloy of C and Si (x = 0.5); however, the linearly interpolated
x=0.5 value in Figure 2.18 does not show good agreement with the experimental 3C-SiC data.
It should be noted that C and Si crystallize in the diamond structure, but 3C-SiC crystallizes in
the zinc-blende structure. The solid line in Figure 2.18 represents the quadratic fit (in 10 K™

o (x) = 2.62 4 2.03x—3.60x> (2.16)

The ay, value for Si,Ge, _, was measured by Zhdanova et al. [35] and their results obtained
at temperatures between 473 and 773K are reproduced in Figure 2.19. The expansion
decreased monotonically from Ge to Si. A gradual increase in ay, was also found with
increasing temperature from ~300 K up to ~1100 K. In Figure 2.19, there is a sudden change in
the slope at x ~ (.15, which coincides with the transition of electronic properties from Ge-like
to Si-like (Figure 6.8).

6, -1
o, (10°K™)

;L O r=473K s
® K
2 1 1 1 | 1 1 1 | 1
0 02 04 06 08 10

Figure2.19 Linear thermal expansion coefficient ayy, versus x for Si,Ge; _, at473 and 773 K. [Reprinted
from Izv. Akad. Nauk. SSSR Neorg. Mater. 3, 1263 (1967)]

The linear expansion coefficient ay, is proportional to the specific heat C, (Griineisen
rule) [25]

1 (da YCyCo
Ath — 5 (ﬁ)p = 3y (217)
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where v is the averaged Gruineisen parameter, C, is the specific heat at constant volume, C, is
the isothermal compressibility and Vis the volume of the crystal. Theoretical work on a,, Y and
C, was carried out by Kagaya et al. [26]. A simplified model was used where the lattice
vibrations of Si and Ge atoms in the Si—Ge solid solution were assumed to be those of pure Si
and Ge except that the lattice constant of the alloy was used. As in pure Si and Ge, the negative
thermal expansion was predicted at low temperatures in Si,Ge; _,.

2.4.2 III-V Semiconductor Alloy

Figure 2.20 shows the x dependence of o, for Al,Ga; _,As at 300 K. The experimental data are
taken from Takahashi [36] and Bak-Misiuk [37]. The result of linear interpolation between
AlAs and GaAs is shown by the solid line. The difference in a, between the GaAs substrate and
the Al,Ga,_,As epilayer can be approximated in Figure 2.20 by (in K™ ')

Aag(x) = 1.75x x 107° (2.18)

-6 -1
o, (10° K™

Figure 2.20 Linear thermal expansion coefficient ey, versus x for Al,Ga;_,As at 300 K. The experi-
mental data are taken from Takahashi [36] and Bak-Misiuk et al. [37] (open circles). The linear
interpolation result between the AlAs and GaAs values is shown by the solid line

The linear thermal expansion coefficients ay, plotted against x for Ga,In;_ P and GaP,As;_,
at 300 K are shown in Figures 2.21(a) and 2.21(b), respectively. The experimental data are taken
for Ga,In;_,P from Kudman and Paff [38] and Leszczynski et al. [39] and for GaP,As; _, from
Straumanis et al. [40]. Itis apparent from Figure 2.21(a) that the thermal expansion of Ga,In;_,P
by Kudman and Paff [38] can be expressed as a linear function of x (solid circles). However, the
endpoint values extrapolated from these data seem to be considerably larger than the generally
accepted values (Table 2.1). Leszczynski et al. [39] measured the ay, value of relaxed Gag sIng sP
layers grown on GaAs by LPE and reported it as ~4.6 x 10 °K ™', This value (open circle)
agrees well with the linear interpolation scheme (solid line).

The data in Figure 2.21(b) can be approximated by the linear interpolation scheme (solid line).
The experimental data can be read more exactly from the dashed curve written as (in 107K ™)

am(x) = 6.03—3.14x +2.00x* (2.19)
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Figure 2.21 Linear thermal expansion coefficients ay, as a function of x for (a) Ga,n; ,P and
(b) GaP,As;_, at 300K. The experimental data in (a) are taken from Kudman and Paff [38] (solid
circles) and Leszczynski et al. [39] (open circle) and in (b) from Straumanis ez al. [40] (open squares). The
solid lines in (a) and (b) show the linear interpolation results between the endpoint binary data. The dashed
line in (b) represents the result calculated using Equation (2.19)

The x dependence of ay, for Ga,In;_,P,As;_, has been investigated by many authors (see
Adachi [41]). The experimental ay, versus y for Ga,In;_,P,As,_,/InP at 300K is plotted in
Figure 2.22 [41]. The a4, values are found to almost linearly decrease with increasing y. The
endpoint binary data are available for GaP, GaAs and InP, but not for InAs (Table 2.1). The solid
line in Figure 2.22 represents the linear interpolation expression (in 10 °K ™)

am(x) = 4.89xy + 6.03x(1—y) +4.56(1—x)y + 5.50(1—x)(1—y) (2.20)
6.0 7 T T T T T T T T
38 = Ga,In|_P,As,_,/InP

-6 -1
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Figure 2.22 Linear thermal expansion coefficients ay, versus y for Ga,In;_,PyAs,_,/InP at 300 K. The
experimental data are taken from Adachi [41]. The solid line represents the linear interpolation result of
Equation (2.20)
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In obtaining Equation (2.20), we assumed the InAs value to be ay,=5.50 X 107 °K L.
The linear interpolation expression in Figure 2.22 explains the experimental data satisfactorily.
The «y, value for Al,Ga,_,P has also been reported by Bessolov et al. [42].

2.4.3 II-VI Semiconductor Alloy

The ay, variations in Zn,Hg, _, Te and Cd Hg;_,Te have been measured from 4 to 290 K [43].
The bulk crystals were grown by the THM. The negative thermal expansions at temperatures
below ~65 K were clearly observed in ZnTe, CdTe and HgTe binaries and also in their alloys.
The solid circles and triangles in Figure 2.23 show the experimental data measured at
280K [43]. They are largely scattered. This is especially true for Zn,Hg,_,Te.

10 T T T T T T T T T

oy (100K

Figure 2.23 Linear thermal expansion coefficients ay, as a function of x for Zn,Hg, ,Te and
Cd,Hg,_,Te at 280 K. The experimental data are taken from Bagot et al. [43]. The solid lines represent
the linear interpolation results between the endpoint binary data

The thermal expansion behaviors were also studied for ZnS g3Seg 97 from 300 to 550 K [44]
and for Mg,Zn;_,Se (0.1 <x <0.5) from 10 to 300 K [45]. The negative thermal expansion in
conjunction with abnormal temperature dependence of the E, edge was observed at T<75K
for Mg,Zn, _,Se [45].

2.5 THERMAL CONDUCTIVITY AND DIFFUSIVITY
2.5.1 Thermal Conductivity

(a) General considerations

An exact calculation of the lattice thermal conductivity K is possible in principle, but lack of
knowledge of various material parameters and the difficulty of obtaining an exact solution of
phonon— phonon interactions are formidable barriers. In the case of semiconductor alloys, an
additional contribution, which is the result of a random distribution of constituent atoms in
sublattice sites, should be taken into consideration. A phenomenological model of the lattice
thermal conductivity for semiconductor alloys was first proposed by Abeles [46]. His model
starts from three kinds of relaxation times: Tﬁl = B w” (three-phonon normal process),
'r{j] = B,w?” (three-phonon Umklapp process) and 75! = ATw? (strain and mass point defects),
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where w is the phonon frequency, B;, B, and A are constants independent of w and T is the
disorder parameter depending on the masses and radii of the constituent atoms.
The lattice thermal resistivity W= K ' obtained by Abeles [46] is given by

-1
Wix) _ 5 tan~'U [1—(tan"'U/U)]
Wy (x) o (1+9a>{ U [(1+a)/5a]U4—(1/3)U2—(tan1U/U)+1} (2.21)
with
-1
U(x)* = Up(x)? (1 * ga> (2.22)
where
Un(x)” = AT (1) Wp(x) " (2.23)

In Equations (2.21)-(2.23), Wy(x) is the lattice thermal resistivity of the crystal in which the
disorder lattice is replaced by an ordered virtual crystal, o is a normal/Umklapp ratio (o« = B/B5)
and A, is nearly constant within a group of AVB* ™ semiconductors. I'(x) can be written as

I'x) = x(lx){ [%} +e l%] } (2.24)

where AM:MA—MB, A(S:SA—SB, M(X):XMA + (1 —X)MB and S(X)ZX(SA + (1 —.X)SB
(M; and §; (i=A, B) are the masses and radii of the constituent atoms). & is regarded as a
phenomenological, adjustable parameter. The first and second terms in the curly brackets in
Equation (2.24) correspond to the contributions from the mass-defect and strain scatterings,
respectively.

Abeles’s model was used by Adachi [47,48] and Nakwaski [49] for several III-V alloys.
Adachi [47] showed that for an A,B,_,C alloy

W(x) = xWac + (1—x)Wgc + x(1—x)Cap (2.25)

is essentially the same as Equation (2.21), where Wxc and Wpc are the binary thermal
resistivities and Cap is a contribution arising from the lattice disorder (I') due to the random
distribution of A and B atoms in the cation sublattice sites. Equation (2.25) is known as the
Nordheim rule [50,51] and can be readily converted to the lattice thermal conductivity K

1 1
W(x)  xWac + (1—x)Wpc +x(1—x)Cag

K(x) = (2.26)

Inan A,B,_,C,D;_, quaternary alloy, not only should the A-B disorder due to the random
distribution of the A and B atoms in the cation sublattice and the C-D disorder due to the
random distribution of the C and D atoms in the anionic sublattice be taken into consideration,
but also the fact that both the cation and anion sublattices are disordered as well. Neglecting the
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cation—anion interaction effect, we obtain

1

K(x,y) = m

1
— xyWac+x(1—y)Wap+(1—x)yWac +(1—x)(1—y) Wap+x(1—x)Cap +y(1—y)Ccp
(2.27)

In doped semiconductors, the thermal conductivity can be given by the sum of the lattice and
electronic contributions. In a metal, the electronic thermal conductivity K and electrical
conductivity o at temperature T are related by the Wiedemann—Franz law

K =LTo (2.28)
or, equivalently
p=LTW (2.29)

where L is the Lorenz number and p is the electrical resistivity.

The thermal resistivity Was a function of x for Cu,Au,_, is shown in Figure 2.24. Cu—Au
alloy is among the best studied of all metallic alloy systems. The solid and open circles
represent the experimental data for the ordered (CuAu and CusAu) and disordered phases,

W (cm K/W)

Figure 2.24 Thermal resistivity Was a function of x for Cu,Au, _, at 300 K. The solid circles represent
the experimental data obtained from ordered alloys (CuAu and CusAu), while the open circles represent
the data taken from disordered alloys. The solid and dashed lines are calculated from Equation (2.25) with
Ccuau = 8.15ecm K/W and with and without properly taking into account the alloy ordering effect at
x=0.5 and 0.75 (CuAu and CujAu), respectively
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respectively. These data were obtained from various sources (e.g. Jacobsson and Sundqvist
[52]). The solid and dashed lines are calculated from Equation (A.5) (Equation (2.25)) with
Ccuau = 8.15 cm K/W and with and without properly taking into account the ordering effect at
x=0.5and 0.75 (CuAu and CuzAu), respectively. It is evident from Figure 2.24 that the ordered
alloy data are much smaller than those estimated from Equation (2.25) (dashed line). The
ordering in metallic alloy is, thus, found to greatly decrease W, irrespective of the ordered
structure (CuAu =L1 (tetragonal) or CuzAu =L1, (cubic)). Similarly, the electrical resisti-
vity p of the ordered phase is much lower than that of the disordered phases (Figure 12.1).

The ordering effect in semiconductor alloys was observed to occur spontaneously during
epitaxial growth [53]. Kuan et al. [54] first observed an ordered phase (CuAu-I type) in an
MOCVD-grown AlGaAs epilayer. Since the first finding of CuPt-type ordering in SiGe
alloy [55], this type of ordering and others have also been reported in many I1I-V and II-VI
semiconductor alloys (Section 1.3.2). However, no clear ordering effect on the carrier transport
properties in semiconductor alloys has been observed. In the following, therefore, we pay no
attention to the spontaneous ordering effect, except for C,Si;_, with x=0.5 (3C-SiC).

Since the lifetimes of the dominant phonons in semiconductor alloys are ~100ps, the
frequency dependence of K would not be observable in experiments unless f> 1 GHz.
However, the frequency-dependent K of Sig4Gepes, GagsiIng4oP and Gag47Ings3As was
clearly observed over a wide range of modulation frequencies 0.1 <f< 10 MHz and tempera-
tures 88 < T<300 K from time-dependent TR measurements [56]. The reduction in K at high
frequencies was consistent with a model calculation assuming that phonons with mean free
paths larger than the thermal penetration depth do not contribute to K as measured in the
experiment.

(b) Group-1V semiconductor alloy

There has been no experimental or theoretical work on the thermal conductivity of C,Si;_,.
This is because of the low solubility of C in Si (~6 x 107®) [57]. In Figure 2.25 only the
experimental K and W data for 3C-SiC (x = 0.5) together with those for diamond and Si have
been plotted [48]. Note that diamond and Si crystallize in the diamond structure, while 3C-SiC
crystallizes in the zinc-blende structure. It is, therefore, considered that 3C-SiC is an ordered
form of C,Si;_, (x=0.5), or more succinctly, it is a compound, not an alloy.

The solid lines in Figure 2.25 are calculated from Equations (2.25) and (2.26) without taking
into account the contribution of alloy disorder (i.e. Ccs; =0 cm K/W), while the dashed lines
are obtained by assuming Ccs; = 15 cm K/W and properly taking into account the ordering
effect at x = 0.5. The diamond and Si values used in the calculation are taken from Table 2.2. In
Figure 2.25, the thermal conductivity and resistivity of 3C-SiC can be satisfactorily interpreted
by the linear interpolation scheme (Cap = 0 cm K/W). It is also expected from Figure 2.25(b)
that the alloying leads to a large increase in W due to increased disorder scattering (dashed line).
Similarly, not only a large increase in W in doped Si [58,59], but also a decrease in W in
isotopically enriched diamond [60-62] and Si [59,63] has been reported.

Systematic work on the thermal conductivity of Si,Ge;_, was carried out by Dismukes
et al. [64] and the values they obtained for K and W are plotted in Figure 2.26. The solid lines
represent the results calculated using Equations (2.25) and (2.26) with Cs;g. = 50 cm K/W [48].
The thermal resistivity markedly increased with alloying. The W value at x ~ 0.5 is about 28
times as large as those of Si and Ge. Such a feature was motivated by desire to obtain increased
performance for thermoelectric power conversion since the figure of merit for such a device
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Table 2.2 Room-temperature thermal conductivity K and resistivity W for some group-IV and III-V
semiconductors, together with alloy disorder parameters C,g used in the calculation of K and W.
d = diamond; w = wurtzite; zb = zinc-blende

Material K (W/cmK) W (cm K/W) C.p (cmK/W)
Diamond (d) 22 0.045 Csige =50
Si (d) 1.56 0.64 Caiga=32
Ge (d) 0.60 1.67 Camm = 15°
AIN (w) 3.19 0.31 Cgarn =72
AlP (zb) 0.90 1.1 Cnp =367
AlAs (zb) 0.91 1.10 Cras = 12¢
AlSb (zb) 0.57 1.75 Cnsp =107
GaN (w) 1.95 0.51 Cpas =25
GaP (zb) 0.77 1.30 Cpsp, = 16
GaAs (zb) 0.45 222 Cassp =91
GaSb (zb) 0.36 2.78

InN (w) 0.45 222

InP (zb) 0.68 1.47

InAs (zb) 0.30 33

InSb (zb) 0.175 5.71

“Estimated from Equation (2.31)

K(W/cmK)
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Figure 2.25 (a) Thermal conductivity K and (b) resistivity W versus x for C,Si;_, at 300K. The
experimental data for diamond, Si and 3C-SiC (x=0.5) are taken from Table 2.2. The solid lines are
calculated from Equations (2.25) and (2.26) without taking into account the contribution of alloy disorder
(i.e. Ccsi=0cm K/W), while the dashed lines are obtained assuming Ccs; = 15 cm K/W and properly
taking into account the alloy ordering effect at x=0.5 (3C-SiC). [Reprinted with permission from
S. Adachi, J. Appl. Phys. 102, 3502 (2007). Copyright (2007), American Institute of Physics]
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Figure 2.26 (a) Thermal conductivity K and (b) resistivity W versus x for Si,Ge;_, at 300 K. The
experimental data are taken from Dismukes et al. [64]. The solid lines are obtained from Equations (2.25)
and (2.26) with Cg;g. = 50 cm K/W. [Reprinted with permission from S. Adachi, J. Appl. Phys. 102, 3502
(2007). Copyright (2007), American Institute of Physics]

application varies proportionally to W. One method of achieving a high value for Wis by the use
of a fine-grain SiGe technique, in which a decrease in thermal conductivity of up to 50% was
attained by increasing grain-boundary scattering of phonons [65].

(c) III-V semiconductor alloy

Figure 2.27 shows the thermal conductivity K versus x for (Al, Ga)-V ternaries: (a) w-
Al,Ga;_,Nand (b) Al,Ga,_,As[48]. The experimental data are taken for w-Al,Ga,_,N from
Daly et al. [66] and Liu and Balandin [67] and for Al,Ga;_,As from Afromowitz [68] and
Pichardo et al. [69]. The solid lines represent the results calculated using Equation (2.26). The
[II-V binary data are taken from Table 2.2. The reduction in K from the binary value is much
largerinw-Al,Ga,_,Nthanin Al,Ga,_,As. However, these (Al, Ga)-V ternaries have the same
disorder parameter Cp g, = 32 cm K/W (solid lines). It was also found [66] that polycrystalline
GaN has a thermal conductivity K, which is more than an order of magnitude lower than that of
bulk GaN.

It should be noted that the thermal conductivity K (or thermal resistivity W) is a quantity
given by a second-rank symmetric tensor [25]. The wurtzite-type III-N semiconductors thus
have two tensor components, K | and K I However, the difference between K | and K | usually
appears to be less than the experimental uncertainty at room temperature [70].

Figure 2.28 shows the thermal conductivity K versus x for (Ga, In)-V ternaries:
(a) w-Ga,In,_,N, (b) Ga,In,_,As and (c¢) Ga/Jn;_,Sb [48]. The experimental data in (a)
are taken from Pantha et al. [71], in (b) from Abrahams ez al. [72] and Arasly et al. [73] and in
(c) from Magomedov et al. [74]. The solid lines in (a)—(c) represent the results calculated using
Equation (2.26) with Cg,p, = 72 cm K/W. It should be noted that the InN value Wy, = 2.22 cm K/'W
used in the calculation corresponds to that for InN ceramics, not the bulk crystalline value.
The dashed line in Figure 2.28(a) shows the result calculated using Equation (2.26) and a
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Figure 2.27 Thermal conductivity K versus x for (Al, Ga)-based III-V ternaries at 300K:
(a) w-Al,Ga; ,N and (b) Al,Ga; ,As. The experimental data in (a) are taken from Daly et al. [66]
and Liu and Balandin [67] and in (b) from Afromowitz [68] and Pichardo et al. [69]. The solid lines are
obtained from Equation (2.26) with Cajg, =32 cm K/W. [Reprinted with permission from S. Adachi,
J. Appl. Phys. 102, 3502 (2007). Copyright (2007), American Institute of Physics]
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Figure 2.28 Thermal conductivity K versus x for (Ga, In)-based III-V ternaries at 300 K:
(a) w-Ga,In;_,N, (b) Ga,In,_,As and (c) Ga,In;_,Sb. The experimental data in (a) are taken from
Pantha ez al. [71] (solid triangles), in (b) from Abrahams ez al. [72] and Arasly et al. [73] (solid circles) and
in (c) from Magomedov et al. [74] (solid circles). The solid lines in (a)—(c) are obtained from
Equation (2.26) with Cg,r, = 72 cm K/W. The dashed line in (a) is also obtained from Equation (2.26)
with a properly chosen value of Wy, =0.5cm K/W (open circle), instead of the ceramics InN value of
Winn =2.22 cm K/W (solid line). [Reprinted with permission from S. Adachi, J. Appl. Phys. 102, 3502
(2007). Copyright (2007), American Institute of Physics]
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properly chosen value of W,y = 0.5 cm K/W, instead of the ceramics value Wi,y =2.22 cm K/'W
(solid line). The small Wy, effect is remarkable only in the limited region x <0.2.

It is well known that dilute alloying of GaAs with InAs is a very effective technique
for reducing the dislocation density of semiinsulating GaAs crystals grown by the liquid-
encapsulated Czochralski method. Ohmer et al. [75] studied the effect of the addition of a small
quantity of InAs on the thermal properties of GaAs. They reported that for x = 0.005 the thermal
conductivity is reduced to 50% of the GaAs value. This region is in accordance with theory if the
size difference is considered and combined coherently with the mass difference [76].

Values of K and W versus x for AlAs,Sb;_, are shown in Figures 2.29(a) and 2.29(b),
respectively [48]. The experimental data are taken from Borca-Tasciuc et al. [77]. The solid
lines are calculated from Equations (2.25) and (2.26) with Cassp =91 cm K/W. The agreement
between the calculated and experimental results was found to be very satisfactory.

1.0

AlAs Sb,

K (W/cmK)
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Figure 2.29 (a) Thermal conductivity K and (b) resistivity W versus x for AlAs,Sb;_, at 300 K. The
experimental data are taken from Borca-Tasciuc et al. [77]. The solid lines are obtained from
Equations (2.25) and (2.26) with Cagsp, =91 cm K/W. [Reprinted with permission from S. Adachi,
J. Appl. Phys. 102, 3502 (2007). Copyright (2007), American Institute of Physics]

The lattice thermal conductivity K versus x plots for III-(P, As) ternaries GaP,As;_, and
InP,As;_, are shown in Figures 2.30(a) and 2.30(b), respectively [48]. The experimental data
for GaP,As,_, are taken from Carlson et al. [78] and Maycock [79] and for InP,As;_, from
Maycock [79] and Bowers et al. [80]. The solid lines represent the results calculated using
Equation (2.26) with Cpas = 25 cm K/W. The fit-determined disorder parameter Cpas =25 cm
K/W is comparable to Cajga =32 cm K/W, but much smaller than Cg,p, =72 cm K/W and
CAsSb =91cmK/W.

The K values of some III-V quaternaries are shown in Figure 2.31 [48]. The experimental
data for Al,Ga,_,As,Sb;_,/GaSb are taken from Borca-Tasciuc et al. [77] and Both
et al. [81], for Ga,In; _,PyAs;_,/InP from Both et al. [82] and for Ga,In;_,As,Sb;_,/GaSb
from Both et al. [81].

The theoretical curves in Figure 2.31 are obtained from Equation (2.27) with (a) Caiga=
32cmK/W and Cagsp, =91 cm K/W, (b)) Cgarn=72cmK/W and Cpas =25cm K/W and
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Figure 2.30 Thermal conductivity K versus x for (P, As)-based I1I-V ternaries at 300 K: (a) GaP,As;_,
and (b) InP,As;_,. The experimental data in (a) are taken from Carlson et al. [78] and Maycock [79] and
in (b) from Maycock [79] and Bowers et al. [80]. The solid lines are obtained from Equation (2.26) with
Cpas =25cm K/W. [Reprinted with permission from S. Adachi, J. Appl. Phys. 102, 3502 (2007).
Copyright (2007), American Institute of Physics]
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Figure 2.31 Thermal conductivity K versus x or y for III-V quaternaries at 300K: (a)
Al,Ga,_,As,Sb;_,/GaSb, (b) Ga,In,_,P,As;_,/InP and (c) Ga,In,_,As,Sb;_,/GaSb. The experimen-
tal data for Al,Ga,_,As,Sb;_,/GaSb are taken from Borca-Tasciuc et al. [77] and Both et al. [81], for
Ga,In,_,PyAs,_,/InP from Both et al. [82] and for Ga,In,_,As,Sb;_,/GaSb from Both et al. [81]. The
solid lines are calculated from Equation (2.27) with (a) Cajga=32cm K/W and Cagsp =91 cm K/W,
(b) Cgam=72cm K/W and Cpps =25 cm K/W and (¢) Cgapn =72 cm K/W and Cpssp =91 cm K/W. The
dashed line in (c) represents the result calculated using Equation (2.27) with the introduction of the very
small disorder parameters Cg,, = 10 cm K/W and Cagsp = 20 cm K/W. [Reprinted with permission from
S. Adachi, J. Appl. Phys. 102, 3502 (2007). Copyright (2007), American Institute of Physics]
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(©) Cgain=T72cmK/W and Cassp, =91 cm K/W. The disorder parameters C,g are obtained
from the III-V ternary data analyses. The lattice-matching relationships between x and y are
taken from Tables 1.9 and 1.10.

The agreement between the experimental and calculated data in Figures 2.31(a) and 2.31(b) is
very good and successfully explains the composition dependence of K in the alloys. It should be
noted, however, that the calculation in Figure 2.31(c) produces a K value considerably lower than
the experimental value. The input of very small C,z values into Equation (2.27) improves the fit
very well; however, the endpoint ternary K value (InAsg91Sbg g9) becomes very large and the
binary K value (GaSb) very small, compared with the generally accepted values. The dashed line
in Figure 2.31(c) shows an example of such a calculation. Putting Cga,, = 10cm K/W and
Cassp =20 cm K/W into Equation (2.27), we obtain K= 0.30 W/cm K for x = 0 (InAsg.9;Sbg 09)
and 0.25 W/cmK for x = 1.0 (GaSb), which are far from the generally accepted values.

If the endpoint K values and C,g are available, the lattice thermal conductivity and its
dependence on alloy composition can easily be calculated from Equation (2.26) or
Equation (2.27). At the limit of weak scattering, the disorder parameter I" in Equation (2.24)
can be simply written as

r= Zci (M"MM)2 (2.30)

where c; is the fractional concentration of the ith species, M; is the atomic mass of the ith species
and M is the average atomic mass.

Figure 2.32 plots the obtained C,g values versus I" [48]. It can be seen that C,z decreases
with the increase in I'. The solid line represents the least-squares fit of the III-V ternaries given

by (Cap in cm K/W)
I 0%
Cpg=|=— 2.31
8 (7'7> (2.31)

10?

Cag (cm K/W)

10!

Figure 2.32 C,z versus I determined for some group-IV binary and III-V ternary alloys and metallic
Cu-Au alloy at 300K. The solid line represents the least-squares fit (III-V ternary data) using
Equation (2.31). [Reprinted with permission from S. Adachi, J. Appl. Phys. 102, 3502 (2007). Copyright
(2007), American Institute of Physics]
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Using this expression, the unknown C,g value can be estimated. For example, I of the cationic
disorder system i=( Al, In) in Equation (2.30) is 0.384. Introducing this value into Equa-
tion (2.31), we obtain Cajr, = 15 cm K/W.

Figure 2.33 shows the lattice thermal conductivity as a function of x for (a) Ga,In,_,P and
(b) GaAs,Sb;_, [48]. No experimental data are available for these alloys. The solid lines are
calculated from Equation (2.26) with Cgar, = 72 cm K/W in (a) and Cassp, =95 cm K/W in (b).
As expected, the calculated K value markedly decreases with alloying and exhibits a minimum

at x~0.5.
1.0|||||||||O-SIIIIII'I'l
r (a) GaJln,_ P 1 I~ (b) GaAs,Sb;_,
0.8 I —" 0.4 - N
L 4 L ] i
®
& 0.6
g
2
=
X 0.4

0.2

0
0 02 04 06 08 1.0 0 02 04 06 08 1.0
X X

Figure 2.33 Thermal conductivity K versus x for some III-V ternaries at 300K: (a) Ga,In;_,P and
(b) GaAs,Sb;_,. These values were estimated from Equation (2.26) with Cgay, =72 cm K/W (a) and
Cassb =95 cm K/W (b) (solid lines). The solid circles represent the experimental endpoint binary data.
[Reprinted with permission from S. Adachi, J. Appl. Phys. 102,3502 (2007). Copyright (2007), American
Institute of Physics]

In an A,B,C.D (AB,C,D,) quaternary alloy, the lattice thermal conductivity K can be
written as

1 1

= 2.32
W(x,y,z2)  xWap +yWsp + z2Wep + xyCap + x2Cac + yz2Cre (232)

K(x,y,z) =

with
x+y+z=1 or z=1-x—y (2.33)

Since the thermal conductivity or resistivity in Equation (2.32) is specified in terms of the
alloy composition x, y and z only, K or Wof a quaternary alloy with arbitrary composition can
easily be calculated. For example, the thermal conductivity of Al,Ga,In,_,_,N can be estimated
from (in W/cm K)

1

= 2.34
3.19x 4+ 1.95y + 0.45z 4 32xy + 15xz + 72yz ( )

KA1GainN (X, Y, 2)
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Similarly, the K values for (Al,Ga;_,)o 53Ing 4,P/GaAs and (Al,Ga;_,)g.4glng soAs/InP can be
estimated, as shown in Figure 2.34 [48]. The disorder parameters C,g used are taken from
Table 2.2. The lattice-matching relationships between x and y for these quaternaries are taken
from Table 1.11.

030——T—T 7T T T T 77 03077171
(Al,Gay_ ) 53In( 47P/GaAs (A1,Gay_)g 48Ing 50As/InP

025 - 025F —

020 - 0.20F —

0.15 0.15

K (W/cm K)

0.10 0.10

0.05 0.05

(@ (b)
ol 1 1 11111 ol o 111
0 02 04 06 08 1.0 0 02 04 06 08 1.0
X X

Figure 2.34 Thermal conductivity K versus x for some III-V quaternaries at 300K: (a)
(A1, Ga;_,)g 53In9 47P/GaAs and (b) (Al,Ga;_,)o48lngs,As/InP. These values were estimated from
Equation (2.32) with Cajga=32cm K/W, Cappy = 15cm K/W and Cg,y, = 72 cm K/W. [Reprinted with
permission from S. Adachi, J. Appl. Phys. 102, 3502 (2007). Copyright (2007), American Institute of
Physics]

(d) II-VI semiconductor alloy

Ioffe and Ioffe [83] reported the thermal conductivity of ZnTe-CdTe, CdSe-HgSe,
ZnSe—ZnTe, HgSe—HgTe, ZnSe—CdTe and ZnTe—CdSe alloys. Each of the starting materials
was crushed into a fine powder, carefully blended in the required proportions, compressed
under a pressure of 2—5 t/cm? at a temperature of about 300 °C and then repeatedly annealed at
higher temperatures until a stable value of thermal conductivity was attained. All the
experimental data showed a marked decrease in thermal conductivity with alloying. Because
of the ceramic-like nature of the samples, their absolute values may be much smaller than those
of the bulk crystalline materials.

Aliev et al. [84] have reported the temperature dependence of K for Cd,Hg; _,Te with
x=0-0.2. These results are shown in Figure 2.35. The data give a maximum K near 8 K. In the
temperature range from 10 to 100 K, HgTe (x = 0) has a thermal conductivity proportional to
T2 The alloys with x > 0 have lower thermal conductivities and the temperature exponents
are also less. The experimentally determined exponents for various non-alloyed group-IV,
III-V and II-VI semiconductors are summarized in Table 2.9 of Adachi [25].

The thermal conductivities K for Zn,Hg, ,Te and Cd,Hg,_,Te and their melts were
reported by Sha et al. [85] and Su [86], respectively. These data were determined from the
experimental diffusivities and theoretical specific heats (Section 2.5.2).
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Figure 2.35 Thermal conductivity K for Cd,Hg, _,Te withx =0, 0.05, 0.1 and 0.2. [Reprinted from Sov.
Phys Solid State 2, 719 (1960)] The solid line represents the exponential relationship, K oc 7'

2.5.2 Thermal Diffusivity

(a) General considerations

The thermal diffusivity D can be obtained from the thermal conductivity K by means of the
definition

K
D=—— 2.35
Cot (2.35)

where C; and g represent the specific heat at constant pressure and crystal density, respectively.
Thermal diffusivity D is measured in cm?/s.

(b) Alloy value

Figure 2.36 shows the inverse plots of D versus x for (a) C,Si;_, and (b) Al,Ga;_,As. The
endpoint data are indicated by the open circles. The experimental data for 3C-SiC is also shown
in Figure 2.36(a) by the solid circle. The solid line in Figure 2.36(b) is obtained from
Equation (2.35) using the K and C;, values in Table 2.2 (Equation (2.26)) and Equation (2.10),
respectively. The inverse thermal diffusivity D~ " of 3C-SiC is found to be well interpreted by
the linear interpolation between the endpoint data.

Figure 2.37 shows the plot of K and D versus x for (GaAs),(InP), _, quaternary. The K values
are obtained from (in W/cm K)

1
K " o =
(Gaasmp) (¥) = 3557 47(1—x) + 72x(1—x) + 25x(1—x)

(2.36)
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Figure 2.36 Inverse thermal diffusivity D versus x for (a) C,Si;_, and (b) Al,Ga;_,As at 300K. The
solid line in (a) represents the linear interpolation result between the endpoint data (open circles)
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Figure 2.37 (a) Thermal conductivity K and (b) diffusivity D versus x for (GaAs),(InP), _, quaternary
at 300K. The solid circles represent the experimental endpoint binary data

The C,, values used in the calculation of D are taken from Equation (2.9), while g is interpolated
between GaAs and InP.
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3 Elastic Properties

3.1 ELASTIC CONSTANT
3.1.1 General Considerations

The second-order elastic stiffness [C] and compliance tensors [S] are defined by the general-
ized Hooke’s law: [X] = [C][e] or [e] = [S][X], where [X] and [e] are, respectively, the elastic
stress and strain tensors which have six components. The elastic tensors [C] and [S] are
second-order fourth-rank and have symmetric 6 x 6 components. Their explicit tensor forms
are given in Adachi [1]. We present in Tables 3.1-3.3 the elastic stiffness and compliance
constants for a number of group-IV, III-V and II-VI semiconductors used for obtaining alloy
values.

3.1.2 Room-temperature Value

(a) Group-1V semiconductor alloy

Figure 3.1 shows the elastic constants C;; of the metallic alloy Cu—Au. The solid and open
circles represent the experimental ordered (CuAusz and CusAu) and disordered phase data,
respectively, gathered from various sources. The solid lines show the linear interpolation
values between Au and Cu. No clear ordering effect can be found in the elastic properties of the
metallic alloy.

Figure 3.2 shows the plots of experimental C;; data for 3C-SiC (x = 0.5), together with those
for diamond and Si. Note that 3C-SiC crystallizes in the zinc-blende structure and is a
compound, not an alloy. The solid lines show the linear interpolation between diamond and Si.
Because of the extremely large C;; values of diamond, the linearly interpolated SiC values
deviate considerably from the experimental values.

Mendik et al. [2] determined the elastic constants of a relaxed Sip49Gegs; film using
Brillouin scattering and his data are shown in Figure 3.3, together with those of Si and Ge. The
alloy value can be safely estimated using the linear interpolation scheme.

(b) III-V semiconductor alloy

Only a few reports of the direct measurement of elastic constants are available for III-V
semiconductor alloys. The elastic constants C;; of Ga,In,_,Sb have been determined using
a pulse echo method [3]. Figure 3.4 shows these results. The linearly interpolated values are
shown by the solid lines and the experimental data are in good agreement with the linear
interpolation results.

Figure 3.5 shows the elastic constants C;; versus y or x for (a) Ga,In,_,PyAs;_,/InP and
(b) (Al,Ga;_,)o53Ing47P/GaAs. The solid circles show the endpoint data determined by

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0
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Table 3.1 Elastic stiffness C;; and compliance constants S;; for a number of cubic group-1V, III-V
and II-VI semiconductors at 300 K. d = diamond; zb = zinc-blende; rs = rocksalt

System Material

C; (10" dyn/em?)

S; (1072 cm*/dyn)

Cii Ci2 Cu S11 Si2 Saa
v Diamond (d) 107.9 124 57.8 0.0949 —0.00978 0.1730
Si (d) 16.564 6.394 7.951 0.7691 —0.2142 1.2577
Ge (d) 12.870 4.770 6.670 0.9718 —0.2628 1.499
Sn (d)“ 6.90 2.93 3.62 1.94 —0.578 2.76
3C-SiC (zb) 39.0 14.2 25.6 0.318 —0.085 0.391
1-v BN (zb) 82.0 19.0 48.0 0.134 —0.025 0.208
BP (zb) 31.5 10 16 0.37 —0.09 1.00
BAs (zb)® 27.9 12.0 11.3 0.484 —0.145 0.885
AIN (zb)” 31.5 15.0 18.5 0.458 —0.148 0.541
AIP (zb)® 15.0 6.42 6.11 0.897 —0.269 1.64
AlAs (zb) 11.93 5.72 5.72 1.216 —0.394 1.748
AISD (zb) 8.769 4.341 4.076 1.697 —0.5618 2.453
GaN (zb)” 29.1 14.8 15.8 0.523 —-0.176 0.633
GaP (zb) 14.050 6.203 7.033 0.9756 —0.2988 1.422
GaAs (zb) 11.88 5.38 5.94 1.173 —0.366 1.684
GaSb (zb) 8.838 4.027 4.320 1.583 —0.4955 2.315
InN (zb)® 19.2 7.30 9.35 0.659 —0.182 1.07
InP (zb) 10.22 5.73 4.42 1.639 —0.589 2.26
InAs (zb) 8.329 4.526 3.959 1.945 —0.6847 2.526
InSb (zb) 6.608 3.531 3.027 2.410 —0.8395 3.304
1I-VI BeS (zb)” 12.3 7.30 5.69 1.47 —0.55 1.76
BeSe (zb)® 11.0 6.66 5.03 1.66 —0.63 1.99
BeTe (zb)” 8.87 5.54 3.86 2.16 —0.83 2.59
MgO (rs) 29.4 9.3 15.5 0.401 —0.096 0.647
MgS (zb)? 8.88 5.53 3.87 2.16 —0.83 2.58
MgSe (zb)® 7.58 4.86 3.17 2.64 —1.03 3.15
MgTe (zb)® 5.28 3.66 1.93 4.38 —1.79 5.18
ZnS (zb) 10.2 6.46 4.46 1.95 —0.76 2.25
ZnSe (zb) 8.57 5.07 4.05 2.09 —0.78 2.47
ZnTe (zb) 7.15 4.08 3.11 2.39 —0.85 3.25
CdS (zb) 7.70 5.39 2.36 3.07 —1.26 4.24
CdSe (zb) 6.67 4.63 2.23 348 —1.42 4.48
CdTe (zb) 5.35 3.69 2.02 4.27 —1.74 4.95
HgS (zb) 8.13 6.22 2.64 3.65 —1.58 3.79
HgSe (zb) 6.08 4.46 2.23 4.34 —1.84 4.49
HgTe (zb) 5.32 3.68 2.08 433 —1.77 4.80

“Obtained from an analysis of the phonon dispersion curves at 90 K

bCalculated or estimated
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Table 3.2 Elastic stiffness constant C;; for a number of hexagonal group-IV, III-V and II-VI
semiconductors at 300K (in 10" dyn/cmz). w = wurtzite; h =hexagonal (P63/mmc (Dgy,))

System Material Cll C12 C13 C33 C44 C66a
v 2H-SiC (w)” 50.1 11.1 52 55.3 16.3 19.5
m-v BN (h) 52.0 43.1 37.0 424 6.5 4.5
AIN (w) 41.0 14.0 10.0 39.0 12.0 13.5
GaN (w) 37.3 14.1 8.0 38.7 9.4 11.6
InN (w) 19.0 10.4 12.1 18.2 0.99 43
I-vI BeO (w) 46.1 12.6 8.85 49.2 14.8 16.8
ZnO (w) 20.9 12.0 10.4 21.8 4.41 4.45
ZnS (w) 12.2 5.8 4.2 13.8 2.87 3.2
CdS (w) 8.65 5.40 4.73 9.44 1.50 1.63
CdSe (w) 7.41 4.52 39 8.43 1.34 1.45

“Ces="h(C11 — C12)
b Assuming that the 2H-SiC values are the same as those for 6H-SiC within experimental error

Table 3.3 Elastic compliance constant S;; for a number of hexagonal group-1V, III-V and II-VI
semiconductors at 300K (in 10~ 12 cmz/dyn). w = wurtzite; h =hexagonal (P6s/mmc (Dgy,))

System Material Sl 1 S12 S13 S33 S44 Sééa
v 2H-SiC (w)” 0.211 —0.045 —0.016 0.184 0.614 0.512
n-v BN (h) 0.726 —0.398 —0.286 0.735 1.54 2.25
AIN (w) 0.285 —0.085 —0.051 0.283 0.833 0.740
GaN (w) 0.320 —0.112 —0.043 0.276 1.06 0.864
InN (w) 0.957 —0.206 —0.499 1.21 10.1 2.33
II-VI BeO (w) 0.240 —0.060 —0.032 0.215 0.677 0.600
Zn0O (w) 0.782 —0.345 —0.210 0.664 224 2.254
ZnS (w) 1.10 —0.45 —0.20 0.86 3.48 3.10
CdS (w) 2.08 —1.00 —0.54 1.60 6.66 6.16
CdSe (w) 2.32 —-1.12 —0.55 1.69 7.47 6.88

“So6=2(S11 — S12)
b Assuming that the 2H-SiC values are the same as those for 6H-SiC within experimental error

Brillouin scattering for Gag47Ing s3As [4] and Gag s3Ing 47P [S]. Since the lattice-matched
quaternaries have the same lattice constants over the entire composition range (ay,p = 5.8690 A
OF dgaas = 5.65330 A), their elastic constants are not expected to show strong dependence
on the alloy composition [1]. The solid lines in Figures 3.5(a) and 3.5(b) represent the results
calculated using Equations (A.6) and (A.8), respectively.
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Figure 3.1 Elastic constants C; of Cu—Au. The solid and open circles represent the experimental
ordered (LI, type) and disordered alloy data, respectively. The solid lines show the linear interpolation
results between Au and Cu

Figure 3.2 Elastic constants C; of C,Si;_, at 300 K. The solid circles represent the 3C-SiC data
(x=0.5). The solid lines show the linear interpolation results between the endpoint elemental data

(¢) II-VI semiconductor alloy

The elastic constant C;; of MBE-Be,Zn,_,Se on GaAs(100) has been determined using
Brillouin scattering [6]. Figure 3.6 shows these results. The BeSe value is estimated from the
simple C;—a (lattice parameter) relationship described in Adachi [1]. The solid line is linearly
interpolated between the endpoint binary data. The experimental data in Figure 3.6 suggest
an upward bowing. Peiris e al. [6] determined C;; from the sound velocities v; by measuring
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Figure 3.3 Elastic constants C;; of Si,Ge;_, at 300 K. The experimental data (x = 0.49) are taken from
Mendik et al. [2]. The solid lines show the linear interpolation results between the endpoint elemental data
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Figure 3.4 Elastic constants C;; of Ga,In; _,Sb at 300 K. The experimental data are taken from Galibert
and Bougnot [3]. The solid lines show the linear interpolation results between the endpoint binary data

frequency shift Aw of the Brillouin components using the relationship

ve . (6
Aw = F2w1n . sin <2> (3.1)
where wy is the frequency of the incident laser radiation,  is the refractive index of the material,
¢ is the speed of light in vacuum and 6 is the scattering angle (180°). Using a prism coupler
technique, they also determined » for Be,Zn;_,Se.

Figure 3.7 shows the elastic constants C;; versus x for Zn,Cd,; _,Te. The experimental data
are taken from Andrusiv et al. [7] (x=0.35, 0.57 and 0.71), from Maheswaranathan et al. [8]
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Figure 3.5 Elastic constants C; versus y or x for (a) Ga,n,_,PyAs;_,/InP and (b) (Al,Ga,_,)os3
Ing 47P/GaAs at 300 K. The open circles in (a) represent the InP data, while the solid circles in (a) and
(b) show the endpoint ternary data taken from Carlotti ez al. [4] (Gag 47Ing 53As) and Hassine et al. [5]

(Gag 53Ing 47P), respectively. The solid lines show the linear interpolation results of Equations (A.6)
and (A.8)
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Figure 3.6 Elastic constant C;; of MBE-grown Be,Zn;_,Se on GaAs(1 00) at 300 K. The experimental
data are taken from Peiris er al. [6]. The solid line shows the linear interpolation result between the
endpoint binary data

(x=0.48) and from Queheillalt and Wadley [9] (x = 0.04). These data are in agreement with
the linearly interpolated values within experimental accuracy.

3.1.3 External Perturbation Effect

(a) Temperature effect

Only a few reports are available on the temperature dependence of Cj; for III-V and II-VI
alloys [3,7,9]. Figure 3.8 shows the linearly interpolated dC;/dT versus y for Ga,In; _,P,As;_,/
InP calculated from Equation (A.6). The binary values used are taken from Table 3.8 in
Adachi [1].
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Figure 3.7 Elastic constants C;; versus x for Zn,Cd; _,Te at 300 K. The experimental data are taken from
Andrusiv et al. [7] (x=0.35, 0.57 and 0.71), from Maheswaranathan et al. [8] (x=0.48) and from
Queheillalt and Wadley [9] (x = 0.04). The solid lines show the linear interpolation results between the

endpoint binary data
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Figure3.8 Linearly interpolated dC;/dT versus y for Ga,In;_,PyAs,_,/InP at 300 K. The binary dC;;/dT
data used in the calculation (Equation (A.6)) are taken from Adachi [1]

The temperature-dependent C;; values of Zn,Cd;_,Te have been determined from 78 to
300K [7] and from 300 up to 1413 K [9]. The solid circles in Figure 3.9 show the dC;;/dT data
for Zn,Cd; _,Te (x=0.04) [9]. The endpoint data taken from Table 3.8 in Adachi [1] are also
shown by the open circles. The x =0.04 data are found to largely deviate from the linearly
interpolated values. The temperature-dependent C;; values for Ga,In,_,Sb (x=10.78-0.95)
were also measured using the pulse echo method between 4 and 300 K [3].
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Figure 3.9 dC;/dT versus x for Zn,Cd,_,Te at 300 K. The data represented by solid circles are taken
from Queheillalt and Wadley [9] (x = 0.04), while the open circles represent the endpoint binary data [1]

(b) Pressure effect

The pressure coefficient dC;/dp is a dimensionless quantity [1]. The linearly interpolated
dC/p values for Ga,In;_,P,As;_,/InP are shown in Figure 3.10. The binary data are taken
from Table 3.8 in Adachi [1]. Like dC;;/dT in Figure 3.8, the dC;;/dp versus y plots show very
weak nonlinearity with respect to y.
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Figure 3.10 Linearly interpolated dC;/dp versus y for Ga,In;_.P,As;_,/InP at 300 K. The binary
dCj;/dp values used in the calculation (Equation (A.6)) are taken from Adachi [1]

Maheswaranathan et al. [8] measured the pressure coefficients dC;/dp of CdTe and
Zn,Cd;_,Te for p up to 4 kbar. They obtained dC;,/dp=3.6+0.1, dCi,/dp=4.4+£0.1
(296 K) and dC44/dp=1.99 £0.01 (196 K) for CdTe; dC;;/dp=4.01+0.1, dCy,/dp=4.4+
0.1 (296 K) and dCyy/dp =2.38 +0.02 (196 K) for Zng 43Cd 5, Te.
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3.2 THIRD-ORDER ELASTIC CONSTANT

No experimental data has been reported on the third-order elastic constants (C;j.) of group-1V,
III-V or II-VI semiconductor alloys. This necessitates the use of some sort of an interpolation
scheme. The reported C;j; values for some non-alloyed group-1V, III-V and II-VI semicon-
ductors are summarized in Tables 3.11 and 3.12 of Adachi [1].

3.3 YOUNG’S MODULUS, POISSON’S RATIO
AND SIMILAR PROPERTIES

3.3.1 Group-IV Semiconductor Alloy

The general properties of various elastic moduli, such as Young’s modulus and Poisson’s ratio,
are presented in Adachi [1]. The alloy C;; values can be estimated with good accuracy using
the linear interpolation scheme (Section 3.1.2). Thus, the various elastic moduli can be
calculated from the linearly interpolated C;; values. The expressions of the various elastic
moduli can be found in Adachi [1].

As an example, the bulk moduli B, calculated from the linearly interpolated C;; values of
C,Si;_, (dashed line) are illustrated in Figure 3.11. The endpoint and 3C-SiC data are shown
by the open and solid circles, respectively [1]. These data show weak downward bowing (solid
line).
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Figure3.11 Bulk modulus B, versus x for C,Si; _, at 300 K calculated using the linearly interpolated C;;
values (dashed line). The endpoint and 3C-SiC values are shown by the open and solid circles,
respectively [1]. These experimental data exhibit weak downward bowing (solid line)

Using a Monte Carlo simulation, Kelires [10] found that C,Si;_, exhibits an accurate
power-law dependence of B, on the lattice constant a or, equivalently, on the ‘average’ nearest-
neighbor distance d, over the whole composition range.

3.3.2 III-V Semiconductor Alloy

A technique using XRD was demonstrated for the simultaneous determination of Poisson’s
ratio P, lattice constant a and composition x for some III-V ternaries [11]. In Figure 3.12 P
versus x has been plotted for (a) Al,In; _,As, (b) Ga,In,_,P and (c) Ga,In;_,As. The solid lines
represent the results calculated from the linearly interpolated C;; values.
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Figure 3.12 Poisson’s ratio P versus x for (a) Al,In;_,As, (b) Ga,In;_,P and (c) GaIn,_,As at 300 K.
The solid lines represent the P versus x curves calculated from the linearly interpolated C;; values. The
solid circles show the experimental data taken from Hoke et al. [11], while the open circles represent the
endpoint binary data taken from Adachi [1]

Figure 3.13 shows the bulk modulus B, as a function of y for Ga,In; _,P,As; _,/InP. The solid
line represents the B, versus y curve calculated from the linearly interpolated C; values.
The experimental data plotted are taken from Prins and Dunstan [12]. The experimental B, data
are found to be the same as InP to within 1%, while Gag 47Ing s3As (y =0) is 5% lower.
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Figure 3.13 Bulk modulus B, versus y for Ga,In;_,P,As;_,/InP at 300 K. The solid line represents the
B, versus y curve calculated from the linearly interpolated C;; values. The solid circles represent the
experimental data taken from Prins and Dunstan [12]. The open circle also represents the InP data taken
from Adachi [1]

Caro et al. [13] determined Poisson’s ratio P of Al,Ga;_,As using a HRXRD. They con-
cluded that both the lattice parameter a and Poisson’s ratio P are in agreement with Vegard law.

3.3.3 II-VI Semiconductor Alloy

The elastic constants C;; for the Be-based II-VI semiconductors, BeS, BeSe and BeTe listed in
Table 3.1, are estimated from the simple C;—a (lattice parameter) relationship in Adachi [1].
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These elastic constants yield the bulk moduli B, of 90, 81 and 67 GPa for BeS, BeSe and BeTe,
respectively. On the other hand, the experimental data were B, = 92.2 £ 1.8 GPa for BeSe and
66.8 £+ 0.7 GPa for BeTe if the pressure derivatives dB,/dp were fixed at 4 [14].
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Figure 3.14 Bulk modulus B, and pressure derivative dB,/dp versus x for c-Zn,Cd,_,Se at 300 K. The
solid line represents the B, versus y curve calculated using the linearly interpolated C;; values. The solid
line for dB,/dp is also obtained from the linear interpolation scheme using the endpoint binary data in
Adachi [1] (open triangles). The experimental data (x = 0.9) are taken from Lin et al. [15]

The WDXS technique was employed to study the elastic properties of Zn M, _,Se (M = Cd,
Fe or Mn) [15]. Figure 3.14 shows the Zn,Cd,_,Se data for x=0.9. The B, versus x curve is
calculated from the linearly interpolated C;; values, while the dB,/dp curve is simply obtained
from the linear interpolation between the endpoint values in Adachi [1]. The pressure derivative
of B, can now be written as [1]

dB, 1 /dC 2 (dC

_L(dCu) | 2 (4G (32)
dp 3\ dp 3\ dp
The bulk moduli B, of ZnSe, Te;_, (0 <x < 1.0) have been determined using the WDXS

[16]. These data are presented in Figure 3.15. The solid line shows the linear least-squares fit
given by

By(x) = 53.0+13.5x (3.3)
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Figure 3.15 Bulk modulus B, versus x for ZnSe,Te; _, at 300 K. The experimental data are taken from
Pellicer-Porres et al. [16]. The solid line represents the least-squares fit of Equation (3.3). The open circles
show the endpoint binary data taken from Adachi [1]
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The x-dependent Young’s moduli Y have been determined for Be,Zn;_,Se grown on
GaP(100) and GaAs(100) by MBE [17]. The measured Y values increased almost linearly
with increasing x. However, these data are slightly larger than the generally accepted values,
e.g. about 10% larger for ZnSe.

3.4 MICROHARDNESS
3.4.1 Group-1V Semiconductor Alloy

No detailed studies relating to the microhardness of group-IV semiconductor alloys have been
found in the literature. The hardness values H for Si, diamond and 3C-SiC are shown
graphically in Figure 3.16. The experimental data are taken from Table 3.23 in Adachi [1].
The 3C-SiC value deviates slightly from the weighted average of diamond and Si.
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Figure 3.16 Microhardness H versus x for C,Si; _, at 300 K. The endpoint and 3C-SiC values are plotted
by the solid circles. These data are taken from Adachi [1]. The solid line represents the linear interpolation
result between the endpoint elemental data

3.4.2 III-V Semiconductor Alloy

Several authors have carried out measurements on the microhardness H of III-V semiconduc-
tor alloys. The H values for some (Al, Ga)- and (Ga, In)-based ternaries are shown in
Figures 3.17 and 3.18, respectively. The experimental data in Figure 3.17 are taken from
Caceres et al. [18] and Hjort et al. [19] and in Figure 3.18 from Bourhis and Patriarche [20] and
Schenk and Silber [21]. The open circles represent the data taken from Adachi [1].

It can be seen from Figures 3.17 and 3.18 that the microhardness is almost linear with respect
to x, except in the case of Ga,In;_,P. The considerable strengthening observed in Ga,In,_,P
(x ~0.5) was attributed to the high crystal friction as confirmed by the flow-stress values [20].

The microhardness anisotropy was determined for Ga,In;_,P,As; _,/InP. Figure 3.19 shows
the 3D representation of the Knoop hardness anisotropy on the (100) surfaces of
Ga,In,_,PyAs,;_,/InP with y as a parameter [22]. The ternary (y = 0) and quaternary hardness
anisotropy in Figure 3.19 share a general shape, which is fundamentally different from that of
InP, having two or more maxima and one or more minima instead of one maximum and two
minima. The major slip system in the diamond and zinc-blende structures is 1/2<110> {111}.
Dislocations generated by plastic deformation, therefore, lie on the {111} planes with
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Figure 3.17 Microhardness H versus x for (a) w-Al,Ga;_,N and (b) Al,Ga;_,As at 300K. The

experimental data in (a) are taken from Céceres et al. [18] and in (b) from Hjort et al. [19]. The solid
line in (b) shows the linear interpolation result between the endpoint binary data [1]
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Figure3.18 Microhardness H versus x for (a) Ga,In; P and (b) Ga,In,_,Sbat 300 K. The experimental

data in (a) are taken from Bourhis and Patriarche [20] and in (b) from Schenk and Silber [21] (heavy solid
line). The solid lines show the linear interpolation results between the endpoint binary data [1]

1/2<110> Burgers vectors. The radically different shape of the anisotropy curves observed
may suggest significant differences between the deformation behavior of the alloys and InP,
which might be associated with different dislocation dynamics and even, perhaps, a primary
slip system different from the <110>, {111} system.

The composition dependence of the average Knoop hardness H in Figure 3.19 shows
that H increases with increasing y from the ternary value (~5.2 GPa), peaking at y ~ 0.5
(H ~ 5.4 GPa), and decreasing with further increases of y (H ~4 GPa at y=1.0) [22].

3.4.3 II-VI Semiconductor Alloy
The microhardness of BeO has been reported to be H ~ 0.92—13 GPa [23]. There has, however,

been no experimental data for H in BeS, BeSe and BeTe. Alloying ZnSe with a more covalent
II-VI compound such as BeSe may significantly alter the mechanical properties and eventually
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Figure 3.19 Three-dimensional representation of microhardness anisotropy observed on (100)-
oriented Ga,In;_,P,As,_,/InP with y as a parameter (y = 0-1.0) at 300 K. [Reproduced with permission
from D. Y. Watts and A. FE. W. Willoughby, J. Mater. Sci. 23, 272 (1988), Copyright (1988) Springer]

lead to viable devices. In particular, both hardness and elastic modulus are expected to be
enhanced by increasing the bond covalency. The composition dependence of H for Be,Zn,;_,Se
has been investigated by several authors. We summarize these results in Figure 3.20. The
experimental data are taken from Waag et al. [24] (open circles) and Paszkowicz et al. [25]
(solid circles). The solid line also shows the experimental data of Grillo ef al. [26]. Although
there is a large difference in H, all these data show an increase in H with increasing x. The data
of Grillo et al. [26] show a peak in H at x~0.7.

Figure 3.20 Microhardness H versus x for Be,Zn; _,Se at 300 K. The experimental data are taken from
Waag et al. [24] (open circles) and Paszkowicz et al. [25] (solid circles). The solid line also represents the
experimental data by Grillo er al. [26]

The microhardness H for ZnSe, Te,_, (0 <x <0.06) and Be,Zn, _,Se,Te; _, (0 <x<0.11)
has been measured by Maruyama et al. [27]. These data show an increase in H with increasing
Se or Be concentration.

Figure 3.21 shows the experimental H data for Zn,Hg, _,Se as measured by Fang et al. [28].
The open circles represent the endpoint data taken from Adachi [1]. The solid line represents
the linearly interpolated result. The experimental curve shows a pronounced peak at
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Figure 3.21 Microhardness H versus x for Zn,Hg,_,Se at 300 K. [Reproduced with permission from
S. Fang, L. J. Farthing, M.-F. S. Tang, and D. A. Stevenson, J. Vac. Sci. Technol. A 8, 1120 (1990).
Copyright (1990), American Vacuum Society]. The solid line shows the linear interpolation result
between the endpoint binary data [1]

x ~0.7. Similarly, the experimental curve for Zn,Cd, _, Te obtained by Schenk and Dunog [29]
showed a peak at x ~ 0.7, as shown in Figure 3.22. A peak at x ~ 0.7 was also observed in
Cd,Hg,_,Te [28]. The microhardness at x ~ 0.7 in Zn,Hg;_,Se is about 1.6 GPa, which is at
least twice the value of that in Cd,Hg; _,Te. The microhardness H of Cd,Hg,_,Te decreased
with increasing temperature from 300 to 600 K, e.g. from H ~ 0.7 GPa at 300 K to ~0.2 GPa at
600K for x=0.7 [30].

H (GPa)

Figure 3.22 Microhardness H versus x for Zn,Cd;_,Te at 300 K. [Reproduced with permission from
M. Schenk and L. T. H. Dunog, Semicond. Sci. Technol. 13, 335 (1998), Copyright (1998) Institute of
Physics]. The solid line shows the linear interpolation result between the endpoint binary data [1]

Generally, isoelectronic doping in the order of ppm leads to a softening of the crystal lattice
due to the vacancies in the lattice being filled with dopant atoms, and hence the etch-pit density is
reduced, virtually without affecting the electrical properties of the material. Softening as a result
of isoelectronic doping has been observed in In-doped GaAs [31] and in Zn-doped CdS [32].
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In conclusion of this section, the microhardness H of some tetrahedral semiconductor alloys
shows a liner relationship between H and the alloy composition. More ionic semiconductor
alloys, namely, II-VI alloys, however, show not only a clear upward bowing, but also a
deviation from the parabolic behavior of the microhardness H. Such deviations lead to a peak
in H at x~0.7 and not at x ~0.5.

3.5 SOUND VELOCITY

If the crystal density g and elastic stiffness C;; of a solid are known, the sound velocity v can be
calculated from the simple relationship

V= S (3.4)

The detailed functional forms, in terms of Cj;, of Equation (3.4) are shown in Tables 3.25 and
3.27 of Adachi [1]. The alloy C;; and g values can be approximated with good accuracy by the
linear interpolation scheme. Thus, we can easily calculate the sound velocities propagating
in the various crystallographic directions.

For example, Figure 3.23 shows the calculated sound velocities propagating in the [110]
direction in (a) Al,Ga;_,As and (b) Ga,In;_,P,As;_,/InP, where v; o corresponds to the
longitudinal mode and vys; and vya, correspond to the slow and fast transverse modes,
respectively. It can be seen that the sound velocities propagating in these alloys exhibit a weak
nonlinear dependence on x or y.

7 T T T T T T T 7T 7 T T T T T T T 7T
b) Ga In, P As, /InP

6 Vou ] 6_( ) x o lxty 1-y _
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Figure 3.23 Sound velocities propagating in the [1 1 0] direction in (a) Al,Ga;_,As and (b) Ga,In;_,
PyAs;_,/InP, where v; 4 corresponds to the longitudinal mode and vra; and vra, correspond to the slow
and fast transverse modes, respectively
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Note that in piezoelectric semiconductors like GaAs and GaN, the sound velocity given by

Equation (3.4) should be modified as
C;+K?
= [Cut (3.5)
8

where K? is the electromechanical coupling constant [1], which leads to a piezoelectrically
stiffened elastic constant if the sound wave is involved with piezoelectricity. The change in
sound velocity due to piezoelectricity is only ~0.1% for GaAs, but is ~0.5% for GaN [33].
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4 Lattice Dynamic Properties

4.1 PHONON DISPERSION RELATIONSHIPS

Theoretical work on the lattice dynamics of semiconductor alloys has been carried out by
several authors. For example, Myles [1] evaluated the spectral density of phonon states for 1D
mass-disordered alloys using a generalized embedded-cluster method. Baroni et al. [2] studied
the lattice vibronic properties of Al,Ga; _,As using large supercells to simulate the disorder and
ab initio interatomic force constants. They found that there are well-defined AlAs- and GaAs-
like phonon dispersions for any concentration, in agreement with experimental evidence [3].
In addition to broadening phonon states with definite wavevectors, alloying also narrows the
optical phonon branches and lowers the longitudinal modes more than the transverse modes,
thus reducing the LO-TO splitting. The acoustic phonon bands are in contrast also found to be
rather insensitive to the alloy composition.

4.2 PHONON FREQUENCY
4.2.1 General Considerations

Lattice vibronic properties in semiconductor alloys have received a great deal of attention
over a long period of time [4]. The defect-induced local or gap modes for small concentrations
of impurities are broadened into vibrational bands for high impurity concentrations as in
solid solutions. In an A,B;_,C alloy, such vibrational bands exhibit either ‘one-mode’ or ‘two-
mode’ behavior (or more rigorously, three different types of mode behavior, namely, ‘one-,’
‘two-" and ‘one-two-mode (mixed-mode)’ behaviors; see Figure 4.1). In a one-mode system
(Figure 4.1(a)), such as most I-VII alloys, a single set of long-wavelength optical phonons
appear. The one-mode phonon spectrum is approximately constant in strength but varies in
energy as the alloy composition is varied from one end member to another. The two-mode
system (Figure 4.1(b)), which is common for III-V ternaries, exhibits two distinct sets of
optical modes with frequencies characteristic of each end member and strengths roughly
proportional to the respective concentration. The one-two-mode system exhibits a single mode
over only a part of the composition range, with two modes observed over the remaining range
of composition (Figures 4.1(c) and 4.1(d)).

A number of models have been proposed to explain the so-called multi-mode behavior
in solid solutions [5]. Of these different models, the MREI model of Chang and
Mitra [5,6] appears to be the most successful. In the MREI model, if an alloy A,B;_,C has
the relationship

Ma < ppc (4.1)

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0
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Figure 4.1 Four different types of long-wavelength phonon mode behavior in ternary alloy: (a) one-
mode; (b) two-mode; (c) one-two-mode (1); (d) one-two-mode (2)

it exhibits two-mode behavior. Here, ;Lgé = Mg' +Mc' is the reduced mass of the binary
material BC. The opposite is true for one-mode behavior. In other words, for an alloy to exhibit
two-mode (one-mode) behavior it must (must not) have one substituting element whose mass is
smaller than the reduced mass of the compound formed by the other two elements. Given the
masses of the end members, the MREI model can predict whether an alloy will show one- or
two-mode behavior and also the dependence of the optical phonon frequencies on x [5, 6].

Table 4.1 summarizes the long-wavelength optical phonon frequencies, 1wy o and hwtg, for
anumber of cubic group-IV, I1I-V and II-VI semiconductors at 300 K and Table 4.2 lists those
for some hexagonal III-V and II-VI semiconductors at 300 K.

In an ordered alloy Gay sIn sP, four additional phonon modes at 60, 205, 310 and 354 cm ™",
attributed to spontaneous ordering in this material, have been identified and explained using
various experimental techniques [7]. However, a major obstacle to further enhancing the
understanding of this subject is the lack of a theoretical model that can satisfactorily explain the
experimental optical phonon frequencies and selection rules in ordered alloys. In the following,
the data mainly refers to fully disordered semiconductor alloys.

4.2.2 Room-temperature Value

(a) Group-1V semiconductor alloy

The experimental long-wavelength optical phonon frequencies w; o and wro for 3C-SiC,
together with those for diamond and Si, are shown in Figure 4.2. 3 C-SiC is considered to be an
ordered alloy, or more succinctly, it is a compound, not an alloy. Note that for diamond-type
structures the LO and TO branches are degenerate at ¢ = 0 and thus w; o = wte. The solid line
in Figure 4.2 shows the linear interpolation result between Si (x =0) and diamond (x = 1.0).
The 3C-SiC values can be satisfactorily interpreted by the average values of Si and diamond.

Si,Ge;_, has three types of cell and consequently shows multi-mode behavior consisting
of three main peaks due to the vibrations of Si—Si, Ge—Ge and Si—Ge pairs (Table 4.3).
The composition dependence of the Si—Si, Si—Ge and Ge—Ge mode frequencies for Si,Ge;_,
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Table 4.1 Long-wavelength optical phonon frequencies, % w; o and % wrto, for some cubic group-1V,
III-V and II—-VI semiconductors at 300 K. d = diamond; zb = zinc-blende; rs =rocksalt

System Material horo (cm™h fiwro (cm™h)
|AY Diamond (d) 1332 1332
Si (d) 519.2 519.2
Ge (d) 301 301
Sn (d) 200 200
3C-SiC (zb) 972 796
-v BN (zb) 1305 1054.7
BP (zb) 828.9 799
AIN (zb) 902 655
AIP (zb) 501.0 439.4
AlAs (zb) 402 362
AISD (zb) 340.0 318.7
GaN (zb) 739 553
GaP (zb) 402.5 365.3
GaAs (zb) 292 268
GaSb (zb) 233 224
InN (zb) 586 455
InP (zb) 346.4 304.5
InAs (zb) 241.4 219.6
InSb (zb) 190.7 179.7
II-VI BeSe (zb) 576 496
BeTe (zb) 502 461
MgO (rs) 725 401
MgS (zb) 425 327
MgSe (zb) 340 237
MgTe (zb) 292 235
ZnS (zb) 350.5 272.0
ZnSe (zb) 252 205
ZnTe (zb) 210 181
CdO (rs) 478 262
CdS (zb) 303¢ 237¢
CdSe (zb) 211¢ 169¢
CdTe (zb) 167 139
HgS (zb) 224 177
HgSe (zb) 174 132
HgTe (zb) 135 116

“Calculated or estimated

is shown in Figure 4.3(a). The experimental data were obtained from Pezzoli et al. [8].
The homopolar-bond frequencies vary almost linearly with x, while the heteropolar-bond
frequency shows a maximum at x ~ 0.5. These can be written as (in cm™")

wSi,Si(x) =521-67x (42&)
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Table 4.2 Long-wavelength optical phonon frequencies for some hexagonal III-V and [I-VI
semiconductors at 300 K. h = hexagonal (P63/mmc (Dg,)); W = wurtzite

System Material Phonon frequency (cm™")

E; low A, (TO) E, (TO) E; high A, (LO) E, (LO)

-V BN (h) 49 770 1383 1367 778 1610
AIN (w) 248 610 670 657 890 915
GaN (w) 144 533 560 569 736 743
InN (w) 87 457 490 475 588 582
II-vI BeO (w) 340 680 724 684 1083 1098
ZnO (w) 100 380 410 439 576 587
ZnS (w) 65 270 273 281 350 350
CdS (w) 41 233 239 255 301 304
CdSe (w) 34 166 170 210 211
1500

1200

10,10 (cm™)
O
(=]
(=]

Figure 4.2 Long-wavelength optical phonon frequencies w; o and wro for 3C-SiC at 300K, together
with those for diamond and Si. The solid line represents the linear interpolation result between the
endpoint elemental data

Table 4.3 Long-wavelength optical phonon mode observed in some group-IV semiconductor alloys

Alloy Phonon mode Reference
SiGe Si—Si, Ge—Ge, Si—Ge a

CSiGe Si—Si, Ge—Ge, C—Si, C—Ge (?), Si—Ge

SiGeSn Si—Si, Ge—Ge, Si—Ge, Sn—Sn c

“F. Pezzoli et al., Mater. Sci. Eng. B 124-125, 127 (2005)
bC <0.3at% (M. Meléndez-Lira et al., Phys. Rev. B 54, 12866 (1996))
‘Si <20at%, Sn < 10 at% (V. R. D’Costa et al., Phys. Rev. B 76, 035211 (2007))
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Figure 4.3 (a) Three main optical phonon frequencies due to the vibrations of Si—Si, Si—Ge and
Ge—Ge pairs versus x for Si,Ge;_, at 300 K. (b) Relative Raman intensities against x for Si,Ge;_, at
300 K. [Reprinted with permission from Mater. Sci. Eng. B, Raman spectroscopy of Si;_,Ge, epilayers
by F. Pezzoli et al., 124-125, 127. Copyright (2005), Elsevier]

®Ge—Ge(x) = 280+ 19x (4.2b)
for the homopolar-bond modes and
wsi_Ge(X) = 400 + 24.5x—4.5x* —33.5x° (4.3)

for the heteropolar-bond mode.

The corresponding Raman intensities are plotted in Figure 4.3(b). The probability of finding
Si—Si, Si—Ge and Ge—Ge vibrating pairs is proportional to the relative numbers of the bond
types: x%, 2x(1 — x) and (1 — x)?, respectively. The experimental data in Figure 4.3(b) follow
this statistic very well.

The ordering effect and/or compositional fluctuation should influence the vibronic proper-
ties of alloys, and in particular, the relative intensities and linewidths of the Raman modes.
Tsang et al. [9] measured the Raman spectra of compositionally ordered Sij sGe, 5 layers and
compared them to the spectrum of a random alloy. They observed changes in the relative
intensities of the different optical phonons, suggesting that the ordering is associated with an
increase in the number of homopolar bonds and a decrease in the number of heteropolar bonds.
The Raman scattering data also suggested that the ordering is not complete; the changes in the
Raman intensities are quantitatively consistent with XRD-estimated ordering of ~80%.

The effects of substitutional carbon in Si,Ge;_, have been studied by several authors
[10-12]. Because of the significant difference in covalent bond radii between Si and C atoms,
the C defect in the Si lattice is surrounded by a considerable strain field, with substitutional
defect bonds under tensile strain and interstitial bonds under compressive strain. A substitu-
tional C defect in Si,Ge, _, is expected to be surrounded by an even stronger strain field than
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that in pure Si, due to the increase in the C bond lengths with the Ge atoms. Interstitial C defects
will be under smaller compressive strain due to the increase in the average lattice constant with
Ge. The experimental frequencies of the Si—Si, Ge—Ge and Si—Ge modes in Si,Ge;_,
increased as a function of C concentration, which can be explained qualitatively in terms of the
large bond distortions caused by the lattice mismatch between Si,Ge,_, and diamond [10].
A number of phonon modes associated with the substitutional C defects in Si,Ge, _, have been
detected and attributed to localized phonon modes of C defects with different nearest-neighbor
configurations of Si and Ge atoms (Table 4.3).

(b) III-V semiconductor alloy

Most III—V ternaries exhibit two-mode behavior. Some III-V ternaries exhibit one- or one-
two-mode behavior. These are summarized in Table 4.4. The long-wavelength optical phonon

Table 4.4 Behavior of the long-wavelength optical phonon modes in some III-V semiconductor alloys.
zb = zinc-blende; w = wurtzite; O = one mode; T = two mode; O-T =one-two mode; Tr-F = three-four
mode; Tr = three mode; F = four mode; T-Tr = two-three mode

Alloy Material Behavior Reference
Ternary AlGaN (zb) O (LO), T (TO)
AlGaN (w) T (E((TO)), O (others)
O (A{(LO), E1(LO)), T (others)
(0]
AlInN (w) O (E(TO))
AlGaP (zb)

AlGaAs (zb)
AlGaSb (zb)
AlInP (zb)
AllnAs (zb)
AlInSb (zb)
GalnN (zb)
GalnN (w)
GalnP (zb)
GalnAs (zb)
GalnSb (zb)
AlAsSb (zb)
GaNP (zb)
GaNAs (zb)
GaPAs (zb)
GaPSb (zb)
GaAsSb (zb)
InPAs (zb)
InPSb (zb)
InAsSb (zb)

© X T TR L IRRT O I NI T AN

OHHAHa94900H-H00Ha3344
H

—

Quaternary AlGaPAs (zb) Tr-F z
AlGaAsSb (zb) Tr aa
GalnPSb (zb) F ab
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Table 4.4 (Continued)
Alloy Material Behavior Reference
GalnPAs/InP (zb) F ac
GalnPAs/GaAs (zb) F ad
GalnAsSb (zb) Tr ae
AlGalnP/GaAs (zb) T-Tr af
AlGalnAs/InP (zb) Tr ag
InPAsSb (zb) Tr ah

“H. Harima et al., Appl. Phys. Lett. 74, 191 (1999)

"M. Kazan et al., J. Appl. Phys., 100, 013508 (2006)

V. Y. Davydov et al., Phys. Rev. B 65, 125203 (2002)
“M. S. Liu ez al., J. Appl. Phys. 90, 1761 (2001)

°A. Kasic et al., Appl Phy. Lett. 78, 1526 (2001)

/G. Armelles et al., Solid State Commun. 65, 779 (1988)
éD. J. Lockwood and Z. R. Wasilewski, Phys. Rev. B 70, 155202 (2004)
"R. Ferrini et al., Phys. Rev. B 56, 7549 (1997)

'H. Asahi et al., J. Appl. Phys. 65, 5007 (1989)

IS. Emura et al., J. Appl. Phys. 62, 4632 (1987)

V. P. Gnezdilov et al., J. Appl. Phys. 14, 6883 (1993)

K. Torii et al., Appl. Phys. Lett. 82, 52 (2003)

"S. Hernandez et al., J. Appl. Phys. 98, 013511 (2005)
"B. Jusserand and S. Slempkes, Solid State Commun. 49, 95 (1984)
?Z. S. Piao et al., Phys. Rev. B 50, 18644 (1994)

PZ. C. Feng et al., Can. J. Phys. 69, 386 (1991)

“H. C. Lin et al., Solid State Commun. 107, 547 (1998)
"G. Leibiger et al., Appl. Phys. Lett. 79, 3407 (2001)

*T. Prokofyeva et al., Appl. Phys. Lett. 73, 1409 (1998)

‘G. Armelles et al., Appl. Phys. Lett. 68, 1805 (1996)

“Y. T. Cherng et al., J. Appl. Phys. 65, 3285 (1989)

"T. C.McGlinn et al., Phys. Rev. B 33, 8396 (1986)

"D. J. Lockwood et al., J. Appl. Phys. 102, 033512 (2007)
*M. J. Jou et al., J. Appl. Phys. 64, 1472 (1988)

*N. L. Rowell et al., J. Vac. Sci. Technol. A 22, 935 (2004)
“P. N. Sen and G. Lucovsky, Phys. Rev. B 12, 2998 (1975)
“D. H. Jaw et al., J. Appl. Phys. 69, 2552 (1991)

“’D, H. Jaw and G. B. Stringfellow, J. Appl. Phys. 72, 4265 (1992)
““T. Sugiura et al., Jpn. J. Appl. Phys. 37, 544 (1998)

9T Sugiura et al., Jpn. J. Appl. Phys. 32, 2718 (1993)
“D. H. Jaw et al., J. Appl. Phys. 66, 1965 (1989)

“T. Hofmann et al., Phys. Rev. B 64, 155206 (2001)

“€R. Manor et al., Phys. Rev. B 56, 3567 (1997)

9"-C. Chen et al., Jpn. J. Appl. Phys. 37, L1365 (1998)

frequencies wy o and wtg versus x for (a) c-Al,Ga;_,N and (b) c-Ga,In;_,N are shown in
Figure 4.4. The experimental data for c-Al,Ga; _,N are taken from Harima et al. [13] and for

c-Ga,In; _,N from Tabata et al. [14] and Torii et al. [15].

The LO phonon frequencies in Figure 4.4(a) exhibit one-mode behavior, while the two-
mode behavior is observed for the TO phonon frequencies. The mass criterion of Equation (4.1)
suggests that Al,Ga,;_,N may exhibit one-mode behavior (Ma; G, > MaN.Gan). Harima
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Figure 4.4 Long-wavelength optical phonon frequencies w; o and wro versus x for (a) c-Al,Ga; N
and (b) c-Ga,In; _,N at 300 K. The experimental data for c-Al,Ga,_,N are taken from Harima ez al. [13]
and for ¢-Ga,In;_,N from Tabata et al. [14] and Torii et al. [15]. The solid line in (a) shows the linear
interpolation result between the endpoint binary data (LO). The solid lines in (b) represent the linear
interpolation results of Equation (4.4)

et al. [13] calculated the phonon frequencies using the MREI model and considered that the
two-mode behavior of wtg is a consequence of the different vibrating masses.

In Figure 4.4(b), clear one-mode phonon behavior of c-Ga,In, _,N can be seen, in agreement
with the criterion of Equation (4.1) (Mg, m > Mcan.1nn)- The solid lines represent the linear
interpolation results (in cm )

w1 o(x) = 739—153x (4.4a)
wro(x) = 553—98x (4.4b)
Figure 4.5 shows the LO and TO phonon frequencies as a function of x for Al,Ga;_,As.

The experimental data are taken from Jusserand [16]. Only the AlAs-like LO mode exhibits
weak nonlinearity with respect to x. Each phonon frequency can be expressed as (in cm™ ')

L0 AlAs(X) = 354 + 81x—33x (4.52)
w10 AlAs(¥) = 354 + 8x (4.5b)
WL GaAs(x) = 292—37x (4.6a)
@10.Gans (X) = 268—13x (4.6b)

The two-mode behavior in Al,Ga;_,As is the most prominent disorder-induced effect
(M a1 < Gans)- Additional disorder-induced effects in Al,Ga;_,As have been observed, i.e. an
asymmetric line broadening and an activation of new phonon bands [16]. A low energy GaAs-
like LO tail developed when the concentration of Al increased, and vice versa. When this
concentration becomes very large, an additional line appears on the lower energy side. Apart
from this broadening, additional phonon bands are observed in the TA (~100cm™") and LA
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Figure 4.5 Long-wavelength optical phonon frequencies wy o and wro versus x for Al,Ga, ,As at
300 K. The open squares represent the endpoint binary data. The solid lines show the results calculated
using Equations (4.5) and (4.6)

range (~200cm ). The asymmetric broadening and the emergence of additional phonon
bands can be explained by a disorder activated relaxation of the g = 0 wavevector selection rule.

The LO and TO phonon frequencies for Ga,In,_,Sb determined by Raman scattering at
80K by Feng et al. [17] are shown in Figure 4.6. They also reported the room-temperature data,
which are essentially the same as those at 80 K. In Figure 4.6, the so-called one-two-mode
behavior is observed; however, the mass criterion of Equation (4.1) indicates that the alloy will
exhibit one-mode behavior (Mg, > MGasb.ansb). The one-two-mode behavior was also
confirmed using IR spectroscopy [18].
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Figure4.6 Long-wavelength optical phonon frequencies wy o and wro versus x for Ga,In,_,Sb at 80 K.
[Reproduced with permission from Z. C. Feng, S. Perkowitz, R. Rousina, and J. B. Webb, Can. J. Phys. 69,
386-389 (1991), Copyright (1991) NRC Research Press]
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Figure 4.7 Long-wavelength optical phonon frequencies wy o and wro versus y for GaIn;_ P As;_/
InP at 300 K. [Reprinted with permission from Jpn. J. Appl. Phys., Raman scattering study of InGaAsP
quaternary alloys grown on InP in the immiscible region by T. Sugiura et al., 37, 544. Copyright (1998)
Japanese Society of Pure and Applied Physics] The open circles represent the InP data

The long-wavelength optical phonon behaviors in Ga,In; _,P,As;_,/InP have been studied
by Raman and IR spectroscopy [19]. In Figure 4.7 the w; o and wto frequencies versus y for
Ga,In;_,P,As,_,/InP are illustrated graphically. The experimental data are taken from Sugiura
et al. [20]. The data fall into four separate bands, that is, a four-mode category, except for the
GaAs mode at y > 0.6.

The composition dependence of wy o and wto for (Al,Ga;_,)o.45lng so0As/InP is shown in
Figure 4.8. The experimental data were obtained by Raman scattering [21]. Three modes,
AlAs-, GaAs- and InAs-like modes, dominate the Raman spectra in (Al,Ga;_,)g.4glng spAs/
InP. The GaAs- and InAs-like modes vary almost linearly with x. The AlAs-like TO mode
also varies linearly with x, but its LO branch exhibits weak nonlinearity with respect to x.

The one-mode behavior of AlAs,Sb;_, and two-mode behavior of GaP,As;_,, GaP,Sb,_,
and InP,As;_, in Table 4.4 agree with the mass criterion of Equation (4.1); however, the two-
mode behavior observed in Ga,In;_,P and GaAs,Sb,_, is contrary to this criterion. Let us
consider GaP,As;_, and Ga,n;_,P, the former shows two-mode behavior, while the latter
shows one-mode (or a very weak two-mode) behavior. These behaviors are easily understood
by noting that the optical-phonon DOS of GaP and GaAs do not overlap unlike those of GaP and
InP which do overlap (but in a narrow frequency range). Thus, the two-mode behavior of
GaP,As, _, is expected from Equation (4.1) (Mp < itgaas)- Because Mg, > pgapmp the MREI
model predicts one-mode behavior in Ga,In;_,P.
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Figure 4.8 Long-wavelength optical phonon frequencies w; o and wto versus x for (Al,Ga;_,)p4s
Ing 5oAs/InP at 300 K. [Reproduced with permission from R. Manor, O. Brafman, and R. F. Kopf, Phys.
Rev. B 56, 3567-3570 (1997). Copyright (1997) American Physical Society]

(c) II-VI semiconductor alloy

II-VI ternaries grow either in the zinc-blende or wurtzite structure and mostly exhibit one- or
two-mode behavior, as summarized in Table 4.5. Some II-VI ternaries exhibit a variation with
composition that is intermediate between one- and two-mode.

Figure 4.9 shows the long-wavelength optical phonon frequencies w; o and wtg as a
function of x for Zn,Cd, _,S. The experimental data are taken from Lucovsky et al. [22]. Since
Zn,Cd; _,S crystallizes in the wurtzite structure, the experimental data produced by Lucovsky
et al. shows a small anisotropy splitting (~6 cm 1) between A, (LO, TO) and E; (LO, TO)
modes for all values of x. For clarity, however, the averaged w; o and wto values have been
plotted in Figure 4.9. Zn,Cd, _,S serves a typical example of the one-mode phonon behavior.

Figure 4.10 shows the LO and TO phonon frequencies for Cd,Hg; ,Te measured by IR
spectroscopy at 77 K [23]. Like Zn,Hg; _,Te [24], Cd,Hg; _,Te exhibits two-mode behavior.
However, the ZnTe-like TO frequency in Zn,Hg, ,Te increased with increasing Zn content,
while the CdTe-like TO phonon mode in Cd,Hg,_, Te (Figure 4.10) decreased with increasing
Cd content. This could be due to the fact that the Zn,Hg, _,Te lattice constant decreases with
increasing Zn content but the Cd,Hg, ,Te lattice constant increases with increasing Cd
content. Note that the MREI model predicts Zn,Hg;_,Te to be of the two-mode type
(Mz, < ppgre) and Cd Hg, _,Te to be of the one-mode type (Mcq g > Mcdte,HeTe)-

Both Zn,Cd,_,Se and ZnSe, Te;_, exhibit an intermediate-mode behavior [25,26]. As an
example, the data for ZnSe, Te, _, is shown in Figure 4.11 [25]. Not only are the one-mode LO
and TO phonons (LO; and TO,) but also a new LO,-TO, pair inside the reststrahlen band.
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Table 4.5 Behavior of the long-wavelength optical phonon modes in some II-VI semiconductor alloys.
zb = zinc-blende; w = wurtzite; O = one mode; T = two mode; [ = intermediate mode; Tr = three mode

Alloy Material Behavior Reference

Ternary BeZnSe Tr a
BeZnTe Tr b
MgZnO (zb) T c
MgZnO (w) O d
MgZnO (w) T (Ey), O (A4) e
MgZnS (6] f
MgZnSe T g
MgZnTe T h
MgCdTe T i
ZnCdS (6] Jj
ZnCdSe I k
ZnCdTe T l
ZnHgTe T m
CdHgTe T n
ZnSSe T o
ZnSTe T 4
ZnSeTe I q
CdSSe T o
CdSTe T r
CdSeTe T s

Quaternary MgZnSSe Tr f
MgZnSeTe T t
MgZnCdTe Tr h
ZnCdHgTe Tr u
CdSSeTe Tr v

“Showing extra BeSe-like mode (O. Pages ef al., Phys. Rev. B 70, 155319 (2004))

bShowing extra BeTe-like mode (O. Pages et al., Appl. Phys. Lett. 80, 3081 (2002))

€J. Chen and W. Z. Shen, Appl. Phys. Lett. 83, 2154 (2003)

90<x<0.3 (Z. P. Wei et al., Phys. Status Solidi C 3, 1168 (2006))

“x~0.47-0.60 (J.Chen and W. Z. Shen, Appl. Phys. Lett. 83, 2154 (2003))

/D. Wang et al., J. Appl. Phys. 80, 1248 (1996)

éD. Huang et al., Appl. Phys. Lett. 67, 3611 (1995)

"R, Vogelgesang et al., J. Raman Spectrosc. 27, 239 (1996)
’E. Oh et al., Phys. Rev. B 48, 15040 (1993)

/M. Ichimura et al., Phys. Rev. B 46, 4273 (1992)

*R. G. Alonso et al., Phys. Rev. B 40, 3720 (1989)

'D. N. Talwar ef al., Phys. Rev. B 48, 17064 (1993)

"M. P. Volz et al., Solid State Commun. 75, 943 (1990)

"S. P. Kozyrev et al., Sov. Phys. Solid State 34, 1984 (1992)
°I. F. Chang and S. S. Mitra, Phys. Rev. 172, 924 (1968)
PY.-M. Yu et al., J. Appl. Phys. 95, 4894 (2004)

9T. R. Yang and C. C. Lu, Physica B 284-288, 1187 (2000)
'R. Pal et al., J. Phys. D: Appl. Phys. 26, 704 (1993)

*Z. C. Feng et al., J. Cryst. Growth 138, 239 (1994)

'H. Makino et al., J. cryst. Growth 214/215, 359 (2000)

“J. Polit et al., Phys. Status Solidi B 208, 21 (1998)

"V. M. Burlakov et al., Phys. Status Solidi B 128, 389 (1985)
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Figure4.9 Long-wavelength optical phonon frequencies w; o and wto versus x for Zn,Cd,; _,S at 300 K.
The experimental data are taken from Lucovsky et al. [22]. The solid lines show the linearly interpolated
results between the endpoint binary data
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Figure 4.10 Long-wavelength optical phonon frequencies w; o and wro versus x for Cd,Hg,_,Te at
77 K. [Reprinted with permission from J. Baars and F. Sorger, Solid State Commun. 10, 875 (1972),
Copyright (1972) Elsevier]

Pages et al. [27, 28] investigated the Raman spectra of Be,Zn,_,Se and Be,Zn,_,Te. The
TO modes were of particular interest because they consist of quasi-independent oscillators and
thereby carry clear information. In the LO symmetry, complexity arose due to coupling via the
macroscopic polarization field. They observed the atypical TO one-bond — two-mode
behavior in the vibrational range of the stiff Be-VI bond in Be,Zn; ,Se and Be,Zn; _,Te.
This was explained by using a double-branch percolation picture which discriminates between
vibrations within the randomly formed hard Be-rich host region and the soft Zn-rich region.
The resulting phonon frequency versus composition plots showed that the (Be, Zn)-VI
ternaries exhibit a three-mode (two usual modes plus one mode) behavior [27, 28] .

The composition dependence of w; o and wro for Mg,Zn;_,S,Se;_,/GaAs is shown in
Figure 4.12. The experimental data were obtained by Raman scattering [29]. In brief, we can
expect four-mode behavior (AB-, AC-, BC- and BD-like)in an A,B,_,C,D,_, alloy. However,
the data in Figure 4.12 reveal three-mode behavior (MgSe-, ZnSe- and MgZnS-like). Similarly,
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Figure 4.11 Long-wavelength optical phonon frequencies wyo and wro versus x for ZnSe, Te; ,
at 300 K. [Reprinted with permission from Physica B, Infrared studies and optical characterization of
ZnSe;_,Te, molecular beam epitaxial films by T. R. Yang and C. C. Lu, 284-288, 1187. Copyright (2000),
Elsevier] The open circles represent the InP data
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Figure 4.12 Long-wavelength optical phonon frequencies w; o and wro versus y (S) for
Mg,Zn;_,S,Se;_,/GaAs at 300K. [Reprinted with permission from D. Wang et al., J. Appl. Phys.
80, 1248 (1996). Copyright (1996), American Institute of Physics]

Mg.Zn,_,Se,Te, _, showed two-mode behavior (MgSeTe- and ZnSeTe-like), not four-mode
behavior [30]. As expected, both Zn,Cd; _,Hg; _,_,Te and CdS,Se; _,Te_,_, exhibited three-
mode behavior (Table 4.5).

4.2.3 External Perturbation Effect

(a) Group-1V semiconductor alloy

The phonon frequency is dependent both on temperature 7 and pressure p. The long-
wavelength optical phonon frequency w,, versus T can be expressed as [31]

aT?

wop(T) = wop(0)— m

(4.7)
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Figure 4.13 Hydrostatic-pressure dependence of the optical phonon frequency w,, for Sij ssGeg 45 at
300 K. The experimental data are taken from Sui et al. [32]. The bulk Si and Ge data are taken from
Adachi [33]

where wy,(0) is the T=0K value, « is in ecm ' per degree Kelvin and 8 is a quantity
proportional to the Debye temperature (in Kelvins). No detailed data on the temperature
dependence of w,, = w0 1o in group-IV semiconductor alloys has been reported.

The pressure dependence of w,y, in Sig 55Geg 45 determined by Raman scattering is shown in
Figure 4.13. The experimental data are taken from Sui ef al. [32]. The pressure coefficients dw/
dp obtained from these plots are ~7, ~5 and ~4 cm ™~ '/GPa for the Si—Si, Si—Ge and Ge—Ge
modes, respectively. The solid lines in Figure 4.13 show the bulk Si and Ge data [33].

(b) III-V semiconductor alloy

Figure 4.14 (a) shows the wpo versus T plots for the GaAs-like mode in Al,Ga;_,As.
The experimental data are taken from Jiménez et al. [34]. The temperature variations are
almost linear in the range between 300 and 650 K. The corresponding coefficient dw; o/dT for
Al,Ga,_,Asisplotted in Figure 4.14 (b) [34]. The GaAs (x = 0) and AlAs (x = 1.0) data are also
shown by the solid and open triangles, respectively [35]. It can be seen that the temperature
coefficients are almost composition independent (dwy o/dT~2 x 10~ cm ™ '/K).

The pressure dependence of the LO phonon frequencies in Alj s53Gag42As is shown in
Figure 4.15. The LO phonon frequencies were measured by Raman scattering up to 7 GPa [36].
The pressure coefficients for the LO and TO modes in AlAs and GaAs were reported to be
~5 (AlAs) and ~4cm ™ '/GPa (GaAs), respectively [36]. The slopes for the experimental
Alg 58Gag 42As data in Figure 4.15 are nearly the same as those for AlAs and GaAs.

The pressure coefficients dw o to/dp for the AlAs- and GaAs-like LO and TO modes for
Al,Ga;_,As are plotted as a function of x in Figure 4.16. The experimental data are taken from
Holtz et al. [36]. Although the experimental data largely scatter, we can see that they fall in the
range 5.3 + 1.3 cm ™ '/GPa, as shown by the vertical bar.



114 PROPERTIES OF SEMICONDUCTOR ALLOYS

300 T —T — T
| Al Ga;_As |
LO (GaAs)
290} .
0 LI I N
C LO (bulk GaAs) —~
= X Al Ga, ,As )
£ 280 - = N
2 — S
] | x=0.20 | L _Q’Fe—g—g—.ﬁ
3 0 Z o o
&~
270\‘\\.\,('_&45 4 3 3r i
M SS b (b) .
TO (bulk GaAs) © ® 1O (GaAs)
2601 . - -5 1 1 I 1 1 1 1 1 1
x=0.76 0 0.2 0.4 0.6 0.8 1.0
X
- @) x=0.82 A
250 1 I E— L1 L
300 400 500 600 700
T (K)

Figure 4.14 (a) Temperature dependence of the GaAs-like LO phonon frequency wy o for Al,Ga;_,As.
The data for bulk GaAs are also shown. [From J. Jiménez, E. Martin, A. Torres, and J. P. Landesman, Phys.
Rev. B 58, 10463-10469 (1998). Copyright (1998) American Physical Society.] (b) Temperature
coefficient dwy o/dT versus x for Al,Ga,_,As at 300 K. The experimental data are taken from Jiménez
et al. [34]. The solid and open triangles represent the endpoint binary data taken from Adachi [35]

450 T T T
LO (AlAs)
400 -
[e
£
s Al 5gGag oAs
891 350 .
LO (bulk GaAs)
300 —
LO (GaAs)
250 ' L '
0 2 4 6
P (GPa)

Figure 4.15 Hydrostatic-pressure dependence of the AlAs- and GaAs-like LO phonon frequencies for
AlpssGag 40As at 300 K. The experimental data are taken from Holtz et al. [36]. The bulk GaAs data are
also taken from Adachi [35]
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Figure 4.17 GaP- and InP-like LO phonon frequencies versus temperature 7 for GagslngsP. The
experimental data are taken from Shealy and Wicks [37]. The bulk InP data are also taken from
Adachi [35]

The GaP- and InP-like LO phonon frequencies versus temperature T for GagslngsP
are plotted in Figure 4.17. The experimental data were measured by Raman spectroscopy [37].
The bulk InP w; o(7) values which were calculated from Equation (4.7) with w; o(0) =348.3
ecm L, a=28x10"?cm~ /K and B =420 K are also shown [35]. The temperature variation
in Ga,In;_,P is found to be nearly the same as that in InP.

The pressure dependence of the GaP- and GaAs-like LO and TO data for GaPy ;1Asq g9 iS
shown in Figure 4.18. The experimental data are taken from Galtier et al. [38]. The solid lines
represent the bulk LO and TO values versus p for GaP and GaAs taken from Adachi [35]. The
GaPg |1 Asg g0 data are found to be very similar to those for GaP.

(c) II-VI semiconductor alloy

The temperature variations of the LO and TO phonon frequencies w;o and wro for
c-Zn,Cd;_,Se are shown in Figure 4.19. The experimental data are taken from Valakh
et al. [39]. The LO phonons in ¢-Zn,Cd;_,Se exhibit one-mode behavior, while the
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Figure 4.18 Hydrostatic-pressure dependence of the GaP-like LO (solid circles) and TO phonon
frequencies (open circles) in GaPgy ;Asgge at 85K. The experimental data are taken from
Galtier et al. [38]. The solid lines represent the bulk GaP and GaAs data taken from Adachi [35]

TO phonon branch is much more complicated. The resulting optical phonon behavior in
¢-Zn,Cd;_,Se is of the intermediate type, neither one-mode nor two-mode behavior.

The experimental w; o versus T behavior in Figure 4.19 can be found in many AVB® ™
tetrahedral semiconductors. On the other hand, the effect of resonant interaction of the one-
phonon (TO) and two-phonon (2TA) states in c-Zn,Cd; _,Se [39] leads not only to the peculiar
temperature dependence of intensity and line-shape of the bands, but also to the temperature
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Figure 4.19 Temperature dependence of the LO and TO phonon frequencies w;o and wro in
¢-Zn,Cd; _,Se. [Reprinted with permission from M. Y. Valakh et al., Phys. Status Solidi B 113, 635
(1982), Copyright (1982) Wiley—VCH]
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Figure 4.20 Hydrostatic-pressure dependence of the LO phonon frequency for Zng ¢sCdg 3,Se layer
grown on GaAs(100) measured at 300 K. The experimental data are taken from Li ez al. [40]. The solid line
shows the result calculated using Equation (4.8) (Zng ¢gCdg 32Se). The bulk ZnSe LO and TO phonon
frequencies are obtained from Adachi [41]

shift of the phonon frequencies. The latter can be easily identified in Figure 4.19. The ordinary
temperature shift in wy o takes place for x > 0.75 for which the resonant interaction is small.
When this interaction is significant (0.4 <x<0.6), the phonon frequency wro exhibits
anomalous dependence on temperature; i.e. at x = 0.50 and 0.58 wro is practically unchanged
over a wide temperature range from 100 to 450 K (Figure 4.19). This is due to the strengthening
of anharmonic coupling with increasing temperature and, as a result, to the stronger repulsion
effect of the TO and 2TA bands [39].

The pressure dependence of wyo for Zng¢Cdg3,Se layer on GaAs(100) is shown in
Figure 4.20. The Raman spectra were recorded up to 7 GPa [40]. The solid line represents the
experimental data (wp o in cm ™!, p in GPa)

wLo(p) = 241.07 + 4.066p (4.8)

Also shown in Figure 4.20 are the experimental results for ZnSe [41] (wLo 10 In cm ™!,

p in GPa)
wLo(p) = 251.9 4 3.44p—0.02p (4.92)
wro(p) = 204.2 4 4.98p—0.07p* (4.9b)

The pressure dependence of the ZnSe-like LO and TO phonon frequencies for MBE-grown
ZnSe 96 e 04 layer is shown in Figure 4.21. The optical phonon frequencies were obtained by
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Figure 4.21 Hydrostatic-pressure dependence of the ZnSe-like LO and TO phonon frequencies for
ZnSeq 96Te0 04 at 300 K. [Reprinted with permission from C. S. Yang et al., Phys. Rev. B 59, 8128-8131
(1999). Copyright (1999) American Physical Society]

Raman scattering and FTIR measurements under pressures of up to 20 GPa [42]. Both
Zn,Cd; _,Se (Figure 4.19) and ZnSe, Te, _, exhibit an intermediate-mode behavior (Table 4.5).
In addition to the usual ZnSe-like LO and TO modes, a new LO-TO phonon pair can therefore
be identified inside the reststrahlen band in ZnSe,Te;_, [25]. The ZnSe-like LO phonon
frequency in Figure 4.21 can be approximated as (w; o in cm ™', p in GPa)

On the other hand, the ZnSe-like TO phonon frequency exhibits anomalous dependence on p,
i.e. itincreases almost linearly up to ~3 GPa and tends to show a saturated value of ~225cm ™"
for p > 3 GPa. There have been many Raman peaks observed in ZnSe, Te;_, for 0<x< 1.0
between the ZnSe-like LO and TO phonon frequency region. The anomalous pressure
dependence of the ZnSe-like TO phonon frequency may be correlated with this fact [42].

Raman scattering has been used to investigate anharmonicity and disorder-induced effects
in MBE-Be,Zn;_,Se/GaAs(100) epilayers [43]. The anharmonicity is found to be higher in
Be,Zn;_,Se than in ZnSe, increasing with compositional disorder.

In conclusion of this section, the temperature and pressure coefficients of the long-
wavelength optical phonon frequencies dw,,/dT (or w;p' dwep /dT =d Inwp /dT) and dwep/
dp (or wgpl dwep/dp = dInw,,/dp) in alloys of exhibiting one-mode behavior can be simply
estimated from the linear interpolation between the endpoint values. In the case of two-mode
(three- or four-mode) behavior in group-IV binaries and in III-V and II-VI ternaries
(quaternaries), the temperature and pressure coefficients of the endpoint material values can
be used, to a first approximation, as those for each phonon mode. For example, inan A,B;_,C
alloy, the temperature coefficient of the AC-like (BC-like) LO phonon frequency is the same as
that of the bulk material AC (BC). These are schematically shown in Figure 4.22. A variety of
the endpoint material data can be found in Adachi [33, 35, 41].
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Figure 4.22 Schematic representations of the composition dependence of the temperature and pressure
coefficients, dw,p/dT and dw,y/dp, in an alloy of composition A B;_,C (solid lines). The solid and open
circles represent the endpoint binary data. The dependence of w,, on x is also schematically shown by the
dashed lines. The schemes represented by the solid lines can also be used for estimating mode Griineisen
parameters and PDPs

4.3 MODE GRUNEISEN PARAMETER

The anharmonic properties of solids are customarily described in terms of the Griineisen
parameter Y. As a measure of the volume dependence of the phonon frequency v;(¢q) of the ith
mode, the mode Griineisen parameter y;(q) can be defined by

~dlny(q)] VvV duig)
vil) = - dnV] —  w(q) dv 1

where Vis the crystal volume. The mode Griineisen parameters for the long-wavelength (g = 0)
phonons in some non-alloyed group-IV, III-V and II-VI semiconductors are summarized in
Tables 4.5 and 4.6 of Adachi [31].

Figure 4.23 shows the y parameters for (a) Si—Si, (b) Si—Ge and (c) Ge—Ge modes in
Si,Ge;_,. The experimental data are taken from Sui et al. [32]. The Si and Ge values are also
taken from Adachi [33]. The Si—Si (Ge—Ge) mode parameter slightly decreases (increases)
with increasing x, while the Si—Ge mode parameter is nearly independent of x.

The LO and TO phonon y parameters versus x for Al,Ga;_,As are plotted in Figure 4.24.
The alloy data are taken from Holtz et al. [36]. The binary data are also taken from Adachi [35].
These data scatter relatively largely, but show no strong dependence on x. They fall in the range
Yroto = 1.1£0.3, as indicated by the vertical bar.

Figure 4.25 plots the mode Griineisen parameter Yy versus x for c-GaN,As;_,.
The experimental data are taken from Giingerich er al. [44]. These authors used the
pressure-dependent shift of the GaAs-like local vibrational mode to calculate the
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Figure 4.23 Mode Griineisen parameters ) versus x for (a) Si—Si, (b) Si—Ge and (¢) Ge—Ge phonon
pairs in Si,Ge; _, at 300 K. The experimental data are taken from Sui ez al. [32]. The endpoint elemental
data are also taken from Adachi [33]

anharmonicity of the Ga—N bond potential and qualitatively confirmed the simple picture in
which the Ga—N bonds are significantly overstretched in Ga(N, As) with respect to their
equilibrium length realized in GaN.

Finally, the composition dependence of the mode Griineisen parameter in various semi-
conductor alloys can be estimated, to a first approximation, from the scheme shown in
Figure 4.22. Using an A,B;_,C alloy that exhibits the two-mode behavior as an example, the
AC-like LO phonon mode has the same Griineisen parameter as that of AC, irrespective of x.
Similarly, the BC-like LO phonon mode has the same Griineisen parameter as that of BC

2.1 T T T T T T T T T
1.8 -  AlGa, As I
1.5 - —
A
A
- 1.2 @ 6 . o
0.9% ¢
0.6 — ® 1O (AlAs) |
O TO (AlAs)
03 | A 1O (GaAs) |
A TO (GaAs)
0 1 | 1 | 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1.0

Figure 4.24 Mode Griineisen parameter y versus x for Al,Ga; _,As at 300 K. The experimental data are
taken from Holtz et al. [36]. The endpoint binary data are also taken from Adachi [35] (solid and open
squares). The vertical bar indicates the range of Y o 10=1.1+0.3
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Figure4.25 Mode Griineisen parameter y versus x for c-GaN,As; _, at 300 K. The experimental data are
taken from Giingerich et al. [44]

(Figure 4.22(b)). The endpoint y values for some non-alloyed group-IV, III-V and II-VI
semiconductors can be found in Adachi [31,33,35,41].

4.3.1 Phonon Deformation Potential

Strain- or stress-induced shift of the phonon frequency can be explained by the PDP [31].
The PDPs for some non-alloyed group-1V, III-V and II-VI semiconductors are summarized in
Adachi [31, 33, 35, 41]. A very few data have, however, been reported on alloy materials.
This necessitates the use of some sort of an interpolation scheme. The interpolation scheme in
Figure 4.22 may be the simplest and most reliable way to estimate alloy PDP values. Indeed, the
GaN- and AIN-like E, (high) phonon modes in w-Al,Ga;_,N have the same PDPs as
the relevant endpoint binary values (w-GaN and w-AIN), respectively. [45].
The strain (&)-induced shift of the LO phonon frequency can now be given by

LKH(L()))g

C
Aa)Lo{;‘ = WL (Klz(LO)— C—i?KU(LO))S = WL (K]Q(LO) + Sll +512

(4.12)

where K; is the dimensionless PDP and C;; (S)) is the elastic stiffness (compliance) constant.
The K;; is usually defined, using p and g, as [31]

Ky = %, K, = % (4.13)
®Lo ®ro

Equation (4.12) can, then, be rewritten as

S

1 C 1
Awrpe = — (q(LO)—np(LO))s =— <q(LO) + 1217(LO)>.9 =be (4.14)
Cn Su+Si2

wWLo wWLOo

The b versus x data for Si,Ge; _, are shown in Figure 4.26. The experimental data are taken
from Lockwood and Baribeau [46] (open circles), Stoehr et al. [47] (open squares),



122 PROPERTIES OF SEMICONDUCTOR ALLOYS

-300 T T T T T T T T T
600 ) i
g [ A
S 900 F J o %1—_
~ i FAY
-1200 = (a) Si-Si 7
-1500 1 1 1 1 1 1 1
-300 T T T T T T T T T
= -600 = ® [ ] [ ] _|
= o]
-1200 = (b) Si-Ge -
| |
g
S
S

Figure 4.26 Optical-phonon strain-shift coefficient b versus x for Si,Ge, _, at 300 K. The experimental
data are taken from Lockwood and Baribeau [46] (open circles), Stoehr et al. [47] (open squares), Wong
et al. [48] (open triangles) and Pezzoli et al. [49] (solid circles). The solid lines represent the linear least-
squares fit of these data

Wong et al. [48] (open triangles) and Pezzoli et al. [49] (solid circles). It can be seen that the
Si—Ge and Ge—Ge modes gradually decrease with increasing x, while the Si—Si mode is nearly
independent of x. However, Reparaz et al. [50] were unable to observe any clear composition
dependence of the Si-like, Ge-like and Si—Ge modes in Si,Ge;_, between x =0 and 0.6.
The GaP- and GaAs-like LO-phonon coefficients b for GaP,As; _, are shown in Figure 4.27.
The experimental data correspond to those for the (001) biaxial strain [51]. A much higher
frequency shift of the GaAs-like mode than that of the GaP-like mode can be seen, suggesting

0 T T T T T T T T T
GaP As,
-300 <. O —
o (o)
5 600 - LO (GaP)
© )
LO (GaAs)
-900 -
-1200 1 | 1 | 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1.0

Figure4.27 GaP- and GaAs-like LO-phonon strain-shift coefficients b versus x for GaP,As; _, at 300 K.
The experimental data are taken from Armelles er al. [S1]. The solid lines represent the linear least-
squares fit (in cm™1): b= —308-437x (GaP-like) and —513-1069x (GaAs-like)
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that the biaxial strain is not accommodated in the same way by the two types of bonds in
GaP,As_,.
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5 Collective Effects and Some
Response Characteristics

5.1 PIEZOELECTRIC CONSTANT
5.1.1 General Considerations

A crystal with a center of symmetry cannot be piezoelectric [1]. Thus, the diamond-type
crystals (diamond, Si, Ge and a-Sn) cannot be piezoelectric. Tables 5.1 and 5.2 summarize the
piezoelectric constants for some AVB® " tetrahedral semiconductors with cubic and hexagonal
crystal structures, respectively. Note that the piezoelectric strain constant d;; is connected
reciprocally with the stress constant e;;, in the following manner

d,'j = Ze,-kSkj (51)
k

or, vice versa

ej =Y diCy (5.2)
k

where Sy; (Cy)) is the elastic compliance (stiffness) constant [1].

5.1.2 Alloy Value

Figure 5.1 shows the plot of e 4 versus x for C,Si;_,. The theoretical e,4 value for 3C-SiC is
—0.345 C/m? [2]. However, no experimental e, data for 3C-SiC has been reported. Similarly,
Si,Ge,_, will in principle have a nonzero e, value at an ordered phase x ~0.5. In the fully
disordered group-IV semiconductor alloys (C,Si; _,, Si,Ge;_,, etc.), we have zero e 4 values
over the whole alloy range 0 <x < 1.0.

Using the endpoint binary data in Table 5.2, the liner interpolation scheme provides a set of
the piezoelectric constants e; for w-Al,Ga; N (in C/mz)

e1s(x) = —0.33-0.15x (5.3a)
e31(x) = —0.55-0.03x (5.3b)
e33(x) = 1.12+0.43x (5.3¢)

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0
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Table 5.1 Piezoelectric stress and strain constants, e14 and dy4, for some cubic group-IV, [II-Vand II-VI
semiconductors. d = diamond; zb = zinc-blende; rs = rocksalt

System Material e14 (C/m?) dis 1072 m/v)
v Diamond (d)* 0 0
Si (@)° 0 0
Ge (d)° 0 0
Sn (d)* 0 0
3C-SiC (zb) —0.345% —1.35°
-V BN (zb) —1.04°
BP (zb) —0.36"
AIN (zb) 1.13° 9.7
AIP (zb) —0.06"
AlAs (zb) —0.23° —3.9%
AISb (zb) 0.068 1.7
GaN (zb) 0.61° 6.4°
GaP (zb) 0.10 1.42
GaAs (zb) —0.16 -27
GaSb (zb) 0.126 2.92
InN (zb) 0.71°
InP (zb) —0.083 —1.80
InAs (zb) 0.045 1.14
InSb (zb) 0.071 24
II-VI MgO (1s)” 0 0
ZnS (zb) 0.147 3.18
ZnSe (zb) 0.049 1.10
ZnTe (zb) 0.028 0.91
CdO (rs)* 0 0
CdS (zb) 0.37°
CdSe (zb) 0.27°
CdTe (zb) 0.0335 1.68
HgS (zb) 0.14” 5.3%
HgSe (zb) 0.058" 2.6°
HgTe (zb) 0.029° 1.4°

“Principally showing no piezoelectricity
PEstimated or calculated

The piezoelectric properties of ordered and disordered III—N alloys have been theoretically
studied by several authors [3,4]. The piezoelectric constant e33 versus x for w-Ga,In;_ N is
reproduced in Figure 5.2 [4]. The solid line shows the x dependence of e;; for disordered
w-Ga,In;_,N, while the solid circles refer to ordered values. Four ordered structures,
all exhibiting ordering along the ¢ axis, will be considered. The first structure is denoted
1 x 1 and consists of a single Ga plane alternating with a simple In plane. This structure has
also been studied by Bernardini and Fiorentini [3] and has an overall composition
x=0.5. The second structure, denoted 2 x 2, also has an overall composition of 50 at% but
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Table 5.2 Piezoelectric stress and strain constants e;; and d;; for some hexagonal group-IV, III-V and
II-VI semiconductors. w = wurtzite; h =hexagonal (P6s/mmc (Dey))

System Material e (C/m?) d;; (1072 m/v)
ers e3 33 dis ds d33

v 2H-SiC (w) —0.08“ 0.2¢

-V BN (h)* 0 0 0 0 0 0
AIN (w) —0.48 -0.58 1.55 —4.07 —2.65 5.53
GaN (w) -0.33¢ —0.55 1.12 3.1 —-1.9 3.7
InN (w) —0.41° 0.81° 4.7

I-VI BeO (w) —0.051 0.092 —0.12 0.24
ZnO (w) -0.37 —-0.62 0.96 —-83 —5.12 12.3
ZnS (w) —0.118 —0.238 0.265 —4.37 —2.14 3.66
CdS (w) —0.183 —0.262 0.385 —11.91 —5.09 9.71
CdSe (w) —0.138 —0.160 0.347 -10.51 —-3.92 7.84

“Assuming that the 2H-SiC values are the same as those for 6H-SiC within experimental error
PPrincipally showing no piezoelectricity
“Estimated or calculated
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0dr == == - LA 2
CSi,, T
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S 0.3+ =
04+ 3C-SiC _

0.5 L 1 L 1 L 1 L 1 L

Figure 5.1 Piezoelectric stress constant ey4 versus x for C,Si;_,. The open circles show the endpoint
elemental data (e;4 =0), while the solid circle refers to the theoretical 3C-SiC (x =0.5) value
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Figure 5.2 Theoretical piezoelectric stress constant es3 versus x for w-Ga,In; _,N. The solid line shows
the disordered alloy values, while the solid circles plot the ordered values. [Reprinted with permission from
A. Al-Yacoub, L. Bellaiche, and S.-H. Wei, Phys. Rev. Lett. 89, 7601-7604 (2002). Copyright (2002)
American Physical Society]
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differentiates itself from the 1 x 1 structure by exhibiting two pure Ga planes alternating with
two pure In planes. The third (respectively, fourth) structure exhibits a succession of three
(respectively, one) Ga and one (respectively, three) In planes. Consequently, it is denoted as
3 x 1 (respectively, 1 x 3) while having a Ga composition of 75 at% (respectively, 25 at%).

The theoretical results in Figure 5.2 indicate that the atomic ordering can have a large
effect on the piezoelectricity and that e3; of disordered alloys is nearly linear with respect to x.
The simple linear interpolation scheme, using the endpoint binary data in Table 5.2, provides
¢33 for w-Ga,In; _,N (in C/m?)

e33(x) = 0.81+0.31x (5.4)

Equation (5.4) indicates an increase in e33 with increasing x, in direct contrast to that obtained in
Figure 5.2 [4].

Figure 5.3 shows the piezoelectric constant e 4 as a function of x for Ga,In;_,As. The
experimental data are taken from Sanchez-Rojas et al. [5] (solid circles), Chan et al. [6]
(open square) and Izpura et al. [7] (open triangle). The solid line is obtained from the linear
interpolation scheme between the endpoint data (open circles). It can be seen from Figure 5.3
that e,4 passes through zero at x ~ 0.2 while undergoing a reversal in sign. The experimental
data are slightly larger than the linearly interpolated values.

0.08
0.04
0
-0.04
-0.08
-0.12
-0.16
-0.20

e, (C/m?)

0 0.2 0.4 0.6 0.8 1.0

Figure 5.3 Piezoelectric stress constant ey versus x for Ga,In;_,As. The experimental data
are taken from Sanchez-Rojas et al. [5] (solid circles), Chan et al. [6] (open square) and
Izpura et al. [7] (open triangle). The solid line represents the linearly interpolated result between the
endpoint binary data

No experimental data on alloy ej; values have been reported, except for Ga,n;_,As
(Figure 5.3). The piezoelectric constants e, for Al,Ga,_,As and Ga,n,_,P,As,_,/InP
in Figure 5.4 have been calculated from Equations (A.4) and (A.6), respectively, and can
be given by

e1s(x) = —0.2340.07x (5.5)
for ALLGa;_,As and
e14(y) = —0.05 +0.15y—0.18y* (5.6)

for Ga,In;_,PyAs;_,/InP.
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Figure 5.4 Piezoelectric stress constant ej4 versus x or y for (a) Al,Ga,_,As and (b) Ga/Jln;_,
P,As; _,/InP calculated from the linear interpolation scheme. The open circles show the endpoint binary
data

5.2 FROHLICH COUPLING CONSTANT
5.2.1 General Considerations
The theory of Frohlich interaction in alloys of multi-mode phonon behaviors is very complex.

Simply, it is possible to assume that there is a value for the Frohlich coupling constant af for
each phonon mode given by

o &g

1e?/\/h)2mewro (1 1 57
2 thO ( ) ( ' )

where e is the electron charge, m is the electron effective mass (conductivity mass), wy o is the
LO phonon frequency and ¢.. and &, are the high-frequency and static dielectric constants,
respectively. The final alloy o value can be obtained from the weighted average of each mode
(i.e. Equation (5.7)).

Nash et al. [8] discussed the Frohlich interaction in alloys of two-mode behavior based on
a MREI model. They found that the electron—phonon coupling in Ing53Gag 47As is much
weaker for the InAs-like mode than for the GaAs-like mode. The primary reason for this was
considered to be the coupling of the LO distortions by the macroscopic electric field. A theory
of the Frohlich interaction in semiconductor alloys has also been proposed by several
authors [9,10].

5.2.2 Alloy Value

Table 5.3 summarizes the Frohlich coupling constant ag for some non-alloyed group-1V, III-V
and II-VI semiconductors. The simplest way to obtain the alloy value is to use the linear
interpolation scheme using the endpoint data in Table 5.3.
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Table 5.3 Frohlich coupling constant ag for some group-IV, III-V and II-VI semiconductors.
d = diamond; zb = zinc-blende; w = wurtzite; rs =rocksalt

System Material ap System Material ap
v Diamond (d)* 0 1I-VI ZnO (w) 1.19
Si (d)* 0 ZnS (zb) 0.63
Ge (d)* 0 ZnSe (zb) 0.432
Sn (d)* 0 ZnTe (zb) 0.332
3C-SiC (zb) 0.256 CdO (rs) 0.75
CdS (w) 0.514
-v AIN (w) 0.65 CdSe (w) 0.46
AlAs (zb) 0.126 CdTe (zb) 0.35
AlSb (zb) 0.023
GaN (w) 0.48
GaP (zb) 0.201
GaAs (zb) 0.068
GaSb (zb) 0.025
InN (w) 0.24
InP (zb) 0.15
InAs (zb) 0.0454
InSb (zb) 0.022

“Principally showing no Frohlich coupling interaction

The x dependence of a for C,Si; _, is shown in Figure 5.5. The Frohlich coupling constant
ag is strongly dependent on the ionic polarization of the crystal, which is related to the static
and high-frequency dielectric constants g5 and ¢... Note that & is equal to &.. in such diamond-
type crystals. Thus, no Frohlich coupling occurs in diamond-type crystals (agp=0, see
Equation (5.7)).

0.35 L L L L

0.30 - C,Si,, =
0.25 3C-SiC .
0.20 - =
0.15 =
0.10 -
0.05 - alloy

Figure 5.5 Frohlich coupling constant ag versus x for C,Si;_,. The open circles show the endpoint
elemental data, while the solid circle refers to the experimental 3C-SiC (x =0.5) value

The af value of 3C-SiC is 0.256 [11]. This means that the bond polarity of SiC resembles
that of III-V and II-VI semiconductors (ap # 0) rather than that of Si or diamond (a = 0).
Similarly, an alloy of Si,Ge;_, will have a nonzero af value near the ordered phase x ~ 0.5,
although this has never been confirmed experimentally. In the fully disordered alloys (C,Si; _,,
Si,Ge,_,, etc.), a value of ag =0 can be expected over the whole alloy range 0 <x < 1.0.
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Figure 5.6 Frohlich coupling constant ag versus y for Ga,In;_,P,As;_,/InP. The solid line shows the
linear interpolation result of Equation (A.6), which can be successfully approximated by the quadratic
expression shown in Equation (5.8). The open circle shows the InP data

The linearly interpolated ag value, obtained using Equation (A.6), is shown versus y for
Ga,In;_,P,As,_,/InP in Figure 5.6. This plot gives very weak upward bowing and can be
expressed as

ag(y) = 0.056 4+0.107y—0.013y? (5.8)
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6 Energy-band Structure:
Energy-band Gaps

6.1 INTRODUCTORY REMARKS
6.1.1 Quasi-cubic Band Model

The review in this chapter is concerned with the most important band-gap energies as a function
of alloy composition. They are: Ey, Ey + Ao, E1, E; + Ay, Es, Ef,:, E;, etc., and some of these
gaps are shown in Figure 6.1 (see also Adachi [1]).

In Figure 6.1, the fundamental absorption refers to band-to-band or to excitonic transitions.
The fundamental absorption manifests itself by a rapid rise in absorption and can be used to
determine the band-gap energy of semiconductors and insulators. In most semiconductors, the
lowest direct band-gap transitions occur at the Ey edge, i.e. at the center of the BZ. Birman [2]
discussed the relationship between the k = 0 (I') CB and VB states of the wurtzite structure and
the corresponding states of the zinc-blende structure. The essential difference between the
potential that an electron experiences in an ideal wurtzite lattice and that in a zinc-blende lattice
is the relatively small difference in ‘crystal field” due to sites beyond the next nearest neighbors.

Figure 6.2 shows the CB and VB states for (a) zinc-blende (Ay, = A, =0), (b) zinc-blende
(Ayo #0, A,;=0) and (c) waurtzite semiconductors at k =0. In the actual VB structure of a
wurtzite crystal, the three VBs illustrated in Figure 6.2(c) can be thought of as arising from
Figure 6.2(a) by the combined effect of both SO and crystal-field perturbations, while the
wavefunction for each band may be written as a linear combination of p,, p, and p, and spin
functions, provided the interaction of the I'; VB levels with the CB is neglected. This approach
is known as the quasi-cubic model [3].

Under the SO interaction represented by the matrix element Ay, and that of the crystal field
represented by A.,, the quasi-cubic model provides the difference in energies of the VBs

Ao + A A +A\ 2 2

AEgs = Eos—Eop = %—\/ (%) A (6.1a)
Ago + A A +AG\2 2

AEcy = Eojc—Eop = + + \/ (;) — 3008 (6.1b)

The lowest direct band-gap energies in wurtzite semiconductors can then be given by Eya, Eo
and Eyc, as shown in Figure 6.2(c).

The lowest direct (Ey) and lowest indirect gap energies (Eg, Elg‘) for some group-1V, III-V
and II-VI semiconductors are summarized in Table 6.1. Table 6.2 also lists the lowest direct

Properties of Semiconductor Alloys: Group-1V, III-V and II-VI Semiconductors ~Sadao Adachi
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-74369-0
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Figure 6.1 Electronic energy-band structure of Ge. The electronic states are labeled using the notation
for the representations of the double group of the diamond structure. The main interband transitions are

indicated by vertical arrows (at 300 K)
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Figure 6.2 Relationships between the VB splitting at the I" point in the zinc-blende ((a) Ay, = A, =0,
(b) Ago # 0, A., = 0) and (c) wurtzite lattices (A, # 0, A, # 0) and between the irreducible representations
of the CB and VB in these lattices. (b) and (c) show the actual splitting found in the zinc-blende and

wurtzite crystals, respectively
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Table 6.1 E,, Eé( and Elg“ for some cubic group-IV, III-V and II-VI semiconductors at 300 K.
d = diamond; zb = zinc-blende; rs = rocksalt

System Material Ey (eV) Eé( eV) E]g“ eV)
v Diamond (d) 15.3 5.50 7.26°
Si (d) 4.06 1.12 2.0
Ge (d) 0.795 0.852 0.6657
Sn (d) —0.413° 0.092¢
3C-SiC (zb) 7.4 2.39 420
-V BN (zb) 7.9-11.40¢ 6.27
BP (zb) 5 2.0
BAs (zb) 1.45¢
AIN (zb) 5.2 5.34 8.6
AIP (zb) 3.9V 2.48 3.57¢
AlAs (zb) 3.01 2.15 237
AlISb (zb) 2.27 1.615 2211
GaN (zb) 3.2318 424 5.5¢
GaP (zb) 2.76 2.261 2.63
GaAs (zb) 143 1.911 1.72
GaSb (zb) 0.72 1.05 0.76
InN (zb) 0.56 3.0¢ 5.8¢
InP (zb) 1.35 221 2.05
InAs (zb) 0.359 1.37 1.07
InSb (zb) 0.17 1.63 0.93
1I-VI BeS (zb) >5.5
BeSe (zb) 5.6 445
BeTe (zb) 4.1 2.63
MgO (rs) 7.8
MgS (zb) 4.45 3.6
MgSe (zb) 4.0 3.24
MgTe (zb) 3.4 2.54
ZnO (zb) 3.17
ZnS (zb) 3.726 5.144
ZnSe (zb) 2.721 3.4 3.8
ZnTe (zb) 2.27 3.05
CdO (rs) 2.16
CdS (zb) 2.46 5.244
CdSe (zb) 1.675 4374
CdTe (zb) 1.51 3.484
HgS (zb) —0.04
HgSe (zb) —0.08
HgTe (zb) —0.15
“Estimated
bAt1.5K
‘At42 K

Calculated or estimated
“Tentative assignment
/Estimated from Al,Ga;_,P data
8Grown on MgO(100) substrate
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gaps Ega, Egp and Eyc for some wurtzite-type group-IV, III-V and II-VI semiconductors. The
A, and A, values can be seen in Table 6.6 of Adachi [1].

6.1.2 Bowing Parameter

In a conventional band-structure calculation, the electrons are assumed to be independent
particles interacting with some average potential due to positively charged ions and valence
electrons, at an equilibrium lattice constant a. Since the electron wavefunction in a strictly
periodic function must be of the form exp(ik-r)u,(r), where u,(r) is a periodic function which
satisfies the periodic boundary conditions, it is convenient to compute electron energies E as a
function of k. The computed energies are then drawn for various values of the wavevector lying
along high symmetry lines in the first BZ (Figure 6.1). Though an alloy has no translational
invariance, the VCA can recover it by replacing the potential by a periodic one, which is
produced by ‘average’ atoms. For an Al,Ga;_,As alloy, the potential is approximated by
uyca(r) = xuaias(r) + (1 —x)ugaas(r), which is periodic.

The band-gap energy is a typical case exhibiting nonlinearity with respect to alloy
composition. Van Vechten and Bergstresser [4] developed a physical model for obtaining the
bowing parameter of E, based on the Phillips’s dielectric theory of electronegativity [5]. The
deviation from linearity is considered to be due to two terms involving c;, the intrinsic bowing
parameter due to the VCA, and c,, the extrinsic bowing parameter due to aperiodicity in the alloy
lattice

c=ci+ce (6.2)

The extrinsic term ¢, can be taken to be proportional to C% 3, i.e. to the square of the
electronegativity difference C.p between the atoms A and B in an A, B;_,C alloy.

6.1.3 Ordered Alloy

As mentioned in Section 1.3.2, it has become evidence that many cubic semiconductor alloys
can exhibit spontaneous ordering. For example, GagslngsP, when grown under proper
conditions, forms the CuPt-B ordered structure. In this structure, an alternate GaP/InP
monolayer SL is formed along the (111) direction. The effects of atomic ordering lead to
many interesting effects, such as the band-gap reduction, VB splitting and polarization
dependence of the optical transitions [6].

The schematic energy-band diagram of the disordered zinc-blende and ordered CuPt-B
structures at the I" point, where the electronic states are labeled in Slater—Koster notation [7]
is shown in Figure 6.3. The essential difference between the potential that an electron
experiences in an ideal zinc-blende lattice and that in an ordered CuPt-B structure is the
relatively small differences in ‘crystal field (A})’ due to sites beyond the next nearest
neighbors. The detailed differences in the energy bands then arise from the difference in the
crystal field and also from the SL nature in ordered materials. These can be briefly
summarized as follows [6]:

1. The lowest CB I'4 in the CuPt-B structure corresponds to the CB T’ in the zinc-blende
structure, whereas the upper CB T'4 derives from the back-folded L-point CB minimum Lg.
Because of the same symmetry of these states their energies are shifted compared to those of
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Table 6.2 Ej, (@ =A, B or C) or related excitonic gap energy for some wurtzite group-IV, III-V and
II-VI semiconductors at 300 K

System Material Eps (eV) Eog (eV) Eoc (eV)

v 2H-SiC 3.330¢

m-v AIN 6.2
GaN 3.420 3.428
InN 0.70

II-VI BeO 10.6
MgSe 4.1°
ZnO 3.45 3.40 3.55
ZnS 3.75 3.78 3.87
CdS 2.501 2.516 2.579
CdSe 1.751 1.771 2.176
CdTe 1.56"

“At4.2 K

’Estimated

the ordered Gag sIng sP due to the level repulsion by a certain amount, the value of which
increases with increasing order parameter 7). This leads to a reduction in the gap between the
upper VBs I's, I'¢ and the lowest CB T'4, whereas the gap to the second lowest CB I'y(Lg)
increases.

2. Due to reduction of symmetry with regard to the order direction [111], the degeneracy of the
Jj=23/2 states at the I" point is lifted. The I's, I's states correspond to the (3/2, 4+ 3/2) HH and
the T'4 state to the (3/2, £ 1/2) LH band. The VB splitting between the I's, T'¢(A) and T'4(B)
states again increases with increasing order parameter 1. The VB SO split-off band I'4(C)
shows a rather weak dependence on the order parameter for the usual values of 1<0.5.

Disordered (Tq) Ordered (C3y)
L, Lg r
e — e .
T, T, - r,
E, Eoa
Egtdy  Ep1-4 Eyc
- T, - 1'5, F6 (A)
15 o7 - r,B)
\\\ Aso=AO ,”
T, e V(O]
(2) A =A,=0 (b) A,=0 (c) & >0, A3 >0

Figure 6.3 Schematic energy-band diagram of the disordered zinc-blende and ordered CuPt-B
structures at the I" point. Note that the upper CB I in (c) derives from the back-folded L-point CB
minimum Lg in (b)



138 PROPERTIES OF SEMICONDUCTOR ALLOYS

The triply degenerate I';s VB in Figure 6.3(a) is split into three states by the SO (AS) = A})
and crystal-field interactions (A?)). These three states can be described by the same model as
that in Equation (6.1) by replacing Ay, with A} and A, with A},. The VB splitting at the top of
the VB for CuPt-B ordering can then be given by

A+ A% (A +AY) 2

AEgA(n) = Eop(m)—Eoa(n) = — 5 _\/< = > —gAioAZr (6.3a)
AL+ A% AL AL 2

AEca(m) = Eoc(m)—Eoa(n) = =05~ +\/< 5 )—3A§0A2r (6.3b)

The quantities that are experimentally accessible are AEga(n), AEca(n) and Ey(n) =
Eoa(m) for partially ordered alloys and for random alloys. These values can be used to
derive

AL (1) =A% (0) = A (1) —Ag = 77 [A%, (1)—A] (6.4a)
AL (m)—=A%(0) = A (m) = 7°AL(1) (6.4b)
AEy(n) = Ey(m)—Eg(0) = *AE,(1) (6.4¢)

where =0 and 1 describe perfectly disordered (A} (0) = Ay and A7 (0) = 0) and ordered
materials, respectively, and AEy(1) represents the maximum band-gap reduction for
perfectly ordered material. However, since perfectly ordered (n=1) samples are unavail-
able, and also the degree of the order parameter n of a given sample is not usually
determined directly, A} (1), A.(1) and AE4(1) cannot be found by this fitting procedure.
Only the ratio

_ —AE(1)
&= m (6.5a)
= —_AA;(gl()l) (6.5b)

can be determined from the measurement of AEga(1), AEca(m) and Ey(n) = Ega(n). On
the other hand, if (A{ (1)—Ao), A} (1) and AE,(1) were known independently (e.g. from
theoretical calculation), then experimental values for AEga(1), AEca(7) and Eq(n) could be
used to derive 7 from the above equations. The maximum band-gap reduction for perfectly
ordered Gag sIng sP is reported to be 0.47 eV [8]. Perfectly ordered material has, of course,
never been observed. In the most ordered Gag sIng sP structure, the highest order parameter 7 is
~0.6 [9] and the degree of ordering is nonuniform on the local scale.

In Figure 6.4 the band-gap energy reduction AE,(7) has been plotted against the squared
order parameter nz for Gag sIng sP. The experimental data are taken from Forrest ez al. [10]. It
has been established that AE,(n) increases almost linearly with increasing 1°. The solid line in
Figure 6.4 represents the relationship, AEy(1) = 0.49m” eV. From Equation (6.4c), the maxi-
mum band-gap reduction is found to be AE,(1) =0.49 eV for perfectly ordered Gay slng sP.
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Figure 6.4 Band-gap energy reduction AEy(m) against squared order parameter 772 for Gag sIng sP. The
experimental data are taken from Forrest ef al. [10]. The solid line shows the relationship, AE(n) =
0.497° eV

6.2 GROUP-IV SEMICONDUCTOR ALLOY
6.2.1 Binary Alloy

(a) CSi

The indirect and direct gap energies Eé( and E for diamond and Si, together with those for 3C-
SiC (x = 0.5) are shown in Figure 6.5. The experimental data are taken from Table 6.1. The solid
lines in Figure 6.5 show the best fit of these data using the parabolic expressions (in eV)

X _ 2
EX(x) = 1.1240.70x + 3.68x (6.6)

Ep(x) = 4.06 +2.12x +9.12x (6.7)

There is, however, some ambiguity about the band-gap energies and band lineups in C,Si;_,/Si
heterostructures. The large tensile strain in pseudomorphic C,Si;_, layers on Si is expected to
strongly affect the band edges (see Section 9.1.2).

The higher-lying CPs of supersaturated C,Si; _, (x <0.02) have become the origin of some
controversy in the literature. Using ER and SE, Kissingeretal. [11] and Zollner et al. [12] found
that the E; gap in C,Si;_, increases linearly with increasing x, as shown in Figure 6.6. The
slopes in Figure 6.6 at 300K give AE; =35 meV/at%[C] and AE,’ = 7 meV /at%[C]. On the
other hand, Demkov and Sankey [13] argued that the band gaps of free-standing C,Si, _, should
decrease with increasing x. For strained pseudomorphic alloy, the lower of the two strain-split
E energies should decrease even more. Additional weak structures in the SE spectra of C,Si;_,
and C,Si,Ge|_,_, at 2.7 and 3.0eV were, indeed, observed by Zollner et al. [12] and Lee
etal. [14]. These structures were interpreted as previously unidentified optical transitions in the
materials due to defects or C-related bands [14]. More recently, Zollner et al. [15] suggested
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Figure 6.5 Energies of the indirect gap E? and direct gap E, for diamond and Si at 300 K, together with
those for 3C-SiC (x = 0.5). The open circles represent the endpoint elemental data in Table 6.1. The solid
lines show the best-fit results of these data using Equations (6.6) and (6.7)

that the new structures are actually interference fringes originating from the reflection of light
at the alloy/substrate interface.

(b) CGe

Figure 6.7 shows the lowest indirect gap energies Ei‘ and E; versus x for C,Ge|_,. Kolodzey
et al. [16] measured the optical absorption spectra of C,Ge;_, grown on Si(1 00) by MBE.
Schrader et al. [17] also carried out optical absorption measurements on C,Ge; _,/Si deposited
by hollow-cathode sputtering. The E{g values obtained from these studies are shown in
Figure 6.7 by the open and solid circles. The linearly interpolated E, and E); values using

| | |
A A A
= Ey i
2L
oo
a A o
v Ey _
| | |
0.6 0.9 1.2 1.5

x (at%)

Figure 6.6 Energies of the AEy and E; CPs versus x for C,Si; _, at 300 K. The experimental data are
taken from Kissinger et al. [11] (solid and open triangles) and Zollner et al. [12] (solid and open circles).
The slopes shown by the solid lines give AE; =35 meV/at%[C] and AEy = 7 meV /at%[C] (at 300 K)
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Figure 6.7 Energies of the lowest indirect gaps E- and Eg and direct gap E, versus x for C,Ge;_, at
300 K. The experimental data are taken from Kolodzey et al. [16] (open circles) and Schrader et al. [17]
(solid circle). The solid triangles represent the endpoint elemental data in Table 6.1. The solid lines show
the calculated results using data in Table 6.3

the endpoint data in Table 6.1 are shown by the solid lines. Table 6.3 summarizes the three main
band-gap energies E, E;( and E; for C,Ge,_,. From these results, we can expect the E;(fEé
crossover to occur at x ~ 0.1. Extrapolation gives an Elg“ value of ~7.26eV for diamond.

Table 6.3 Energies for some indirect and direct gaps in C,Ge;_, at 300 K. LF = linear fit; LI = linear
interpolation

Band Gap Expression (eV) Remark
Eé 0.66 + 6.60x LF
Ey 0.795 + 14.505x LI
E;‘ 0.852 + 4.648x LI

The higher-lying CPs, such as E, E; + Ay, E' and E,, for C,Ge_, have been determined
using SE for x up to 0.03 [18]. These CPs are found to be roughly the same as those which do not
contain C.

(c) SiGe

1. Relaxed alloy—The binary alloy of Si and Ge provides a continuous series of materials with
gradually varying physical properties. The physical properties of Si,Ge;_, grown on Si have
been under extensive study stimulated by their potential for use in various device applica-
tions. Due to the large lattice mismatch (Aa/a ~ 4 %), however, the critical layer thickness
for pseudomorphic Si,Ge, _, growth decreases drastically with increasing x [19]. The lattice
constant of ‘relaxed, or in other words ‘unstrained’ Si,Ge;_,, has been measured and
showed to obey Vegard law (Section 1.4.3).

The composition dependence of the fundamental absorption edge in Si,Ge,_, was first
determined by Braunstein et al. [20] using optical absorption and more recently by Weber
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and Alonso [21] using PL measurements. Figure 6.8(a) shows the results obtained by
Braunstein et al. [20]. The crossing-over of the lowest-lying CB states from the L point to
the X point (or A direction) is found at x ~ 0.15. Thus, the conduction electron nature of
Si,Ge;_, changes from ‘Ge-like’ to ‘Si-like’ at x ~0.15. The solid lines in Figure 6.8(a)

represent the results calculated from the data in Table 6.4.

1.2

0.6""'

SiGe, ,

0
0 02 04 06 08 1.0 0 02 04 06 038
X

(b

1.0

Figure 6.8 (a) Energies of the fundamental absorption edges E;: and EX versus x for relaxed Si,Ge,_, at
300 K. The experimental data are taken from Braunstein et al. [20]. (b) Energies of some CPs versus x for
Si,Ge,_, at 300 K. The solid circles in (a) and (b) represent the endpoint elemental data in Table 6.1 and
Adachi [1]. The solid lines in (a) and (b) show the calculated results using the data in Table 6.4

The direct gap energies in relaxed Si,Ge,_, have been determined using various
measurement techniques, such as SE and ER. Table 6.4 summarizes the lowest direct and

Table 6.4 Energies for some indirect and direct gaps in relaxed Si,Ge,_, at 300 K. LI =linear

interpolation; QF = quadratic fit

Band Gap Expression (eV) Remark
Ey 0.66 + 1.34x LI
E, 0.795 + 3.265x LI
EX 0.852 — 0.032x + 0.300x° QF
Ey + Ag 1.08 + 3.05x LI
E, 2.108 + 1.134x + 0.153x% a
E, + A 2.296 + 1.070x + 0.062x> a
Ey 3.03 + 0.32x a
E>(X) 4291 —0.116x + 0.084x” b
E>(Z) 4.406 — 0.005x + 0.072x° b
E’ 5.80 — 0.48x LI

“C. Pickering et al., Proc. SPIE 1985, 414 (1993)
bJ. H. Bahng et al., J. Phys.: Condens. Matter 13, 777 (2001)
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higher-lying direct gap energies in relaxed Si,Ge;_, alloy. Note that the E, transitions in
Si (and Si,Ge;_,) occur not only along the (110) direction (X) but also near the X point (or
Adirection). All these CPs, including Ep and Ey + Ay, are plotted against x in Figure 6.8(b).
Except for Ey and E,, the band-gap energies in Si,Ge,_, are found to be fairly sensitive
to x.

2. Strained alloy—The band structure of pseudomorphical Si,Ge;_, epilayers on Si(100)
substrates is drastically altered by the built-in strain or stress. The remarkable effect of the
biaxial or uniaxial stress on the band structure is to split the HH (3/2, 4+ 3/2) and LH (3/
2,4+ 1/2) degeneracy at the I" point (see Figure 8.1 in Adachi [1]). The biaxial tetragonal
distortion can also shift and split the CB edge, for example, the sixfold degenerate CB
minima at the X point or along A in bulk Si split into twofold and fourfold minima under
[001] compressive strain [1].

The fundamental absorption edge of strained Si,Ge; _,/Si(100) has been investigated by
several authors using photocurrent [22] and PL [23,24]. These results are summarized in
Figure 6.9. The heavy gray lines show the theoretical results obtained by People [25]. The
experimental data agree well with the theoretical values.

BRG]

E

0.6 1

Figure 6.9 Energies of the fundamental absorption edges Eg and E;( versus x for strained Si,Ge;_,/Si
(100) epilayer. The experimental data are taken from Lang et al. [22] (solid triangles, at 90 K), Dutartre
et al. [23] (solid circles, at 90 K) and Liu et al. [24] (at 77 K, open circles). The light solid line shows the
low-temperature values of relaxed Si,Ge, _, epilayer. The heavy gray lines show the theoretical results of
People [25]
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SE, ER and PR techniques have been used to determine the CP energies in strained
Si,Ge,_,/Si epilayers [26-30]. A decrease in the E;| energy with increasing x, compared
with that observed in relaxed Si,Ge;_, samples, has been reported [26,27]. On the other
hand, Bahng et al. [29] reported an increase in the E{/(E; + A;), AE'y and E; energies with
increasing in-built strain in strained Sip gGeq »/Si(1 0 0), where the strain was controlled by
depositing different thickness of the Siy gGeg , epilayers from 35 to 350 nm. In the case of
the externally applied uniaxial stress XII[001], the E; energy in bulk Si decreased
(increased) with increasing X for the light polarization ElX (E_LX) used in the SE
measurements [31]. Therefore, attention must be paid to analyzing the effects of in-built
strain on the electronic energy-band structure of strained materials based on the standard DP
theory [1].

3. External perturbation effect—The temperature dependence of the fundamental absorption
edge in relaxed Si,Ge,_, alloy was measured by Braunstein et al. [20]. The experimental
data were found to be essentially the same as those for bulk Si and Ge [1]. The temperature
dependence of the higher-lying CPs in relaxed and strained Si,Ge; _, has been measured by
HumliCek et al. [32] and Ebner et al. [30], respectively. The relaxed alloy data obtained are:
dE\/dT~ 3+ 1) x 10*eV/K and dE,/dT ~ (2-4) x 10~*eV/K (x=0-1.0). All strained-
alloy CP data also satisfactorily fitted the phenomenological formulas of Varshni and
Vina [1].

The influence of hydrostatic pressure on the ER spectra of relaxed Si,Ge,_, alloy
has been reported to be given by dE;/dp=7.8 — 1.6xmeV/kbar and dE'y/dp =
1.4—0.4x meV /kbar [33].

(d) GeSn

The fundamental absorption edge in Ge,Sn; _, is expected to change from the Ge L~ indirect
to the Sn I';~ direct gap depending on x. The band structure near the direct—indirect transition
region in relaxed or epitaxial Ge,Sn; _, films has been studied using optical absorption [34,35],
SE [36,37] and PR [37]. Figure 6.10(a) shows the E and Elg“ energies versus x for nearly relaxed
Ge,Sn;_, (1.0 > x>0.85) deposited on 10nm thick relaxed Ge buffer layers on Si(100)
substrates by MBE [34] and those obtained for epitaxial Ge,Sn;_, films (1.0 > x> 0.86)
deposited on Ge(100) substrates by rf magnetron sputtering [35]. Note that «-Sn (gray tin) is a
zero gap semiconductor (i.e. semimetal) with degenerate valence and conduction bands at
the center of the BZ. Thus, the lowest direct gap energy Eo (I's ™ — I';7)in a-Sn has a negative
value (—0.413eV at 1.5K, see Table 6.1). The solid lines in Figure 6.10(a) represent the
quadratic fits of the experimental data. The resulting expressions are given in Table 6.5.
These expressions predict that E, and Eé become zero at x ~0.67 and ~0.25, respectively.
Ge,Sn, _, should therefore be a semimetal at up to x ~ 0.7. These expressions also predict that
Eo and EY, cross at x ~ 0.88.

The interband transition energies in Ge,Sn;_, have been studied by D’Costa et al. [37].
Because of insufficient sensitivity of SE for energies below 1eV, they carried out PR
measurements at 15 K. Like E (Figure 6.10(a)), Eq + Ao, E\/(E| + Ay), Eyand E, decreased
with increasing Sn concentration. From the quadratic fits of the 15 K data, they determined the
bowing parameter of each CP. Introducing these parameters and binary data into Equation
(A.17), we obtain the CP energies of Ge,Sn;_, at 300 K, as listed in Table 6.5. The numeric
results of these expressions are shown in Figure 6.10(b).
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Figure 6.10 (a) Energies of the lowest direct E (solid circles) and lowest indirect gap Eé (open circles)
versus x for Ge,Sn; _, at 300 K. The experimental data are taken from He and Atwater [34] and de Guevara
et al. [35]. (b) Energies of some CPs versus x for Ge,Sn; _, at 300 K. The solid lines in (a) and (b) show
the calculated results using the data in Table 6.5

Table 6.5 Energies for some indirect and direct gaps in Ge,Sn;_, at 300 K. QF = quadratic fit

Band Gap Expression (eV) Remark
E, —0.413 — 0.617x + 1.826x> QF

Ey 0.092 —0.702x + 1.275x QF

Eo + A 0.40 — 2.36x + 3.04x° a

E, 1.25—0.79x + 1.65x> a

E| + A 1.65 —0.39x + 1.05x> a

Eq 2.25 + 0.25x + 0.49%° a

E, 3.02 + 0.97x + 0.40x° a

“Bowing parameter is obtained from V. R. D’Costa et al. (Phys. Rev. B 73, 125207 (2006))

6.2.2 Ternary Alloy

(a) CSiGe

As mentioned in Section 1.4.3, C,Si,Ge;_,_, can be grown lattice-matched on Si substrate.
The smaller C addition compensates the compressive strain in Si,Ge; _, binary layers and thus
relieves thickness limitations in Si,Ge;_, growth. Furthermore, the major band offset in
Si,Ge,_,/Si heterojunction is in the CB, which, in connection with the VB offset in the
Si,Ge,_,/Si, has already been opened up a wide variety of new electronic and optical properties
within the Si,Ge;_,/Si heterojunction system.

Amour et al. [38] have grown pseudomorphic C,Si,Ge,; _,_,/Si(100) layers by rapid thermal
CVD and measured PL spectra at temperatures between 2 and 77 K. We show in Figure 6.11 the
lowest gap energy Eé versus biaxial compressive strain for pseudomorphic Si,Ge; _, (adopted
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Figure 6.11 Energies of the fundamental absorption edge Ef versus biaxial compressive strain ey, for
pseudomorphic (pm-) Si,Ge;_, and pm-C,Si,Ge,_,_, (z=1—x—y) at 77 K. The experimental data are
taken from Amour et al. [38] (solid and open circles). The pm-Si,Ge; _, line is taken from Van de Walle
and Martin [39]. The e}, =0 compositions are estimated to be x =0.05 (0.03) and y =0.57 (0.73) for
z=0.38 (0.24)

from Van de Walle and Martin [39]) and Amour’s data. Adding C into Si,Ge; _, and keeping the
constant Ge content, the strain decreases and EL increases, but the increase in E- is much less
than it would be if the strain was reduced simply by reducing the Ge content without adding C
atoms. Amour et al. considered that for a given band gap, C,Si,Ge, _,_, has less strain than does
Si,Ge;_,. The average slope of the C,Si,Ge;_,_, data, AE;/AebCS = —6.1eV/unit strain,
corresponds to AElg‘/Ax = 421 meV/at%[C] [38]. Furthermore, by linearly extrapolating the
C,Si,Ge;_,_, data to zero ey, a significant band offset to Si for strain-free C,Si,Ge;_,_, films
is obtained. For z=1 — x — y = 0.38, the band offset would be ~0.19 eV. From Table 1.8, we
can estimate the ey =0 compositions to be x =0.05 (0.03) and y =0.57 (0.73) for z=0.38
(0.24).

Schmidt and Eberl [40] grew strained, exactly strain compensated and compressively
strained C,Si,Ge,_,_, layers on Si by MBE and measured their PL spectra at 8 K. In
Figure 6.12 Eé has been plotted against Ge composition for exactly strain compensated,
relaxed C,Si,Ge,_,_, layers obtained by Schmidt and Eberl. Note that the Elg“ energies plotted
in Figure 6.12 were obtained from the zero-phonon PL peaks by adding the indirect-exciton
binding energy to coincide with the value of Eé =1.17eVat 8 K for bulk Si [1]. These plots can
be fitted by a linear decrease with AE;/AZ =—8.4meV/at%[Ge], or equivalently, AE;/
Ax = —68 meV/at%[C]. Schmidt and Eberl [40] also observed an initial increase in PL peak
energies on the way from tensile strained C,Si;_, as well as from compressively strained
Si,Ge, _, towards exactly strain compensated C,Si,Ge;_,_,.
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Figure 6.12 Energies of the fundamental absorption edge E~ versus Ge atomic composition for exactly
strain compensated (sc-) C,Si,Ge, _,_, layers at 8 K reported by Schmidt and Eberl [40]. The Eé energies
were estimated from the zero-phonon PL peaks by adding the indirect-exciton binding energy to coincide
with the band gap of Eé =1.17eV at 8K for bulk Si. For comparison, the relaxed (r-) Si,Ge,_, line is
plotted against Ge atomic composition

The higher-lying CPs, such as E; and E,, in C,Si,Ge; _,_,/Si(100) films were studied using
SE and ER [18,41,42]. The E, gap increased and the E, gap decreased as x increased for Si-rich
C,Si,Ge;_,_, alloy [41,42]. For Ge-rich C,Si,Ge; _,_, alloy, C had no detectable influence on
the higher-lying CPs [18].

(b) SiGeSn

Single-phase Si,Ge,Sn;_,_, alloys with x <0.25 and y > 0.64 were grown on Si(100) by
CVD [43,44]. SE of selected samples yielded dielectric functions indicating a band structure
consistent with highly crystalline semiconductors of diamond symmetry. Incorporation of Si
into Ge,Sn; _, led to an additional reduction of E,, as expected based on the E, values of Si and
Ge [43].

6.2.3 Summary

We have discussed the energy band gaps in some group-IV semiconductor alloys. Figure 6.13
summarizes the fundamental absorption gap E, versus lattice constant a for some binary alloys.
We find that all binary gaps, except for Ge, Sn;_, (0 <x <0.88), are indirect. The Ge,Sn;_,
alloy for 0.67 <x < 0.88 is a direct gap semiconductor, but becomes semimetallic for x < 0.67.
We can thus suppose that almost all ternary gaps, like C,Si,Ge;_,_,, are indirect.

C.Si;_, is estimated to have an indirect gap at X (E?) over the whole composition range,
while C,Ge,_, may have an indirect gap at L (Eé) for 0 <x<0.09 and at X for the rest.
The band-gap energy of C,Ge, _, lattice-matched to 3C-SiC can be derived from Figure 6.13.
The lattice constant a of 3C-SiC is 4.3596 A. The corresponding x and E;( for C,Ge;_,/3C-SiC
are ~0.62 and ~3.7 eV, respectively. The fundamental absorption edge of 3C-SiC is ~2.39eV
(Eg, Table 6.1). Because of its wide band-gap nature, Cy 6,Ge 35 can be used as a new gate or a
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Figure 6.13 Lowest band-gap energy E, versus cubic lattice constant a for some group-IV binary alloys
at 300 K. The 3C-SiC data is plotted for comparison

barrier material for 3C-SiC FETs. It should be noted, however, that an interpolation scheme
proposed by Soref [45] gives the nearly same Eg values between C,Ge;_,/3C-SiC alloy and
3C-SiC.

The E|-gap bowing parameters c are determined to be 0.153 and 1.65 eV for Si,Ge,_, and
Ge,Sn, _,, respectively (Tables 6.4 and 6.5). In Figure 6.14 these values are plotted against the
product AagAXp of the lattice constant (Aa,g) and electronegativity differences (AXag)
between the elemental semiconductors A and B. The electronegativity values were taken from
Phillips’s definition [46]. The bowing parameter ¢ increases almost linearly with increasing
product AaABAXAB (C in eV, AClABAXAB in AeV)

Cc = 9.93(ACIABAXAB) (68)
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Figure 6.14 Bowing parameter ¢ of the E; gap versus product AasgAXap of the lattice-constant and
electronegativity differences between the endpoint elements A and B in the binary alloy A B, _,. The SiSn
data (open circle) is taken from D’Costa et al. [44]. The solid line represents the calculated result using
Equation (6.8)
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D’Costa et al. [44] obtained ¢~ 3.05eV for Si,Sn;_, from the SE analyses in the
E\/(E; + A;) region of Si,Ge,Sn;_,_,. The open circle in Figure 6.14 represents the data of
D’Costa et al. We can conclude that the ¢ values in the Si—-Ge—Sn alloy system follows a simple
scaling behavior that can be expressed in terms of the electronegativity and lattice mismatches
(Equation (6.8)). It should be noted, however, that Equation (6.8) estimates in considerably
large bowing parameters ¢ for C-related alloys, ~20, ~24 and ~39eV for C,Si;_,, C,Ge,_,
and C,Sn;_,, respectively. Further study is, therefore, needed to elucidate this unexpected
point.

6.3 III-V SEMICONDUCTOR TERNARY ALLOY
6.3.1 (III, III)-N Alloy

(a) c-AlGaN

Due to their metastable nature, the growth of single-phase cubic nitride films of sufficient
homogeneity and crystal quality is still difficult and, in general the crystal quality of the cubic
III-N layers grown so far is inferior to that of the hexagonal nitrides. The E, edge of c-
Al,Ga;_,Nhasbeen studied using SE [47-49]. These results are shown in Figure 6.15(a). We
can see that the experimental data of Kasic et al. [49] gives larger E; values than those
obtained by Suzuki et al. [48]. As a result, the linear interpolation scheme explains Kasic’s
data very well, as shown by the heavy solid line. The electronegativity and size mismatch

6 T T 1 T T 1 T T 1

(a) c-Al,Ga, N (b) c-Ga,In, N (©) c-AlIn, N

EpEX (eV)

s L ====c=-1.000 eV

Figure 6.15 Energies of the lowest direct Eq and indirect gaps Ej; for (a) c-Al,Ga;_,N, (b) c-Ga,In;_ N
and (c) c-Al,In; N at 300 K. The experimental data in (a) are taken from Suzuki et al. [48] (solid circles)
and Kasic et al. [49] (open circles) and in (b) from Miillhauser et al. [71] (open circle) and Goldhahn
et al. [72] (solid circles). The theoretical curves are calculated from Table 6.6
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product scale also predicts a very small bowing parameter ¢ ~0.07¢eV for c-Al,Ga,_,N
(Equation (6.23)).

No experimental data has been reported on the X- and L-valley gaps E;‘ and Elg“ for any
binary nitrides or their alloys. All theoretical work, however, has suggested that in all III-N
semiconductors the X-valley CB is located at a lower energy than the L-valley CB (i.e.
Eg <E'g“) [50]. Thompson et al. [51] carried out SE measurements on c-AIN and concluded
from the gradual onset of the absorption edge that c-AlN is an indirect gap semiconductor. The
gap that they obtained is ~5.34 eV (Eg). It should be noted, however, that it is very difficult to
determine an indirect absorption edge, which usually has very weak transition strength, using
SE. Thus, optical absorption or transmission measurements are needed to directly determine
whether c-AlN is a direct or an indirect gap semiconductor. The light solid line in Figure 6.15(a)
shows the linear interpolation result of the theoretical Eé( values for c-AIN and c-GaN [50]. The
corresponding Efg( and E, versus x formulas are listed in Table 6.6. The heavy dashed line also
represents the result of Equation (A.5) with ¢ =1.000 eV. This value is recommended for w-
Al,Ga;_,N(c=1.00eV, see Table 6.7). The E; and E, CPsin c-Al,Ga;_,N are also found to be
blue- and red-shifted respectively, with increasing x for x <0.12, [49].

(b) w-AlGaN

The experimental E, versus x data for w-Al,Ga; _ N [52-55] are shown in Figure 6.16(a). The
bowing parameter ¢ of E varies widely from upward to deep downward bowing [56,57]. Lee
et al. [58] noted that the early findings of an upward bowing have generally not been duplicated.
Although there have been many reports of ¢ for x <0.4, very few data have been reported for

Table 6.6 Energies for some direct and indirect gaps in cubic (III, III)-N tenaries at 300 K. LF = linear
fit; LI = linear interpolation; QF = quadratic fit

Ternary Band gap Expression (eV) Remark
Al Ga; N Ey 3.231 + 1.969x LF (LI)
Eo 3.231 + 0.969x + 1.000x> QF
E;‘ 420 + 1.14x LI
Al In; N Ey 0.56 + 4.64x LI
E;( 3.00 + 2.34x LI
Ga,In; _,N Ey 0.560 + 2.671x LF (LI)
E} 3.0 + 1.2x LI

Table 6.7 Energy for E; in some wurtzite (I, III)-N tenaries at 300 K. QF = quadratic

Ternary Ey (eV) Remark
AlGa, N 3.42 + 1.78x + 1.00x2 QF
AlIn; N 0.70 + 1.80x + 3.70x° QF

GaJn, N 0.700 + 1.080x + 1.640x> QF
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Figure 6.16 Energies of the lowest direct gap E, for (a) w-Al,Ga,_,N, (b) w-GaIn; N and
(c) w-ALIn;_,N at 300 K. The experimental data in (a) are taken from Brunner et al. [52] (solid circles),
Muth ez al. [53] (open circles), Meyeret al. [54] (solid triangles) and Buchheim ez al. [55] (open triangles).
The experimental data in (b) and (c) are taken from Wu and Walukiewicz [65] (solid circles), Androulidaki
et al. [66] (open circles) and Terashima et al. [67] (solid triangles, (c)). The open squares in (a)—(c)
represent the endpoint binary data taken from Table 6.2. The solid lines have been calculated from the data
in Table 6.7

x> 0.5 [54,57,59]. Tt can be seen that such higher x samples tend to give smaller E,
values, although the w-AIN (x = 1.0) value is relatively large (E,~ 6.2 eV, Figure 6.16(a)).
The apparent observation of the stronger bowing in the higher x region is actually an
artifact resulting from defect- or impurity-related transitions at energies below the band
gap [60].

The solid line in Figure 6.16(a) shows the calculated E curve using a recommended value of
c=—1.00eV, as summarized in Table 6.7. This value is in good agreement with the results of
Yun et al. [61]. Wethkamp et al. [59] also reported the x dependence of the higher-lying CPs at
E,~7¢eV and E, ~ 8¢V, together with an unidentified peak at E; ~ 13 eV.

The temperature and pressure dependence of the band-gap energies has been measured for
III-N binaries [50]. There have, however, been relatively few studies on the III-N alloys.
Malikova et al. [62] measured the temperature dependence of the excitonic A, B and C peaks
in w-Alg 05GagosN in the 16-434 K range using contactless ER and analyzing the results with
Varshni and Bose—Einstein expressions [1]. Brunner et al. [52] measured the absorption
spectra of MBE-grown w-Al,Ga;_,N (0 <x < 1.0) from 7K up to room temperature, from
which a negligible x dependence of the Varshni coefficients a and 8 was observed. More
recently, Nepal et al. [63] employed deep-UV PL to study the temperature and composition
dependence of the band-gap energies of MOCVD-grown w-Al,Ga,;_,N (0 <x < 1.0) in the
range between 10 and 800 K. A quadratic dependence of the Varshni coefficients a and 8 with
x was obtained, from which we can calculate the band-gap energy of w-Al,Ga;_,N with
optional x and T.
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The pressure dependence of E, in w-Al,Ga;_,N at 0 <x<0.6 grown by MOCVD on
(0001)-sapphire substrates has been investigated by Shan er al. [64] for pressures of up to
9 GPa. They reported dEy/dp to be ~40 meV/GPa.

(c) c-AlInN

No detailed experimental data has been reported on the band-gap energies in c-Al,In; _,N. We,
therefore, show in Figure 6.15(c) the linearly interpolated results of E, and E? using the
experimental and theoretical endpoint data, respectively (Table 6.6).

(d) w-AlInN

The recent experimental studies which reported the E, of InN to be appreciably below 1eV
compared to the long-accepted value of ~2eV, have initiated a continuing controversy
concerning this fundamental quantity of the least studied III-N binary compound, InN. Also,
obtaining high-quality Al-based semiconductors (AIN, AIP, AlAs, etc.) is very difficult as a
consequence of its significantly higher contamination with residual impurities. Thus, the
standard quadratic expression did not provide a reasonable fit to the compositional variation of
Ey in w-AlIn,_,N [56].

The experimental E versus x data for w-AlIn; _,N is shown in Figure 6.16(c). The recent
literature data are taken from Wu and Walukiewicz [65], Androulidaki et al. [66] and Terashima
etal.[67]. These data suggest relatively large downward bowing. The solid line in Figure 6.16(c)
shows the parabolic fit of these experimental data. The recommended bowing parameter is very
large, c ~3.70 €V, as listed in Table 6.7.

Goldhahn et al. [68] measured the SE spectra of w-Al,In; N at 0 <x <0.29 in the energy
range up to 9.5eV and determined the higher-lying CPs E|—E,, together with E,. They
increased gradually with increasing x. The bowing parameters ¢ determined for E; and E, are
1.8 and 2.7 eV, respectively.

The pressure dependence of Ej in w-Alg »5Ing 75N has been studied by Li ef al. [69]. They
also estimated the pressure coefficients for w-Al,In; _ N and expressed them as dEy/dp =25 +
20x meV/GPa.

(e) c-GalnN

The Ey gap in c-InN grown on 3C-SiC(100) has been determined to be 0.56eV by SE at
300K [70]. The E,, versus x data for c-Ga,In;_,N has also been determined using SE [71,72].
These data together with the linearly interpolated E? values are shown in Figure 6.15(b). The
experimental E, values are in good agreement with the linearly interpolated E result given by
the heavy solid line (Table 6.6).

() w-GalnN

The recent crystal growth of high-quality Ga,In; _,N epilayers with small x has considerably
broadened the composition range over which the bowing could be determined reliably. The E
versus x data for w-Ga,In; _,N are shown in Figure 6.16(b). The data are taken from Wu and
Walukiewicz [65] and Androulidaki ef al. [66]. A number of larger studies cast doubt on the
small bowing parameter in w-Ga,In;_,N [56]. For example, the experimental data of Parker
et al. [73] implied a bowing of 3.42eV (4.11eV) for strained (relaxed) Ga,In; N epilayers
grown on (0001)-sapphire substrates with x<0.25. However, recent studies of a broad
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compositional range supported the findings of a smaller bowing of ~1.4eV [65,74]. Our
recommended bowing parameter in Figure 6.16(b) is 1.640eV (Table 6.7).

Higher-lying CPs have been observed in w-Ga,In; _,N using SE [75]. A total of five CPs
(A, Ey, E,, E5 and E,), together with Ey, are observed in the spectral range of 0.5-10eV. All
these CPs showed a weak nonlinearity with x.

The E, gap of w-InN is reported to be 0.70 &= 0.05 eV at 300 K [76]. The Varshni coefficients
for w-InN are also reported to be a=0.41 meV/K and B=454K [65]. An up-to-date
compilation of various band parameters has been presented in Adachi [1] for group-IV
elemental, III-V and II-VI binary semiconductors. By using an interpolation scheme,
therefore, it is in principle, possible to estimate the band-gap energies for group-1V, III-V
and II-VI semiconductor alloys at any temperature and also any pressure.

The temperature dependence of E in w-Ga,In; _,N has been determined for x = 0.86 [77]
and 0.92 [78]. The Varshni coefficients « = 1.0meV/K and 8= 1196 K for x =0.86 [77] are
nearly the same as those for w-GaN (e ~ 1.3 meV/K and 8 ~ 1200K) [1].

The pressure dependence of E in w-Ga,In; _ N with 0.89 <x < 1.0 grown by MOCVD has
been investigated for pressures of up to 9 GPa [78]. The pressure coefficients dEy/dp are
37.5+2.5meV/GPa (T =10-295 K). The pressure coefficients for samples at 0.5 <x<1.0
have also been determined and found to be dEy/dp =30 4+ 5 meV/GPa [69].

6.3.2 (II1, ITID)-P Alloy

(a) AlGaP

Al,Ga,_,P has an indirect gap over the whole composition range. Figure 6.17(a) shows the
lowest indirect and direct gap energies EgID and E, as a function of x for Al,Ga;_,P. The
experimental E;‘ data were obtained from optical absorption measurements [79]. The optical
absorption at 6 K measured by Onton ef al. [80] provided an indirect gap bowing of ¢ ~ 0.18 eV.
More recent CL data obtained at 14 K [81] support a small bowing of 0.13 eV for the lowest
indirect gap E;(. However, Figure 6.17(a) shows that good agreement with the experimental
data can be achieved by putting ¢ =0¢eV into Equation (A.5).

The lowest and higher-lying CPs in Al,Ga;_,P have been investigated using ER in early
studies and SE more recently. The experimental E data plotted in Figure 6.17(a) are taken from
such studies (Rodriguez and Armelles [82], Choi et al. [83], etc.). The linear interpolation
scheme provides good agreement with the experimental E, data, as shown by the solid line.

The composition dependence of the higher-lying CPs is shown in Figure 6.17(b). The
experimental ER and SE data can be satisfactorily fitted by the linear expression against alloy
composition x [83]. The corresponding formulas are listed in Table 6.8. Note that the SO split-off
energies Ay and A; are observed to be negligibly small in the III-P semiconductors. From
Figure 6.17(b), we can expectcrossing of Eg and E, atx ~ 0.5, which may be a unique characteristic
of this alloy (cf. Figure 6.19). If we simply exchange an assignment of the CPs, namely E¢ < Ep,in
AIP [83], no such crossing occurs, as demonstrated by the dashed lines in Figure 6.17(b). Note that
the Ey and E, transitions occur at or near the I" and X points in the BZ, respectively (Figure 6.1), and
that identifying higher-lying CPs is a very difficult task.

(b) AlInP

AlLIn;_,P can be lattice-matched to GaAs at x ~0.53. Onton and Chicotka [84] grew bulk
Al,In;_,P by a modified Bridgman method and measured the CL spectra at 300 K. The open
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Figure 6.17 (a) Energies of the lowest direct E and indirect gaps EgID versus x for Al,Ga;_,P at 300 K.
The experimental data for Ej are taken from Rodriguez and Armelles [82], Choi et al. [83], etc., and for E’g(
from Sonomura et al. [79]. (b) Energies of some CPs versus x for Al,Ga; P at300 K. The solid lines in (a)
and (b) show the calculated results sing the data in Table 6.8. The dashed lines were also obtained by
exchanging the Fy < E, CP assignment in AIP

Table 6.8 Energies for some indirect and direct gaps in Al,Ga; _,P at 300 K. LF = linear fit; LI = linear
interpolation

Band gap Expression (eV) Remark
Eé‘ 2.261 + 0.219x LF
Eé 2.63 + 0.94x LI
Ey 276 + 1.15x LF
E, 3.71 + 0.59x LF
Ey 4.74 4 0.40x LF
E, 5.28 —0.65x LF

circles in Figure 6.18(a) show these results. A I'-X crossing is found to occur at x ~ 0.45. Bour
et al. [85] also grew a series of Al,In;_,P on GaAs (100) by MOCVD and determined the E,
energies by ER. These results are also shown in Figure 6.18(a) by the solid circles. The
quadratic fit of E, gives a value of ¢ ~0.40¢€V, as listed in Table 6.9.

No experimental data relating to the higher-lying CPs in Al,In,_,P has been reported. We,
therefore, show in Figure 8.18(b) the CP energies obtained from the linear interpolation scheme
between the InP (x = 0) and AIP (x = 1.0) datain Adachi [1]. Asin Figure 6.17(b) (ALGa,_,P),
crossing of Ey and E, occurs at x ~ 0.4 in Al In;_,P. This crossing can be removed by simply
exchanging the assignment of the CPs, Ey < E5, in AIP [83], as demonstrated by the dashed
lines in Figure 8.18(b).

The electron-HH and electron-LH transition energies in strained Al,In; _,P layers grown on
GaAs by MOCVD were investigated at 20 K using a PR technique [86]. The E, versus x data
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Figure 6.18 (a) Energies of the lowest direct Ej, and indirect gaps EgID versus x for Al,In;_,P at 300 K.
The experimental data are taken from Onton and Chicotka [84] (open circles) and Bour e? al. [85] (solid
circles). (b) Energies of some CPs versus x for Al,In; P at 300 K. The solid lines in (a) and (b) show the
calculated results using the data in Table 6.9. The dashed lines are also obtained by exchanging the
Ey < E, CP assignment in AlP

Table 6.9 Energies for some direct and indirect gaps in Al In;_,P at 300 K. QF = quadratic fit;
LI=linear interpolation; LF = linear fit

Band gap Expression (eV) Remark
Eo 1.35 + 2.16x + 0.40x” QF
Ey 2.05 + 1.52x LI
Eé( 221 + 0.27x LF
E, 371 + 1.13x LI
Ef 4.70 + 0.44x LI
E, 5.10-0.47x LI

were also measured for relaxed Al In;_,P at 20K [86] and can be expressed as (in eV)

Eo(x) = 1.418 +2.4x (6.9)

(¢) GalnP

Ga,In;_,P exhibits some of the largest direct gaps among the non-nitride I1I-V semiconductors
and can be grown lattice-matched to GaAs at x ~ 0.52. This alloy is widely used as a material
for various optoelectronic and electronic devices. The lowest direct gap E, versus x for
Ga,In,_,Pis shown graphically in Figure 6.19(a). The experimental data are taken from Onton
et al. [87] (open circles) and Alibert et al. [88] (solid circles). The solid line represents the
calculated E versus x curve by putting ¢ = 0.65 eV into Equation (A.5). This value is the same
as that recommend in Vurgaftman et al. [89].

The T'-X crossover is believed to occur at x~0.7 in Ga,In,_,P. The indirect band-gap
energies E? for x > (.7 are plotted against x in Figure 6.19(a) by the open triangles. They are
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Figure 6.19 (a) Energies of the lowest direct E and indirect gaps EgID versus x for Ga,In;_,P at 300 K.
The experimental data for E( are taken from Onton et al. [87] (open circles) and Alibert et al. [88] (solid
circle) and for EX from Alibert ez al. [88], Lange et al. [90], etc. (open triangles). (b) Energies of some CPs
versus x for Ga Inl _Pat300K. The solid lines in (a) and (b) show the calculated results using the data in
Table 6.10

taken from Alibert et al. [88], Lange et al. [90], etc. The solid lines represent the calculated EX
and EL curves using ¢ =0.200 and 0.34 eV, respectively. Early theoretical and experlmental
bowmg parameters are summarized by Bugajski et al. [91] and more recent values by
Vurgaftman et al. [89]. These results vary widely: ¢ =0.39-1.36, 0-0.40 and 0.23-0.86eV
for Eo, E} and Ey, respectively. Clearly, the ¢ =1.03eV value for Ey recommended by
Vurgaftman et al. [89] is out of the reported range of 0.23-0.86 eV. If we assume here that
c=0.34¢V for E{g“, which is exactly the same as Hill’s value [92], the ¢ = 0.200 eV value for E
is also the same as that recommended by Vurgaftman et al. [89] (¢ = 0.20 eV). The expressions
for such energy gaps are summarized in Table 6.10.

Table 6.10 Energies for some direct and indirect gaps in Ga,In,_,P at 300 K. LI = linear interpolation

Band gap Expression (eV) Remark
Eo 1.35 + 0.76x + 0.65x° a

Eo + Ao 1.46 + 0.73x + 0.65x° a

Ey 2.05 + 0.24x + 0.34x2 b

EX 2.210 — 0.149x + 0.200x2 b

E, 3.17 —0.32x + 0.86x° c

E, + A 3.29 — 0.33x + 0.86x> ¢

Ey 4.70 + 0.04x LI

E, 5.10 + 0.18x LI

“Bowing parameter is obtained from 1. Vurgaftman er al. (J. Appl. Phys. 89, 5815 (2001))
*Bowing parameter is obtained from R. Hill (J. Phys. C: Solid State Phys. 7, 516 (1974))
“Bowing parameter is obtained from C. Alibert ef al. (Phys. Rev. B 6, 1301 (1972))
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The composition dependence of the higher-lying CPs for Ga,In,_,P has been investigated
using ER [88] and SE [93]. These studies observed remarkable bowing (¢ ~ 0.9 eV) for the E;
and E| + A, transitions. The Ga,In; P samples used by Lee et al. [93] were epitaxially grown
on GaAs and graded-GalnP/GaP substrates by various techniques, such as MOCVD, gas-
source MBE, LPE or HT-VPE. They mainly investigated the strain and disorder effects of the
electrical and optical properties. The general behavior of the E|/(E; + A;) peak shifts was
explained in terms of the biaxial strain and strain relaxation caused by lattice mismatch. The
solid lines in Figure 6.19(b) show the results calculated from Table 6.10. Since the SO split-off
energies Agand A; are mainly characterized by the nature of the anion atom, the common anion
alloys like Ga,In,_,P and Zn,Cd, _,Te have nearly the same A, or A, energies, irrespective of
alloy composition x. Therefore, in such alloys the Ey + Ag and E; + A, gaps have nearly the
same bowing parameters as the Ey and E; gaps, respectively.

The temperature dependence of the fundamental absorption edge of Ga,In; P (x =0-1.0)
has been investigated from 20 to 300 K by Ishitani et al. [94]. The same studies, but using
samples lattice-matched to GaAs (x ~0.5), have also been carried out using PzR [95] and
SE [96]. The measured data were analyzed using some empirical expressions, such as Varshni
and Bose-Einstein formulas. Onton and Chicotka [97] also undertook PL measurements on
Ga,In,_,P at 2K and obtained the x-dependent E, and Eg values given by (in eV)

Ep(x) = 1.409 +0.695x + 0.758x (6.10)

X —
EX(x) = 2321 +0.017x (6.11)

The pressure dependence of the fundamental absorption edge of Ga,n;_,P has been
determined by several authors [98,99]. The pressure coefficients dEy/dp and dEg/dp reported
by Hakki et al. [98] were 125 £+ 5 meV/GPa (x ~0.5) and —11.5 + 1.5 meV/GPa (x = 0-1.0),
respectively. Goni et al. [99] found from optical absorption studies that '-X crossing occurred
at 5.0 GPa for x =0.36 and at 2.7 GPa for x = 0.5 at 300 K. PL measurements were also carried
out to investigate I'-X crossing as a function of pressure for Ga,In;_,P epilayers grown on
GaAs(100) substrates [100,101].

6.3.3 (I1I, III)-As Alloy

(a) AlGaAs

Al Ga;_,As is known to be the most important and the most investigated III-V semiconductor
alloy. Figure 6.20(a) shows the lowest direct and indirect gaps Eo, E- and EX versus x for
Al,Ga;_,As. Theexperimental datafor Eare taken from Aubel etal. [102] and Aspnes etal. [103],
for Eé from Saxena [104] and for E?; fromMonemaretal.[105]. The solid lines are calculated from
the data in Table 6.11. The expression for E; is determined from the SE analysis [103]. This
expression reveals that the bowing parameter is x-dependent in the manner (in eV) shown below

Eo(x) = 1.43041.707x—1.437x* +1.310x° (6.12)
= 1.430+ 1.580x + x(1—x)(0.127—1.310x) ’
Using Equation (6.12), we can obtain good agreement with the experimental results. It should
be noted, however, that almost all Al,Ga,_,As data have been explained by the quadratic
expression with ¢ ranging from —0.25 to + 1.147eV [106].
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Figure 6.20 (a) Energies of the lowest direct E, and indirect gaps EgID versus x for Al,Ga, _,As at 300 K.
The experimental data for E, are taken from Aubel ez al. [102] and Aspnes et al. [103] (open circles), for
EBL, from Saxena [104] (solid circles) and for E;f from Monemar et al. [105] (solid triangles). (b) Energies
of some CPs versus x for Al,Ga; ,As at 300 K. The solid lines in (a) and (b) represent the calculated
results using the data in Table 6.11. The dashed line in (b) also represents the result calculated using
Equation (6.13)

Many reports support the hypothesis that the ¢ value for E]g‘ is almost equal to zero. Lee
et al. [107], however, reported a value of ¢ =0.055eV from PL measurements. The plots
produced by Saxena [104] also suggested c =0eV for E]g“, independent of temperature [108].
As seen from Figure 6.20(a), GaAs is a direct gap semiconductor with '-L—X valley ordering,
while AlAs is an indirect gap semiconductor with exactly the reverse ordering. The I'-X
crossover composition x. for Al,Ga;_,As was determined at various temperatures [106] and
found to be ~0.4 at 300K and ~0.38 at low temperatures.

The higher-lying CPs in Al,Ga,_,As have been determined by many authors [106]. The
bowing parameter of ¢ ~ 0.39 eV was reported for £/, while the E, gap showed an almost liner
variation with x. Such results are shown in Figure 6.20(b) (see also Table 6.11). Aspnes

Table 6.11 Energies for some direct and indirect gaps in Al,Ga; _,As at 300 K. LI = linear interpolation

Band gap Expression (eV) Remark
Eo 1.430 + 1.707x — 1.437x> + 1.310%° a

EL 1.72 + 0.65x LI

Eo + A