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A description of the status of the art of experimental and theoretical investigations of local crystalline
structures of tetrahedron ordered ternary and quaternary semiconducting alloys is presented. Experi-
mental EXAFS data and FTIR analysis are summarized and analyzed using both the Rigid Network Cations
theoretical model and the Strained-tetrahedra model. Internal preferences of ion pairs in ternary and qua-
ternary alloys are discussed. Several ternary systems of different structures show ideal quasi-canonical
Bernoulli distributions, while others are characterized by extreme preferences in which one, several or
even all configurations are depressed or even lacking. The results demonstrate that the validity of the
Bernoulli distribution is limited and not fulfilled in many systems. This article is an expanded version
of the scientific reports presented at the International Conference on Semiconductor Nanostructures for

FTIR Optoelectronics and Biosensors 2016 ICSeNOB2016, May 22-25, 2016, Rzeszow, Poland.
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Analysis of ternary and quaternary semiconductor alloy crystal local structures

1. Introduction

Melting and subsequently crystallizing two or more miscible
chemical compounds lead to solid solutions or alloys. Combining
in various proportions two binary compounds containing cations
(A, B and/or C) and anions (X, Y and/or Z) result in an unlimited
number of ternary (ABX or AXZ) or quaternary (ABXY, ABCX or
AXYZ) alloys with continuously varying physical properties of par-
ticular interest for semiconductor physics. Binary semiconductor
compounds with cations from Column II or IIl of the Mendeleev
table and anions from Column VI or V usually crystallize as tetrahe-
dron coordinated fcc cubic zincblende B3 (sphalerite) or hexagonal
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wurtzite B4 structures. Both structures are characterized by the
tetrahedral spatial ordering: a cation\anion at the center of the
tetrahedron surrounded by four atoms anions\cations at the four
corners of the tetrahedron. The ternary alloys contain five distinct
elementary tetrahedra (Ty)x-04 €ach. The unit cell of their binary
compounds is diatomic. Each atom in the crystal lattice in the first
zone of nearest neighbours (NN) with coordination number N; of
four and in the second zone of next nearest neighbours (NNN) N,
of 12 atoms, and in subsequent zones with N;=12 atoms. The NN
bond distance (R;) and coordination numbers Ny, as well as the
NNN bond distance (R,) and coordination numbers N, can be deter-
mined using EXAFS analysis. However, we have to underline here
that for coordination numbers greater, then 6 the error induced by
EXAFS can be large and XANES models are more suitable to identify
such large coordination numbers.

When the starting two or more binary compounds crystallize in
a common B3 or B4 structure, the resulting multinary alloy retains

1896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Fig. 1. a) MnS; b) MnSe; c) MnTe solubility of Mn in [I-VI for Zn, Cd, and Hg.

1 in these alloys of a rigid elementary tetrahedron. Cations A and B
\ were rigidly fixed at the corners of the tetrahedron, while the C-
. N | T k=0 e ke anions shifted to a position within the tetrahedron determined by
3% \ the interactions of AC and BC ions as per the Force Field Valence of
& v T k=2 o k=3 Keating [7] and Martin [8]. Accordingly, the positions in the elemen-
\ tary tetrahedra named Ty (4AC), T1 (3A1BC), T5 (2A2BC), T3 (1A3BC)
‘\\ o Sum and T4 (4BC) become a function of the relative content of the alloy
0.5 - \ (see Fig. 3). Moreover, the model assumes that ions are randomly

Fig. 2. Bernoulli random distribution 4p,(x) of elementary configuration tetrahedra
in a ternary A;«xBxC crystal.

the same crystalline structure. If the binary constituents have dif-
ferent crystalline structures, the resulting structure retains the
starting structure until a relative content exceeds a value beyond
which a structural phase transition occurs, eventually ending with
another structure or with a mixture of different structures. This is
the typical behaviour of alloys of binary Group II-VI with transition
metal (e.g., Mn, Fe, etc.). Transition metal chalcogenides (S, Se, and
Te) crystallize in either a six fold coordinated cubic rock salt struc-
ture (MnS, MnSe) or in NiAs hexagonal structures (MnTe, FeS, FeSe,
and FeTe) (Fig. 1) [1].

For more complex alloys such as quaternary alloys Qxy, we
may distinguish two families. The first that we identified as truly
quaternary with ABCX (Q31) or AXYZ (Q;3) formulas consists of fif-
teen different tetrahedron configurations: 3 binary, 9 ternary, and
3 quaternary while the second described as ABXY(Qy;) consists
canonically of 4 binary, 12 ternary configurations, and ruling out
the presence of antisites has no quaternary. The latter are referred
in the next as pseudo-quaternary alloys [2].

2. Analysis of ternary and quaternary semiconductor alloy
crystal local structures

Mikkelson and Boyce [3,4] were among the first to investigate
semiconductor ternary alloys using EXAFS. They started with the
Iny_xGaxAs ternary zincblende solutions obtained from InAs, suc-
cessively replacing In by Ga atoms. Using the powder diffraction
they observed that the In;_yGaxAs lattice constant is linearly depen-
dent on x (Fig. 2a). However, experimental results of EXAFS show
that Ga atoms were not substituted at the In atomic positions at the
typical distances of the InAs, but were located at distances charac-
teristic of the GaAs binary compound. This surprising behaviour
was later explained as the formation of a bi-modal structure in
which the different ionic radii of Ga and In cause different Ry’s
for In-As and Ga-As pairs. In their Rigid Network Cations theoret-
ical model Balzarotti et al. [5,6] arbitrarily assumed, the presence

distributed according to the Bernoulli binomial distribution (Fig. 4)
within the five elementary tetrahedra in the crystal. The model
was applied to analyze EXAFS data of Iny_yGaxAs [3,4] Cdy_xMnxTe
(Fig.4)[5,6],and Cdy.xZnyxTe and HgSe_«Tex [9]. However, the Rigid
Network Cations model does not allow a complete description of the
EXAFS experimental results of tested ternary alloys. This may be
attributed to the fact to the fact that this model disregards obvious
deformations of the configuration tetrahedra, due to differences in
lattice constants of the two binary components. Part of the short-
comings was removed in the Monte Carlo simulations and in the
Modified Quasi Chemical Approximation [10]. Using this model
Wiedmann et al. [11] developed the elements of the theory of the
Elastic Stress Relaxation for ternary alloys A;_xBxC adding the relax-
ation of the elemental tetrahedra by the introduction of elementary
clusters in the scheme of Iterative Random Cluster model.

The statistical Strained-tetrahedra model [12,13] is a more pre-
cise approach providing an improved description of the structure
of ternary and quaternary alloys. The model with its seven axioms
covers simultaneously the model of Rigid Network Cations and Clus-
ter model.

The statistical Strained-tetrahedron model was developed to
overcome two common assumptions of previous models: 1) rigid
undistorted ion sublattice of regular tetrahedra throughout all five
configurations and 2) random ion distribution. These simplifying
assumptions restrict the range of applicability of the models to
a narrow subset of ternary alloys for which the constituent bina-
ries have their lattice constants and standard molar enthalpies of
formation (A¢Hp) equal or quasi-equal. Beyond these limits pre-
dictions of such models become unreliable, in particular, when the
ternary exhibits site occupation preferences (SOP).

The seven basic assumptions of the model are:

1) Elemental tetrahedra are free to have different sizes and shapes;

2) All possible (19) elemental inter-ion ternary distances are tetra-
hedron constrained;

3) Elemental volumes of the two sublattices, for each of the three
strictly ternary configurations, pair-by-pair relax to common
values, i.e., the three constraints on the distance parameters;

4) Bernoulli binomial polynomials with preference weight coeffi-
cients describe configuration populations. Npy (for ternary), Npkj
(for quaternary);

5) AIl NNN and further fills are determined by NN preferences;

6) Total coordination number is conserved as dilution varies
imposing bonds on the coefficient values;

7) The formation of each ternary configuration is carried out until
the full consumption of one of the corresponding binary ingredi-
ents, or both simultaneously as in the random case, is achieved.
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Fig. 3. Rigid Network Cations five elemental tetrahedron configurations [T]x-04 of ABC ternary alloys. Black points and solid lines refer to undistorted tetrahedra; open
points and dashed lines show the position of the anion C and bound ions in the distorted case.
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Fig. 4. Analysis of EXAFS structures of: (a) In1-xGaxAs: bond distances R1 In - As and Ga - As as a function of the relative content xGa. Points - experimental results, empty
squares - theoretical predictions of the rigid network cation model, dashed line - Vegard line. (b) Cd1-xZnxTe: bond distances R1 of Cd - Te and Zn - Te as a function of
the relative content xZn and (c) Cd1-xMnxTe: bond distances R1 Cd -Te and Mn - Te as a function of the relative content xMn, Experimental results - small full circles vs.

theoretical predictions - solid lines, Vegard lines - solid straight lines.

These axioms limit the number of free parameters of any tetra-
hedron ternary to at most ten parameters: three are Site Occupation
Preferences (SOPs) and not more then seven distance. A prefer-
ence parameter equal to either of the two extreme values W,
€ [0;4/Kk] renders evanescent the relative Tj -configuration pop-
ulation; hence the corresponding distance parameters become
dummy. Axioms 2 and 3 were confirmed by the experimental
observations. Once the three site occupation preference coefficients
and at most seven distance parameters are determined, the SOP
coefficients and the sizes and shapes of the elemental tetrahedra
are fully known.

The number of strained tetrahedra expected in a multinary alloy
is described by the probabilities W), while the population of config-
urations is described by the coefficients Cj. In real multinary alloyed
crystals the value C, <1 leads to a preferential attenuation of the
population of distorted tetrahedra Ty, T, and T3. Mass conserva-
tion rule imposes that the fraction of distorted tetrahedra Ty, T,
and T3 that could not form in the crystal growth process, remain as
undistorted tetrahedra Ty and T4. Thus, the distribution probabili-
ties Pg and P4 of binary tetrahedra Ty and Ty4, besides the respective
starting Bernoulli Eigen-functions pg and p4 are enhanced by the
part of strained tetrahedra that could not be formed in the real

crystal. In all cases atoms\ions distribute themselves among the
constituent configurations keeping minimum its internal energy.
Distorted tetrahedra have a higher internal energies than the undis-
torted ones. Thus the formation of undistorted tetrahedral at the
expenses of the distorted ones leads to a lower internal energy level
of the system. These contributions to the distribution probabilities
Py and P4 are discussed Ref. [2] and more recently in Ref. [14] (see
Fig. 1).

The Strained-tetrahedra model was applied to the EXAFS data
of many ternary and quaternary compounds. The results of these
studies are summarized in Table 1. Fig. 5 presents the NN and NNN

Binary
regular

Ternary
distorted

Binary
regular

Fig. 5. Strained five elemental tetrahedron configurations [Ty ]x-04 of ABC ternary
compounds.
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Table 1
Preference parameters of deformed tetrahedra (N =4) in fcc elementary alloys.
Alloy Experiment W, W, W3 G C Cs Sum. Cy Ref.
ZnCdTe Exafs [35-37] 1.0 1.0 1.0 1.0 1.0 1.0 3.00 [12]
ZnCdTe FIR [30,38] 1.66 1 1 0.780 1 1 2.78 [29,38]
CdHgTe FIR [29,38] 1.01 1.20 1.01 1.0 0.80 1.0 2.80 [29,38]
GaPAs Exafs [39] 0.93 1.15 1.07 0.930 0.85 0.79 2.57 [12]
ZnCdTe Exafs [40] 0.93 1.15 1.07 0.930 0.85 0.79 2,57 [12]
ZnCdsS Exafs [41] 0.669 1.044 1.065 0.669 0.956 0.804 243
AlFeNis Exafs [32] 1.01 0.86 1.33 0.997 0.86 0.0 1.86 [32]
GalnAs Exafs [12] 0.58 0.25 1.05 0.58 0.25 0.85 1.68 [12]
CdMnTe Exafs [5,6] 0.68 133 0.003 0.68 0.67 0 135 [13]
GaAIN Exafs [42] 0.03 1.8 1 0.03 0.2 1 1.23 [43]
CdTeSe Exafs [44] 2.384 0.341 0.262 0.539 0.341 0.262 1.14
ZnMnSe Exafs Ry [31] 0.67 1.67 0.04 0.67 0.33 0.04 1.04 [13]
ZnMnSe Exafs N; [31] 0.62 1.7 0 0.62 0.3 0 0.92 [13]
HgSeTe Exafs [40] 0.217 1.944 0.517 0.217 0.056 0.517 0.79
ZnHgTe FIR [29,38] 0.76 2.0 1.33 0.76 0.0 0.0 0.76 [29,38]
ZnMnS Exafs [45-47] 1.78 0 0.01 0.74 0 0.01 0.75 [13]
HgMnTe Exafs [48] 0.33 1.75 0 0.33 0.25 0 0.58 [13]
ZnHgTe Exafs [49] 037 2.0 1.33 0.37 0.0 0.0 0,37 [29,38]
ZnBeSe Exafs [50] 0 0.255 1.324 0 0.255 0.029 0.28
ZnMnTe Exafs [51] 0.37 2.0 0 0.37 0.0 0 0.37 [13]
ZnSeS Exafs [52] 0.12 0 0.03 0.12 0 0.03 0.15 [52]
ZnSeTe Exafs [53] & N-Scater [54] 0.037 0 1.299 0.037 0 0.103 0.14
ZnCdSe Exafs [55] 4 1.985 0.024 0 0.015 0.024 0.04
GalnAs
43F
E L
£ 42F
© :
G 41F
£ C
g 4OF
e :
- O 39 F
< :
T T
o 1 1 N L
7 N N .
43
o 0 Q
2 . . ZnCdT
P [ 5 n e
= 4.2 | W g 4.6 B
L - -
2 [ e L _
L S — (q)) X N5
L - L S
" 41 .- < R 45 .
< - ('4" a L
] [ ol A A Z:Y ) o{‘ 'q_) [
@ 4.0 7 G 44|
< T T T T T T T ¥ ()] -
= [
4.3 »
S LT
9 S
<< ; i
= c 47 <
— V4 '—"_‘ -
~ [ -
) L a7k
3 S
(D 5
2.6
0.0
a): b)

Fig. 6. NN and NNN bond distances R; and R; of a) Ga;xInkAs and b) CdyxZn4Te as determined using the Strained-tetrahedron model.
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bond distances R; and Ry of GajInxAs and Cd;_xZnxTe [12,13].
The model accounts for the deviation from the random distribu-
tion in the elementary tetrahedra resulting in a better fit than that
obtained by the Rigid Network Cations model. This statistical model
was developed to overcome two assumptions of the early models:
1) the rigid undistorted ion sublattice of regular tetrahedra through-
out all five configurations and 2) the random ion distribution. These
two simplifying assumptions restrict the range of applicability of
the models to a narrow subset of ternary alloys for which the con-
stituent binaries have their lattice constants and standard molar
enthalpies of formation (AfHp) almost equivalent or equal. Out-
side this condition, predictions are not reliable, in particular, when
ternary alloys exhibit site occupation preferences (SOP).

3. Internal preferences in ternary and quaternary
compounds

Verleur and Barker [15,16] were first to report on site SOP
of atoms in a crystal structure of ternary compounds, using
far-infrared (FIR) frequency and intensity of transverse optical
(TO) phonons for GaAsyP;.y and CdSeyS;.y. The theoretical model
assumed the clustering parameter 3 to fit the experimental data
taking into account the microscopic scale clustering effect of ion
pairs, leading to the distribution of atoms within the crystal. This
theoretical approach was applied in several later works concerned
with the frequency distribution of vibration and intensity of TO
phonons of Cd_yHgyTe [17], Cd;_xMnxTe [18], Cd{_xZnxTe [19] and
CdSexTeqx [20].

EXAFS studies first observed SOPs of atoms in quaternary
GaxIny_xAsySby.y [21], and preferences for the Ga-As ion pair pairs
were reported Fig. 6.

Onabe [22] analyzed the thermodynamic properties of Group
[lI-V quaternary alloys, showed that preferences disrupting the
random distribution of pairs of atoms could be attributed to short-
range clustering of pairs characterized by a strong bond. Binding
pairs can be described by the chemical potential . In the case of the
GaxIng_xAsySby.y we have: wgaas + Minsh™> Minas + gash- Preferential
site occupations have also been observed with EXAFS at the K-edges
of Mnand Se in the CdxMn_xTeySe .y quaternary alloys [23,24]. The
study covered the compositions x <0.2 and y < 0.2 within which the
alloy crystallizes in the zincblende structure, while outside these
ranges a multiphase system appear. For these quaternary systems
a strong departure from the random distribution of Mn around Se
have been observed, which defines the preferences for Mn-Se pairs
(Fig. 7). To describe this deviation in both GaxIny_xAsySby.y [21] and
CdxMn;_4TeySeq.y [23,24] a probabilistic analysis was used taking

into account the best fit of experimental points [38]. In Fig. 7 con-
tinuous lines are the best fit of experimental data. The coefficients
of the polynomial best-fit yields the population probabilities W), of
ion pairs in the tetrahedron configurations Ty [25], with no need of
clustering of ion pairs.

The Strained-tetrahedra model [12,13] served also to
interpret the pseudo quaternary GaxInjyAsySbi.y [21] and
CdxMn;_4TeySeq.y [23,24], as well as the truly quaternary
ZnyCdyHgi xyTe [26] and InAsxPySbqy [27]. For the latter,
Wy and Cy values are identified by two subsets Wj; and C;
[2]. More than a decade ago, the theoretical Statistical model
started to be developed [28] to interpret also FIR observations of
transverse optical (TO) frequencies and intensities or oscillator
strengths (0S) [28]. Several ternary alloys (ZnCdTe [2,29], CdHgTe
and ZnHgTe [29]) and quaternary alloys [2]| (CdxMnj_xTeySe;y
[25] and ZnxCdyHg; xyTe [26] were analyzed. The theoretical
Statistical model successfully compared information derived from
the FIR frequency and intensity of phonon vibration spectra to
the information obtained by EXAFS. Strained-tetrahedra model
applied to EXAFS observations and Statistical model applied to
TO phonon spectra, allow the quantification and the comparison
of SOPs of elementary tetrahedron sites in crystals (Table 1).
Strained-tetrahedra model analysis of EXAFS observations and
the Statistical model of FIR spectra analysis of TO phonons allow
comparing results obtained by these independent methods, are in
fair agreement.

Bunker [30] and Pong et al. [31] analyzed distortions in ternary
Zny_xMnxSe alloy crystals and carried out a detailed study of NN
and NNN neighbours at both room temperature and liquid nitro-
gen. They determined bond-angles in the deformed elementary
tetrahedral and presented a detailed analysis of the numbers of
coordination N; (equation-2.55) at Zn, Mn and Se K-edges. They
observed (Fig. 8) that the coordination number of Zn-Zn pairs are
slightly lower than that expected for a random distribution (dashed
line on Fig. 8) while those for Zn-Mn pairs are slightly higher. They
attributed the differences to an incomplete relaxation of stresses in
the second coordination zone. Pong et al. [31] data were analyzed
using the Strained-tetrahedra model [12,13] and pointed out clear
internal preferences in Zn;_xMnySe crystals (see Table 1).

In general, depending on how different the original properties of
the binary components are site occupation preferences (SOPs) are
observed with a distribution of ions\atoms differing from the ran-
dom Bernoulli values. This is described attributing to each Bernoulli
Eigen-function (py) a SOP multiplicative factor (Cy) for each tetra-
hedron configuration (T ), which describes how the distribution is
depressed respect to the expected Bernoulli behavior.
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Zn;xMnySe; (lines) — N, for a random distribution of Zn and Mn.

In a configuration with N nearest neighbor (NN) sites to be filled,
this probability coefficient W), ranges:

0<Wy<N/KforK=1,2, .., N—1, 1)

for a tetrahedron structured sphalerite or wurtzite, with four
NN sites (N=4)

0<W;<4 0<W;<2 0<W3<4/3 forK=1,2,3. (2)

Wy # 1, implies that there are too many preferred (Wy>1) of
one type, versus too little (W), < 1) of the other, with the minor pop-
ulation setting a limit to the formation of the multinary, while the
excess of preferred contribute to the unused non-distorted binary.

The distribution probability defined by:

{P} = {wkpk/>} fork=1,2,..,N—1 (3)
For the NN population configurations we may write
Ck = min[Wk, 1, (N—ka)/N—k] < 1. (4)

Thus, probability distributions of strained tetrahedra Ty in real
crystals are attenuated respect to the random Bernoulli distribution
Pk In fact, in the strained tetrahedron model the C;, coefficients rep-
resenting the attenuation factors of the Bernoulli’s Eigen-functions,

describe the distributions in the multinary configuration strained
tetrahedra, while the W,’s determine the amounts destined to
remain as unused binaries.

The ion\atom distributions in multinary fills are depressed
respect to the random Bernoulli fill:

{Pk}:{pk} f0r1(20,1,...,N (5)
splits, in case of preferences into

{Pk}:{Ck*pk} fork=1,...,N—1 while

Po = po+ Apo (6)
n= PN + AI’N
where

APO = Ek=],3[max(05 1‘Wk)pk]

Apn= Xy_1,3[max(0, k(Wy-1)/(N-k))pk]

To estimate the overall contribution over the full relative con-
tent range x €[0,1] of the IP preferences, we define:

ANp, — / y1,3[max(0, 1-W; )Npy Jdx and

ANpy = /Ek:1,3[max(07 k(Wy-1)/(N-K))Npy Jdx.
As
/NDkdXEl/(N +1)

we have

MNPy = Xy g 3[max(0, 1-W\)]/(N + 1)and

ANPy = Zy_q 3[max(0, k(Wy-1)/(N-K))I/(N + 1). (7)

This applies to any crystal structures N=2 (C15), 4 (B3, B4 L15),
6 (B2) and 8 (B1).

Equation (4) implies that in case of SOPs, the coefficients
Cy are less than unity, i.e., the distributions deviate from the
Bernoulli random distribution (Fig. 9). For instance, the SOPs of

1.0 ' 1.0 B il , 1.0
- Po Py
£ A
S 05 & 05F - &5 0.5
= - P2 > ~
« i Cinoist, AR el S
~ r, - \'\P:’\
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0S5 Q0.5
ofF of
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Fig. 9. Population tetrahedron configuration distributions for random Bernoulli py, and for Py associated to ZnCdTe, ZnHgTe, GalnAs and NisAlFe.
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Table 2
Preferences in ternary alloys EXAFS\FIR observed.
Group II-VI ternary Alloy Method ANPy (N+1) ANPy (N+1) Preference
ZnCdS EXAFS [41] 0.07 0.05 ZnS>CdS
ZnBeSe EXAFS [50] 0.35 0.32 ZnSe > BeSe
ZnCdSe EXAFS [55] 0.20 0.66 ZnSe < CdSe
ZnCdTe FIR [29] 0.01 0.07 ZnTe<CdTe
ZnCdTe EXAFS [12] 0.01 0.12 ZnTe<CdTe
ZnHgTe EXAFS [49] 0.13 0.66 ZnTe < HgTe
ZnHgTe FIR [29] 0.05 0.67 ZnTe <HgTe
ZnSeS EXAFS [52] 0.38 0.32 ZnSe >ZnS
ZnSeTe EXAFS [54] 035 0.33 ZnSe >ZnTe
ZnSeTe EXAFS [54] 0.39 0.30 ZnSe>ZnTe
CdSeTe EXAFS [44] 0.19 0.27 CdSe>CdTe
HgSeTe EXAFS [40] 0.25 0.31 HgTe <HgSe
Group IlI-V ternary GalnAs EXAFS [12] 0.11 0.10 GaAs>InAs
GaAIN EXAFS [42] 0.19 0.27 GaN<AIN
GaAsP EXAFS [39] 0.01 0.12 GaAs <GaP
Group II-VI ternary ZnMnS EXAFS [13] 0.40 0.09 ZnS>MnS
with manganese ZnMnSe EXAFS (Nq) [31] 0.26 0.22 ZnSe >MnSe
ZnMnSe EXAFS (R1) [31] 0.26 0.13 ZnSe > MnSe
ZnMnTe EXAFS [51] 0.35 0.33 ZnTe>MnTe
CdMnTe EXAFS [5,6] 0.26 0.11 CdTe >MnTe
HgMnTe EXAFS [48] 033 0.25 HgTe > MnTe
Non B3 B4 alloys CeLaRu; EXAFS [33] 0.31 0 CeRu; > LaRu;
AlFeNis; EXAFS [32] 0.11 0.10 AlNi; > FeNis

the Zn, xMnxSe are {W;, W,, W3}={0.67, 1.67, 0} while SOP-
coefficients {Cy -1,3} ={0.67,0.33,0.0},i.e., the T; and T, tetrahedra
are attenuated, while T3 tetrahedra are not formed. A lack of config-
uration T3 has been observed in ternary compounds of Group II-VI
containing manganese atoms (Table 1).

The Strained-tetrahedra model [12,13] was successfully used to
analyze EXAFS data of semiconductor ternary alloys, as well as the
cubic (fcc) intermetallic NisAly_xFex L1, system [32], and the C15
structured superconductor Ceq_yLaxRu; [33], illustrating the appli-
cability of the model to structures other than B3 and B4 tetrahedral
coordination. In Fig. 9 we compare experimental data of the popu-
lations of the ZnCdTe, ZnHgTe, GalnAs and Ni3Al;_xFeyx alloys with
the random Bernoulli distribution. Table 1 summarizes the values
of Wy and Ci as determined from EXAFS and FIR data of sphalerite
B3 and wurtzite B4 Group III-V, [I-VI alloys with Mn chalcogenides
and of the intermetallic NizAl;_xFex with L1, symmetry.

Initially the distributions were approximated by the Bernoulli
Eigen-functions py. This turns out to be a good approximation for
alloys like ZnTe and CdTe forming the ZnCdTe, while it fails in the
extreme case of ZnS and ZnSe forming the ZnSeS. For the latter, site
occupation preferences (SOPs) prevent the formation of ternary
configurations, leaving an almost bi-binary homogeneous alloy,
with but very small contribution of the multinary configurations
formed.

Table 1 reports Wy, C, and X values obtained from the strained
tetrahedron model analysis of EXAFS, neutron scattering, and FIR
data of ternary alloys as available in the literature. The compari-
son of Cy values in Table 1 indicate which distorted tetrahedra are
more or less preferred in the formation of a given ternary alloy.
This is the first attempt to determine the Internal Preference (IP)
of a real crystal structures. The last column of Table 1 presents the
values of XC, < [0,3]. A value of 3 corresponds to a random dis-
tribution of the strained tetrahedra Ty, T, and T3 well described by
the Bernoulli Eigen-functions py. This is the case of ZnTe and CdTe
forming ZnCdTe with a value XC,~ 3. In contrast we have ZnSeS
with XC, ~0, an alloy characterized by a very low population of
strained tetrahedron configurations with crystals formed mainly
with the elemental tetrahedra Ty and T4. Most ternary alloys show
intermediate values of XC; due to a differentiated attenuation of
the distorted tetrahedral contributions.

For sake of simplicity, the population probabilities of elemental
tetrahedra Ty and T4 (Eq. 6) are Pg=pg + Apg and Py =pn + ApPn=4,
respectively where Apg and Apn=4 represent the part of the prob-
ability distribution for the undistorted tetrahedra AX and BX of the
ternary alloy ABX which, due energy minimization in the growing
crystal, could not be created as distorted tetrahedra Ty, T, and Ts.
The same is true for AX and AY in ternary alloys AXY. The compar-
ison of the complete distribution probabilities Py and P4 returns
another IP relation of real crystals.

Fig. 9 shows the population probability distributions for ZnCdTe,
ZnHgTe, GalnAs and Ni3Al;_xFeyx alloys based on experimental data
and compared to the random Bernoulli distribution. Both curves
Py and P4 of ternary compounds represent the contribution of the
undistorted tetrahedra Ty and T4 as the function of composition
through the whole ternary compound system. The integrals 2NP
and ANPy serve to estimate the internal preferences of the non-
distorted binary components in the ternary compounds. As shown
in Fig. 9 the distribution of Py and P4 function of the relative con-
tent of the ternary alloy. The Ty and T4 tetrahedron presence in the
ternary compound change with content. Thus, the integrated distri-
bution of Py and P4 over the whole composition range indicates the
higher or lover participation of binary components in the creation
of the ternary compound system. The preferences ANPy and ANPy
are the integrals over the total range of relative content BX in the
AX or AX and AY. These internal preferences are given in Table 2.

Table 2 reports normalized ANPy/(N+1) and ANPy/(N+1) data
as calculated on the base of the Cy splitting (Table 1), according
to the crystal structures of the binary components of the ternary
alloys.

Ternary alloys created from sphalerite or wurtzite binary com-
ponents undergo no structural phase transition as both binary
components AX and BX or AX and AY are alloyed. The analysis of
%.Cy, and of probabilities APy and APy—4 may give supplementary
information. Some ternary alloys exhibit a quasi-random distri-
bution, as ZnCdTe with a slight preference of CdTe over ZnTe as
observed from EXAFS and TO phonon analysis. Both GaPAs and
CdHgTe exibit too a quasi-random distribution of distorted tetra-
hedra. On the other hand, both EXAFS and FIR C, results for ZnCdSe
show, an evanescent yet none zero population of distorted tetra-
hedra. ZnBeSe possesses both T, and T3 distorted tetrahedra with
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Cx # 0, while T; tetrahedra are practically absent, with the IP of
ZnSe higher than that of BeSe. Generally in II-VI and IlI-V ternary
alloys differences of IP are evident. Some consistent dependence
appears in manganese ternary alloys. While binary Group II-VI
compounds commonly crystallize as sphalerite or wurtzite tetra-
hedra binary manganese compounds MnS and MnSe crystallize
in octahedral NaCl structures, while MnTe in the hexagonal NiAs
structure with non-tetrahedron ordering. Thus as the Mn relative
content increases, ternary alloys with manganese start growing as
sphalerite until a value beyond which occurs a phase transition to
either the structure of the end binary (MnS, MnSe or MnTe) or to
some other crystalline multi phase. The phase transition usually
occurs at a high Mn content, and the strained-tetrahedron model
analysis of the ternary manganese alloys can be correctly applied.
EXAFS and FIR observations for ternary alloys with manganese have
always been carried out in the homogenous, tetrahedron ordered
crystalline region. Zn;_xMnySe [31] has a first phase transition
at Xyp ~ 0.4 from sphalerite structure to the hexagonal wurtzite
structure, both tetrahedron-coordinated. The strained tetrahedral
model is applicable in both structure regions. Table 1 shows that
for Mn ternary alloys, the C3 values are either equal to O or evanes-
cent. For all reported ternary II-VI with Mn compounds, the II-VI
components are preferred in comparison to binaries MnS, MnSe
and MnTe. This behaviour is probably directly related to the final
phase transition from the tetrahedron-coordinated structure of the
ternary alloy to that typical of the manganese chalcogenides.

A similar IP analysis can be applied to quaternary alloys. Truly
quaternary alloys, as InAsPSb canonically consist of 3 undistorted
binary tetrahedra, 9 ternary distorted tetrahedra and 3 distorted
quaternary tetrahedra. A Strained-tetrahedron model analysis of
the EXAFS experimental data [34] yields the Wj; and G values [27],
whence the distribution probabilities APy and APy that define the
IP of each analyzed material. A complete analysis of the contri-
butions of the ternary and quaternary components of InAsPSb is
presently under study [27].

Recently recovered NiAs (B2) structured FeSTe [56] data are
being interpreted.

4. Conclusions

The article reviews experimental and theoretical studies for
the local crystalline structure of tetrahedron ordered ternary and
quaternary semiconductor alloys. Paramount information on the
local crystalline structure comes from EXAFS analysis and studies
of frequencies and intensities of phonon spectra as well as from
neutron scattering analysis. EXAFS experimental data with use of
the Rigid Network Cations theoretical model and the more elabo-
rate Strained-tetrahedra model are analyzed. The analysis, using the
Strained-tetrahedra model, leads to a deeper understanding of the
local crystalline structure; whence the adequacy to use the term of
preferences. Also discussed are the phonon spectrum properties,
from the time of Verleur and Backer [15,16] first paper, up to the
advanced Statistical model of Robouch et al. All publications point
to the problem of internal preferences, which in the first papers was
attributed to ion pairs clustering. The Strained-tetrahedra model
and Statistical model explain internal preferences without the need
of ion pair clustering. Both models lead to two kinds of prefer-
ences: distribution probability of distorted elemental tetrahedra,
and internal preferences between original undistorted elemental
binary tetrahedra. Both kinds of internal preferences are quantified
by respective coefficients. Actually, while the scenario of quater-
nary systems is still limited in term of investigated compounds,
for ternary alloys departure from the quasi-canonical Bernoulli
distributions have been observed in a quite large number of com-
pounds. Indeed, many ternary alloys with B3, B4, L1, and C15

crystallographic structures are characterized by extreme prefer-
ences in which one, several or even all multinary configurations
are depressed or lacking indicating a large deviation from the ideal
random Bernoulli distribution. The random assumption is not gen-
erally fulfilled and has to be checked case by case. However, the still
limited dataset does not allow reaching an understanding being
impossible to identify a priori an electronic structure leading to
extreme preferences. Many questions remain open and deserve fur-
ther experimental and theoretical investigations in order to clarify
the reason why preferences occur in ternary, and more generally
in both truly and pseudo multinary alloys.

Peculiar behaviours characterize many of the above technologi-
cal systems exhibiting a departure from the Bernoulli distribution.
As an example, an important singularity in the electron energy
spectrum induces a fundamental discontinuity in the phonon fre-
quency temperature dependence of the Hg;_yCdxTe alloys [57].
Such singularities could be present in many other compounds
where not negligible spin-orbit relativistic contributions may con-
tribute to the chemical bond of these alloys playing a role in the
occurrence of extreme pReferences
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