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Cd-Zn-Te ternary alloyed semiconductor compounds are key materials in radiation detection and photovoltaic
applications. Currently, crystalline defects such as dislocations limit the performance of these materials. Atomistic
simulations are a powerful method for exploring crystalline defects at a resolution unattainable by experimental
techniques. To enable accurate atomistic simulations of defects in the Cd-Zn-Te systems, we develop a full
Cd-Zn-Te ternary bond-order potential. This Cd-Zn-Te potential has numerous unique advantages over other
potential formulations: (1) It is analytically derived from quantum mechanical theories and is therefore more
likely to be transferable to environments that are not explicitly tested. (2) A variety of elemental and compound
configurations (with coordination varying from 1 to 12) including small clusters, bulk lattices, defects, and
surfaces are explicitly considered during parameterization. As a result, the potential captures structural and
property trends close to those seen in experiments and quantum mechanical calculations and provides a good
description of melting temperature, defect characteristics, and surface reconstructions. (3) Most importantly, this
potential is validated to correctly predict the crystalline growth of the ground-state structures for Cd, Zn, Te
elements as well as CdTe, ZnTe, and Cd,_,Zn,Te compounds during highly challenging molecular dynamics

vapor deposition simulations.
DOI: 10.1103/PhysRevB.86.245203

I. INTRODUCTION

Cd;_.Zn,Te crystals have long been the dominant semi-
conductor materials for radiation detection.'™ Unfortunately,
these materials tend to have nonuniform properties, resulting in
both limited performance and high material cost (arising from
a low yield of usable portions of ingots).! The nonuniformity
properties have been attributed to such defects as Te particles>®
and dislocation networks.'-7-!! Previous efforts to improve the
materials have focused on reducing Te particles, but little work
has focused on dislocation network structures. Cd;_,Zn,Te
crystals are also important semiconductor materials for photo-
voltaic applications. Currently, the cost of CdTe/CdS solar cells
has reached $0.15/kWh, lower than any other photovoltaic
technology.'”> However, recent studies'*'# have indicated that
large lattice mismatch between CdTe and CdS results in a very
high misfit dislocation density that limits the properties. These
results suggest that growing graded Cd;_,Zn,Te nanoislands
on CdS may reduce the misfit dislocation density as these
islands both have better lattice match with CdS and allow
mismatch strain to be relaxed in three dimensions. Exploring
network evolution due to a large number (combinations
of shuffle and glide, « and B, partial and perfect, edge,
screw, and mixed, etc.) of different types of dislocations and
misfit dislocation formation during growth of nanoislands is
extremely challenging in experiments. Atomistic simulations
offer an alternative method to efficiently study dislocation
behavior in Cd;_,Zn,Te crystals and then guide experiments
to improve the materials. Such atomistic simulations require
a high fidelity Cd-Zn-Te ternary interatomic potential that can
be transferrable to defect regions.

A transferrable interatomic potential should satisfy
simultaneously two criteria: It captures property trends
of a variety of predefinable clusters, lattices, defects, and
surfaces; and it must also correctly predict the crystalline
growth of ground-state structures during molecular dynamics
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growth (e.g. vapor deposition) simulations. The latter
criterion is extremely important because it samples a
variety of surface configurations not known a priori. If the
potential overstabilizes an incorrect structure at the surface,
the simulation will likely result in amorphous growth.
Capturing crystalline growth therefore ensures that a potential
is reasonably transferable to all possible configurations.
In particular, it offers a strong validation that the potential
captures the lowest energy for the ground-state phase. Previous
potential development often ignores the critical growth
simulation which leads to poorly parameterized functions.'
We recently developed a bond-order potential (BOP)
for the Cd-Te binary system.'® This BOP is particularly
attractive because it is analytically derived from quantum
mechanical theories'’>' and is therefore more likely to
be transferable to environments not explicitly tested. In
particular, we demonstrated'® that our Cd-Te BOP captures
the property (i.e., atomic energies, atomic volumes, elastic
constants, and melting temperatures) trends of a variety of
structures, including clusters, bulk lattices, point defects,
and surfaces, and can predict crystalline growth of both
elements and compounds during molecular dynamics (MD)
vapor deposition simulations. The potential has also been
used to capture crystalline melt growth.?> (Note that we
have developed two versions of CdZnTe BOPs. The version
discussed here is extended from the published CdTe BOP.!®
These versions of CdTe and CdZnTe BOPs do not capture
accurately the experimental lattice constant for zinc-blende
CdTe. The other version of CdZnTe BOP captures accurately
the lattice constant. While the other version will be published
later, both versions are available in the LAMMPS release.)
No ternary BOP has ever been demonstrated. This paper
looks to develop a ternary high-fidelity Cd-Zn-Te BOP. In
addition to retaining the fidelity of the Cd-Te binary BOP,
we require that our Cd-Zn-Te BOP additionally captures
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property trends of a large number of Zn, Cd-Zn, Zn-Te, and
Cd-Zn-Te clusters and lattices as compared with available
experiments and density functional theory (DFT) data. Most
critically, we validate that this Cd-Zn-Te BOP correctly
predicts the crystalline growth of Zn element as well as ZnTe
and Cd;_,Zn,Te compounds during MD vapor deposition
simulations and also correctly predicts the experimentally
observed phase separation of the CdysZngs alloy. Equally
as important, we demonstrate that the BOP parameterization
approach is general and can be used to add more elements in
the future. This will enable the advanced BOP approach to
address systems with increased complexity.

II. BOP EXPRESSIONS

Physics of the BOP have been discussed in detail
previously'® and hence will not be repeated here. For dis-
cussion of BOP parameterization, however, the mathematic
formulation of the BOP is listed. In the framework of the
BOP,'® the total energy of a system containing N atoms
(i=1,2,...,N)isexpressed as

LA N in
2 Zz¢ij(rij) - Zzﬂavij(rij) - Og ij

i=1 j=iy i=1 j=iy
N iy

- ZZﬁn,ij(rij)'®n,ij9 (1
i=1 j=iy

where ¢;;(7ij), Bs,ij(rij), and By ;;(r;;) are pair functions,
and ®, ;; and O ;; are many-body functions corresponding,

(1/2)
®a,ij = ®S,ij( 0,ij ’fdlj)

where 0
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< foij <1 and k,;; are, respectively, band filling and skewing pair parameters, CI>‘20, dbég, and Rj,;; are local
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respectively, to o and m bond orders, and the list j = iy,

ip,...,iy represents neighbors of atom i. Here, ¢;;(ri;),
Bs.ij(rij), and By ;;(r;;) are expressed in a general form as

&ij(rij) = Po.ij - [ij(ri)™" - feij(rij), 2

Boij(rij) = Boo.ij - [ijri))"" - feij(rij), 3)

Br.ij(rij) = Bro,ij - fijri)" - feij(rij), (€]

where ¢ ij, Bo,0,ij» Br,0,ij> Mij, and n;; are pair (ij) dependent
parameters, f;;(ri;) is a Goodwin-Skinner—Pettifor (GSP)
radial function,” and f.;;(r;;) is a cutoff function. The GSP
and the cutoff functions are written, respectively, as
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0, Tij 2 Teuij
(6)
where rg;j, rcij, Neij, T1,ij, and rey,;;j are independent pair
parameters (in particular, rc,;; represents the cutoff distance
of the potential), and y;; and «;; are dependent pair parameters
defined as
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The o bond order ®, ;; used in Eq. (1) is calculated as
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variables that can be calculated from atom positions, ¢, is a constant, and ©,;; is a symmetric band-filling function that

modifies the half-full valence shell bond-order expression @f, l/ ]) Here, ©y;; as a function of @511/]2) can be well described
by
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To use Eq. (7), expressions of the half-full bond order ®( / )

o472

oij is expressed as
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where ¢, is a pair parameter and ¢ is a constant. The @ and @éo terms have the same formulation except that they are

evaluated at the center of atom i and atom j, respectively. Considering that Egs. (7) and (10) use only the product /Sii i(rij) - P,

we only give the formula for /Sii i(rij) - P as
iN
Brii(ri) - ®ho = D 82 Ojin) - Br i e (11)
=

where 6;;; is the bond angle at atom i spanning atoms j and k, and the three-body angular function g, jix(6;ix) is written
as

2
(bo, jik — 80,jik) * Uy jix — (80,jik + bojik) “ Us jik g0 jik + b jik
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where go ik, bo, jik, and U, jix are three-body-dependent parameters.
Similarly, we give the product of A, 1(rij) - Ragij as
B2 i) - Raoij = D 8005t - 8o Orjk) - 8o Bit)-Boik (rix) - Bo jk(rju), (13)
i
where k,j = n in the summation indicates that k and j are neighbors.
The 7 bond-order © ;; used in Eq. (1) is expressed as
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where a, ;; and ¢, ;; are pair parameters, ¢3 and ¢4 are constants, and <I>§n, d>£7r, ®,, are local variables. For calculations using
Eq. (14), the B ;(rij) - @, and B ;(rj) - Pur terms are further expressed as
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pr.i i1s a species-dependent parameter of the central atom i, and Ay is a four-body dihedral angle. The dihedral

angular terms can be calculated using the relation

2(Cos Orix’ —€0S 01/ -COS Gj,k)z _1

sin® 6ix-sin? 0 ;s

cos(Au) = 2( ik
ik 117k
sin 6y -sin? 6/

2
~+c0s 6; . -cos 9/;1/)

III. PARAMETERIZATION

As the previous work'® has shown, parameterization of
BOP can be done independently for each interaction type. For
instance, the Cd-Zn-Te system can be parameterized first for
the elemental Cd, Te, and Zn, then for the binary Cd-Te, Cd-Zn,
and Zn-Te, and finally for the ternary Cd-Zn-Te. This important
aspect allows new elements to be added without affecting the
parameters determined for the previous systems. Our previous
work has already parameterized the elemental Cd and Te,
as well as the binary Cd-Te.'® Here, we will progressively
parameterize Zn, Cd-Zn, Zn-Te, and Cd-Zn-Te.

Parameterizing BOP or Tersoff potentials for accurate
growth simulations is not difficult if a careful and sufficient
scheme is implemented. As has been established,'® the key to
parameterizing such a potential is to (1) include a large set of
carefully selected target structures and their weight factors in
the fitting; (2) impose the correct bounds for the parameters;
(3) apply a two-step algorithm with the key pair parameters
first determined by fitting to the nearest neighbor structures and
the remaining parameters fitted to more complex structures;
(4) fully optimize the fitting function; and (5) iteratively add or
remove structures and modify their weight factors according
to vapor deposition simulation test results.

A complete set of BOP parameters for the Cd-Zn-Te system
is listed in Tables I-III. The Cd-Te parameters are taken
directly from the previous work,'® including ¢; — ¢, of Table I.
The unknown BOP parameters include one point-dependent
parameter p, for the new element Zn; 10 GSP pair parameters
Y0, Tes F1s Teuts Hes M, 1, @0, Bo.o, and B o and five additional
pair parameters ¢,, fy, ko, Cr, and a, for each of the
three new pairs ZnZn, CdZn, ZnTe; and three three-body-
dependent parameters gg, b,, and u, for each of the 12 new
three-bodies CdCdZn, TeCdZn, ZnCdZn, CdTeZn, TeTeZn,
ZnTeZn, CdZnCd, CdZnTe, CdZnZn, TeZnTe, TeZnZn, and
ZnZnZn. Thus, there areatotalof 1 x 1 + 15 x 3 + 3 x 12
= 82 parameters to be determined. However, many parameters
can be determined prior to the fitting process. In particular, the
characteristic bond lengths ry, 7., r;, and r., are selected as
shown in Table II based upon the criteria that ry approximately
scales with the bond length of the corresponding atomic pair in
the equilibrium structure, r, equals rg, r¢, roughly scales with
ro, and | is midway between ry and ry. The pair parameters

for k and k' neighors of i or,

(18)

— 1 fork’ neighbor of i and k neighbor of j.

¢ and a, are set to unity as were originally derived for the &
bond order.'®!° The ZnTe zb crystal structure has a half-full
valence shell and does not make use of the symmetric and
asymmetric o bond-order terms; therefore, we set f, = 0.50
and k, = O for the Zn-Te bonds. Finally, we set the three-body
parameter g, to be the normalized value of unity for all the
triples as shown in Table III. This leaves 50 parameters to be
determined.

Using vapor deposition guided tests, we selected a set of
target clusters and lattices as shown in the following: For
clusters, we have dimer (di), trimer (tri), square (sq), rhombus
(thom), tetrahedron (tetra), and four-atom-chain (ch) for each
of the four materials (element or compound) Zn, Te, ZnTe,
CdZn, plus four nonstoichiometric trimers Cd,Zn, CdZnj,,
Zn,Te, and ZnTe,. (Here, nonstoichiometric only means that
the ratio for the two species in the binary compound does
not equal 1:1.) For lattices, we have diamond-cubic (dc),
simple-cubic (sc), body-centered-cubic (bcc), face-centered-
cubic (fcc), hexagonal-close-packed (hcp), and graphite (gra)
phases for Zn and the same for Te with the addition of
y-Se (A8); zinc-blende (zb), wurtzite (wz), NaCl (B1), CsCl
(B2), binary-graphite (bgra), binary-graphene (bgrap), AuCu
(L1p), CuPt (L1;), NiAs (B8;), CrB (B33), AISb (sc16), and
face-centered-square (fcs) for the stoichiometric compounds
CdZn and ZnTe; Ag,O (cP4) and ZrO, for the four nonsto-
ichiometric compounds Cd,Zn, CdZn;, Zn,Te, and ZnTe,;
hcp for the Cdg 5Zng s alloy; and zb for three ternary alloyed
compounds Cd;ZnTe4, CdZnTe,, and CdZn3Te,. Ensuring the
lowest energy for the equilibrium phases critically requires
incorporating all of these structures. For example, the AuCu
(L1p), CuPt (L1;), and AlSb (sc16) structures of the ZnTe
compound sometimes became more stable than the equilib-
rium zinc-blende phase with relatively small changes in the
parameters.

Constraining the parameters within physical ranges denotes
another important part of the parameterization. Table IV in
Appendix A lists these constraints in four groups representing
parameterizations of Zn, CdZn, ZnTe, and CdZnTe, respec-
tively.

Previous work'® has proven that for the nearest neighbor
structures (i.e. di, tri, tetra, dc, sc, fcc, gra, zb, wz, NaCl, etc.)
whose second nearest neighbor distance is beyond cutoff

TABLE I. Global and point-dependent BOP parameters.

Symbol & & &

4 Pr,cd P, Te Pr.zn

Value 0.00001 0.00001 0.00100

0.00001 0.420000 0.460686 0.420000
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TABLE II. Pair-dependent BOP parameters.

Symbol CdCd TeTe CdTe ZnZn CdZn ZnTe
ro 3.1276 3.1626 3.1276 2.8220 3.0445 2.6260

Te 3.1276 3.1626 3.1276 2.8220 3.0445 2.6260
| 3.7303 3.8046 4.0138 3.3610 3.5973 3.4976
Teut 4.3330 4.4465 4.9000 3.9000 4.1500 4.3691

ne 2.800000 2.799998 2.811251 2.800000 2.800000 2.800000
m 3.263155 2.458846 2.587831 2.391751 3.266596 2.129658
n 1.553883 1.223306 1.287478 1.189926 1.641506 1.059531
Po 0.186369 0.876912 0.631440 0.239479 0.062500 1.162383
Bo 0 0.238318 0.782635 0.825290 0.289444 0.265949 1.174627
Bro 0.097599 0.531205 0.031743 0.068260 0.003479 0.079133
Co 0.561130 1.014809 1.286955 0.124372 3.650000 1.175904
fs 0.431863 0.331227 0.500000 0.556696 0.260532 0.500000
ko 15.000000 —2.860190 0 —3.878406 11.067344 0

Cr 1 1 1 1 1 1

ay 1 1 1 1 1 1

distance of the potential), the following three relations hold:

@i (rij0)
Epij(rijo) = ¢ij(rij0) — Boij(rijo) - ———, (19)
J\" J\L J\" ﬁg’ i (rij,())
" 1 Vi ¢L/(rl ‘,0)
E}(rij0) = ¢(rij0) — Baij(rijo) - 7., (20)
U,ij(rij,O)
&/ (rij0)
2 Booii Ogii + 2 Broij Onij = Boo.ij - //—"
! Y ooy Y By (rij,0)
2D

where Ej;; and Ej; ; are the equilibrium energy and the
second derivative of the equilibrium energy, respectively, of
the nearest neighbor bond at the equilibrium bond length r;; o,
®g,ij and O ;; are the equilibrium o and 7 bond orders, and
subscript ij indicates the species of the pair. The first step
of a two-step parameterization determines the pairwise GSP
parameters ¢y, m, n, and n. by fitting Egs. (19) and (20) to the
target values (experimental or DFT data) of bond energies (can

be converted from cohesive energies) and second derivatives
of bond energies (can be converted from bulk moduli) of
a wide range of nearest neighbor structures with different
equilibrium bond lengths. In particular, optimization is done
to minimize the sum of square deviation of Eqs. (19) and
(20) from the target values of Ej;; and E;”i j for a variety
of nearest neighbor structures. The parameters determined
in the first step enable evaluating the right-hand side of
Eq. (21) at the target equilibrium bond lengths for different
nearest neighbor structures. This creates a new set of target
values for the combined bond-order term 2 - 50, - Oo.ij
+ 2 Broij - Oxij. These new target values, along with
target properties (cohesive energies, lattice constants, etc.) of
nonnearest neighbor structures, can then be fitted in a second
step to determine the remaining parameters, pr, Bo.0. Br.0,
Co» fo> ko, by, and u,. Here, the optimization is done to
minimize the sum of square deviation of 2- B, ¢ ;i - Og; +
2 Br.0,ij - O ij from the target values for the nearest neighbor
structures, plus the sum of square deviation of cohesive

TABLE III. Three-body-dependent BOP parameters.

Cd-centered triples j—Cd-k

Symbol CdCdCd CdCdTe CdCdZn TeCdTe TeCdZn ZnCdZn
80 1 1 1 1 1 1
b, 0.762039 1.000000 0.433692 0.200000 0.882784 0.455028
Uy —0.400000 0.099711 0.100000 —0.383360 0.100000 —0.085972
Te-centered triples j-Te-k
CdTeCd CdTeTe CdTeZn TeTeTe TeTeZn ZnTeZn
80 1 1 1 1 1 1
b, 0.200000 0.999854 0.364627 0.669623 0.734966 0.200000
Uy —0.400000 —0.003929 —0.333333 —0.141521 0.100000 —0.400000
Zn-centered triples j-Zn-k
CdZnCd CdZnTe CdZnZn TeZnTe TeZnZn ZnZnZn
80 1 1 1 1 1 1
b, 0.200000 0.939572 0.758047 0.200000 1.000000 1.000000
Uy —0.223201 —0.400000 0.100000 —0.400000 —0.001972 —0.400000

245203-5



WARD, ZHOU, WONG, DOTY, AND ZIMMERMAN

energies (or other properties) from the target values, and the
sum of square deviation of derivatives of cohesive energy with
respect to lattice constants from the target value of zero (to fit
the lattice constants), for all nonnearest neighbor structures.
The fitting procedure gives a weight to each structure with
values ranging from 0.5-10. The low energy structures, as
determined from DFT, have higher weights.

The potential is optimized using a series of computational
tools?*28 as detailed previously.'® Following each fitting
iteration, the parameters are tested for a larger collection of
structures and vapor deposition simulations. If spurious results
exist (for example, a structure has a lower cohesive energy
than the ground-state phase, or vapor deposition simulations
predict an amorphous growth of the equilibrium phase), the
entire process is repeated with an appropriate adjustment of
target structures and target properties. The iterations continue
until a satisfactory set of potential parameters is obtained.
Tables I-III list a complete set of BOP parameters thus
determined for the Cd-Zn-Te system including global/point-
dependent, pair-dependent, and three-body-dependent param-
eters, respectively.

IV. EVALUATION OF THE POTENTIAL

Previous atomistic simulations of semiconductors have pri-
marily used Stillinger—Weber (SW)?° and Tersoff* potentials.
Stillinger—Weber potentials can be easily parameterized to
ensure the lowest energy for the ground-state tetrahedral struc-
ture (e.g. diamond-cubic and zinc-blende) and its crystalline
growth during vapor deposition simulations. However, they
cannot capture property trends of different phases.'®> Tersoff
potentials fundamentally incorporate the property trends of
different phases and can also predict crystalline growth during
vapor deposition simulations.?!-*> However, Tersoff potentials
are difficult to parameterize to ensure the lowest energy for
the ground-state phase and its crystalline growth during vapor
deposition simulations. Without involving iterative vapor de-
position tests in parameterization, literature Tersoff potentials
often incorrectly predict amorphous growth.!>**3 The Cd-Zn-
Te BOP developed here retains the fidelity of the Cd-Te binary
BOP,'® which broadly improves over the literature SW?33-3°
and Tersoff>® types of Cd-Te potentials. It also represents
the development of BOP in a ternary system. Using parallel
MD code LAMMPS,3”-3 extensive simulations are performed to
evaluate and validate the ternary BOP of structures relevant to
Zn and Zn compounds. In particular, geometries and energies
of numerous small clusters; lattice constants and cohesive
energies of a variety of lattice structures; elastic constants,
melting temperature, properties of common point defects
(interstitials, vacancies, and antisites), and surface reconstruc-
tions of the lowest energy zinc-blende ZnTe compound; and
heat of mixing of CdysZngs alloy and Cd,_,Zn,Te alloyed
compounds are all studied. The results obtained from the
BOP are compared with those obtained from our high-level
DFT calculations, literature (modified) SW3° and Tersoff*
potentials for Zn-Te, and published experiments.*'~*7 Finally,
vapor deposition of Zn, Cd;_,Zn,, ZnTe, and Cd;_,Zn,Te are
simulated.
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FIG. 1. (Color online) Normalized cohesive energies per atom
for selected Zn, Te, ZnTe, and CdZn clusters. Clusters include dimer
(di), chain (ch), square (sq), trimer (tri), thombus (thom), tetrahedron
(tetra).

A. Small-cluster properties

To test BOP’s transferability to different environments, the
BOP is used in molecular statics energy minimization simu-
lations to calculate relaxed bonding energies and geometries
of a variety of Zn, Te, ZnTe, and CdZn clusters with different
coordination numbers. The calculated cohesive energies are
compared with our corresponding DFT data and the available
SW? and Tersoff*’ potentials in Fig. 1. Considering that Cd-Te
BOP has been evaluated previously,'® we would need to study
only Zn, ZnTe, and CdZn structures. However, Te structures
are also included here for a complete comparison with the
literature Zn-Te potentials. It should be noted that, while
the DFT method captures property trends well, it does not
necessarily reproduce the absolute values of the properties
measured from experiments. In addition, relative energies
determine which structures form during dynamic processes.
To better examine the energy trends, we normalize the energies
by the magnitudes of the lowest-energy clusters as determined
from DFT calculations (tetra for Zn, rhom for Te, ZnTe, and
CdZn). We point out that this type of normalization is only used
in figures to facilitate the comparison. We will also provide
numerically unnormalized data in tables as will be discussed
below. Figure 1 shows that BOP does an excellent job
reproducing the DFT trends from the low- (large magnitude) to
high-energy clusters for Zn, namely tetra — rhom — tri — sq
— ch — di, and for Te, rhom — sq — tri — ch — di. Except
for a slightly overestimated magnitude (more negative) of the
energy for the ZnTeZn trimer and a slightly underestimated
magnitude (less negative) of the energy for the CdZnCd trimer,
the BOP also gives good energy trends for ZnTe as rhom —
TeZnTe — di and for CdZn as thom — ZnCdZn — di. In
comparison to the literature potentials, BOP clearly improves
over both the SW and the Tersoff clusters. In particular, the SW
potential only assumes repulsive interactions for Zn-Zn and
Te-Te pairs® and therefore predicts zero energy for all Zn and
Te clusters. The Tersoff potential, on the other hand, predicts
energy trends for Zn and Te clusters dramatically different
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from DFT. Most seriously, it predicts numerous clusters to
have lower energies than the lowest-energy clusters determined
from DFT for both Zn and Te. Tersoff and SW potentials do
seem to do a reasonable job at capturing the energy trends of
the few ZnTe clusters shown in Fig. 1. Unfortunately, without
transferability of elemental environments, neither potential
will effectively model locally nonstoichiometric situations, i.e.
defects and surfaces.

For numerical reference of real values, the unnormalized
cohesive energies for representative Zn, Te, ZnTe, and CdZn
clusters are compared in Table V of Appendix B. Indeed, BOP
is seen to improve over SW and Tersoff potentials on real
property values. There are some differences between BOP
and DFT or experimental values. It should also be noted that
there are differences between our DFT data and data from
other groups, as well as between DFT and experiments. Our
DFT calculations use the DFT-D method***° as it gives more
accurate cohesive energies and bulk moduli for the CdZnTe
compounds. We point out that, for the BOP potential, the
relation between bond energy and bond length for the nearest
neighbor structures always satisfies Eq. (19). This means that
energies of clusters and lattices cannot be independently fitted,
and hence a tradeoff is made to capture the more important
lattices (to be discussed below). This problem also exists for
Tersoff potential (which has a similar bond energy vs bond
length relation)*” and is even more obvious for SW potentials.
For example, the angular term vanishes for both the dimer and
dc structures in SW potentials. This means that the nearest
neighbor structures such as dime and dc would have the same
bond energy, in contrast with the DFT data. Again, it should
be noted that DFT does not necessarily represent experiments,
and it is the energy trends, not the absolute values, that will play
the most important role in capturing the material dynamics.

Tables VI to IX of Appendix B additionally compare
the relaxed geometries for selected Zn, Te, ZnTe, and CdTe
clusters. Tables VI and VII indicate that, compared with DFT,
the BOP underpredicts the bond lengths of Zn clusters by
4-22%, but overpredicts the bond length of Te clusters by
5-9%. Tables VIII and IX indicate that the bond lengths of
ZnTe and CdZn clusters, predicted by the BOP, also deviate
from DFT values by 0.3-31% and 6-33%, respectively. As
discussed in our previous work,' the bond energy vs bond
length relation of different (nearest neighbor) structures always
satisfies Eq. (19) if ¢ and B, are pair functions. Regardless
of the parameters, the bond energy specified by Eq. (19)
monotonically increases as a function of bond length. In
contrast, the DFT bond energy vs bond length data is rather
scattered. As a result, it is necessary that some differences will
exist between BOP and DFT. Clearly, while the relatively good
energy trends of clusters are a significant advantage of BOP
over other potentials, better description of the geometries of
clusters requires consideration of the environment dependence
of the repulsive and bonding functions, i.e. no longer treating
the ¢ and B, as pair functions.

B. Bulk lattice structures

Based upon BOP and literature SW* and Tersoff*’
potentials for Zn-Te, zero-pressure energy minimization
simulations®! are performed to determine the relaxed struc-
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FIG. 2. (Color online) (a) Normalized cohesive energies per atom
and (b) normalized volume per atom for selected Zn, Te, ZnTe, and
CdZn lattices. Lattices include diamond-cubic (dc), graphite (gra),
simple-cubic (sc), base-centered-cubic (bcc), face-centered-cubic
(fcc), hexagonal-close-packed (hcp), graphene (grap), yS8 (AS),
face-centered-square (fcs), NaCl (B1), CsClI (B2), and wurtzite (wz).

tures and properties of a variety of Zn, Te, ZnTe, CdZn, and
Cd;_,Zn, Te lattices with coordination numbers between four
and 12. Figures 2(a) and 2(b) compare the cohesive energies
and atomic volumes (can be related to lattice constants),
respectively. To again focus on trends, energies and volumes
shown in Fig. 2 are normalized by the magnitude of the
energy and volume of the experimentally observed equilibrium
structures for Zn, Te, and ZnTe.*>>% No experimental data
exists for CdZn because it is not a stable phase.’>>* As a resullt,
we normalize the energies and volumes by the corresponding
lowest energy phase as determined from DFT.

It can be seen from Fig. 2(a) that the BOP almost perfectly
captures the energy trends of DFT with the only exceptions that
dc-Te, fcs-ZnTe, and fcs-CdZn energies are a little too negative
to stay in the DFT energy sequences. Most importantly, BOP
correctly captures the hcp-Zn, A8-Te, zb-ZnTe, and B2-CdZn
as the lowest energy phases with an almost exact match of
their cohesive energies to the available experimental*>? or
DFT values in Tables X through XII. These significantly
improve over the literature potentials. For example, the SW
potential cannot model the elemental Zn and Te phases as
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the interactions are repulsive, resulting in zero energy and
infinite bond length (or atomic volume). Even assuming that
structures remain as a ZnTe-zb compound without direct
Zn-Zn and Te-Te interactions during dynamics simulations
(which is hardly true at high temperatures), the SW potential
still does not have energy trends close enough to the DFT data
to produce accurate results. Most seriously, the zinc-blende
equilibrium phase may not be even stable during simulations
as the SW potential predicts the fcs phase to have a lower
energy. Compared with DFT, the Tersoff potential predicts
monotonic opposite energy trends for Zn and overall opposite
trends for Te, both leading to a wrong conclusion that the
dc lattice has the lowest energy for the two elements. The
Tersoff potential does predict ZnTe energy trends close to
DFT with the correct lowest energy ZnTe phase. However,
caution should be taken in applying the Tersoff potential. First,
Fig. 2(a) only tests a limited number of lattice phases, and
it is unclear if the zb lattice has the lowest energy against
all other possible lattice and cluster configurations. Second,
the potential is not transferrable to elemental environments
due to the wrong elemental energy trends and certainly cannot
be applied for scenarios where the elemental environments are
encountered (e.g. vapor deposition).

Literature ZnTe potential does not include Cd-Zn interac-
tions, and literature CdZn potentials are only applied for metal
systems.> Hence, no comparison is made with other potentials
for the CdZn phases.

Figure 2(b) indicates that, except for a relatively large
underestimation of the atomic volume of the hcp Zn, the
atomic volume trends predicted by the BOP for the Zn, Te,
ZnTe, and CdZn phases actually match the DFT data pretty
well. The large deviation for the hcp Zn atomic volume occurs
because the hcp Zn lattice has a lattice constant ratio of
c/a = 1.855,* significantly larger than the ideal ratio of 1.633.
With extensive efforts, we discovered that BOP could not fit a
c/a ratio significantly above the ideal ratio, consistent with the
previous work on Cd.'® As a result, we could not fit a bigger
atomic volume for the hcp Zn phase while ensuring other
property trends. Note that this issue is not specific to BOP; it
also occurs for other potentials. 15.16 However, a more advanced
BOP that incorporates the environmental dependence in ¢ and
Bo of Eq. (19) can possibly resolve this problem.'¢

The SW potential predicts infinite atomic volume for ele-
ments Zn and Te due to repulsive Zn-Zn and Te-Te interactions.
The Tersoff potential, on the other hand, predicts atomic
volume trends close to the DFT calculations. Unfortunately,
accurate description of atomic volumes becomes irrelevant
when a potential does not capture the energy trends to enable
a correct dynamic simulation.

For numerical reference, the unnormalized cohesive ener-
gies and lattice constants are all listed in Tables X through
XIV of Appendix B for Zn, Te, ZnTe, CdZn, and Cd,_,Zn, Te
lattices, respectively. Tables X through B-VIII further confirm
that the BOP not only captures good property trends for
different lattices of elements and compounds, but also predicts
real energy and lattice constant values closer to the DFT
calculations than the two literature potentials for most of the
lattices, especially the more important low-energy phases.
Note that CdZn is not an equilibrium compound, and no
experimental properties exist for the metallic Cdy sZng 5 alloy
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(here, subscripts are added to indicate the alloy composition).
In fact, Cdy 5Zng s alloy phase separates to near Cd and near
Zn alloys,’>>* indicating that positive heat of mixing for CdZn
lattices is a more important validation of the BOP potential.
Hence, we evaluate CdZn heat of mixing using the data listed
in Table XIII.

Heat of mixing represents the energy difference between
an alloy or compound and its constituent elements. For an
Ai_, B, binary alloy, for instance, the heat of mixing is defined
asAH =E  sp—[(1 —x)-E. 4 +x-E.p], where E_ 4p is
the cohesive energy of the alloy or the compound, and E. 4
and E, p refer to the cohesive energies of the lowest-energy
structure of elements A and B, respectively. First, we validate
that the BOP predicts correctly a cohesive energy of —1.135
eV/atom for the equilibrium hep Cd,' and a cohesive energy
of — 1.325 eV/atom for the equilibrium hcp Zn,** Table X.
Based on these elemental cohesive energies, we can confirm
that all of the CdZn structures examined in Table XIII have
positive heats of formation, which is in good agreement with
the experimental observation that CdZn phase separates.

Lattice constant and cohesive energy as a function of
composition x of the Cd,_,Zn,Te ternary alloy is important
to capture. Studying the configurations and distributions of
species in a large Cd;_,Zn,Te crystal requires using either
Monte Carlo techniques, with a large number of steps, or
MD simulations large enough to have a reasonable number
of random and different local configurations to sample the
composition phase space. This problem, however, can be well
addressed by using BOP and DFT calculations to examine
trends of cohesive energies and lattice constants of various
compounds,’® including CdTe, Cd3ZnTey sulvanite, CdZnTe,
tetragonal p4m2, CdZn;Te, sulvanite, and ZnTe. The results
of these calculations are compared in Table XIV and Fig. 3.
It can be seen that BOP predicts increasing lattice constant
and decreasing energy with decreasing Zn content, in good
agreement with the trends of the DFT calculations. Bond-order
potential has been fitted to and captures the experimental
CdTe and ZnTe zb cohesive energy while DFT results differ
from the experimental values. In addition, both DFT and BOP
predict positive heats of formation for all three compounds
in the pseudobinary system Cd;_,Zn,Te < (1 — x) CdTe +
x ZnTe, suggesting that the compounds will phase separate
into CdZn and ZnTe phases.

Finally, single-crystal elastic constants of the ZnTe-zb
phase obtained from BOP and literature experiments®’ are
compared in Table XV. It can be seen that BOP captures
the elastic constants of the ZnTe-zb phase reasonably well.
Note that the parameterization of BOP does not fit the elastic
constants, and the agreement with experiments exemplifies the
transferability of the BOP model.

C. Melting temperature

Melting temperature simulations test a large number of
thermally activated configurations and have implications on
modeling thermodynamic properties. Thus, we calculated the
melting temperature of the ZnTe-zb phase. We adopted the MD
technique proposed by Morris et al.’® with the same procedure
outlined in our previous publication.'>!% We find that the BOP
predicts a ZnTe melting temperature of 2050 K. Compared
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FIG. 3. Normalized cohesive energies for various CdZnTe
compounds.

with the 1568 K measured in experiments,> the predicted
melting temperature is reasonable as the deviation is consistent
with the Si Tersoff potential,(’o and our previous result for
CdTe'® that the CdTe BOP predicts a melting temperature
of 1550-1600 K as compared with the experimental value
of 1365 K. At low temperatures, simulated temperature can
be scaled to the real temperature using a quantum correction
technique.%"®> This method, however, does not apply for
higher temperatures for which quantum effects are negligible.
For higher-temperature simulations, it is important to note
that kinetic processes in condensed matters are determined
by the thermodynamic and kinetic properties (e.g. diffusion
energy barrier) but not directly for the melting temperature. As
demonstrated with SW potentials,® it is possible to capture
thermodynamic and kinetic properties of condensed matters
without capturing the melting temperature.®*%> Hence, our
BOP can be reliably used to study condensed matters. For
scenarios where melting temperature needs to be specifically
addressed, previous work often uses the homologous temper-
ature (T /T,,) to garner important information comparable to
experiments.®®-%8 Use of a homologous temperature scales the
simulated temperature by a factor of T,, exp/T;n,Mp, Where
Ton exp and T, mp refer, respectively, to the experimental and
simulated melting temperatures. The homologous temperature
works well when melting temperature is known, as for the cases
of CdTe and ZnTe. For alloys, such as Cd;_,Zn,Te, a linear
dependence of melting temperature on composition x can
be used to extract the melting temperature (more accurately,
the median between liquidus and solidus lines),®® yet using
homologous temperature scaling is limited to homogenous
representative systems. Simulations containing both CdTe-
and ZnTe-rich regimes will not necessarily translate to a single
real T.

D. ZnTe point defects

As established previously,'® the Cd-Zn-Te BOP predicts
good defect properties for the CdTe-zb phase. Studying defect
properties in ZnTe-zb crystals further tests the transferability
of the Cd-Zn-Te BOP potential. Various types of defects
can be easily introduced in a ZnTe-zb computational crystal.
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The stoichiometry of the system containing the defects,
however, does not necessarily equal the stoichiometry of the
perfect crystal. Following the methodology of Zhang and
Northrup,%7° the defect energy I' is calculated as a function
of the chemical potential difference A as

T'=E) — 0.5z, —nre) - A, (22)

where nz, and ny, are numbers of Zn and Te atoms in the
defective system, Ej, is an intrinsic defect energy at the
stoichiometric condition, and Au is the chemical potential
difference characteristic of the stoichiometry of the environ-
ment. Here, A is expressed as

A= (nzn — won) = (mre — 132, (23)

where @z, and pr, are the chemical potentials of Zn and Te
in the ZnTe compound, and p%** and x5 are the chemical
potentials for the lowest-energy Zn and Te phases. In our work,
all chemical potentials are approximated as cohesive energies
per atom unit. Under the equilibrium condition, A satisfies
the condition —AH; < Au< AHy, where AH; is heat of
formation.”® In general, Ay =0, Ax > 0, and Ay < 0 mean
stoichiometric, Zn-rich, and Te-rich conditions.

The intrinsic defect energy can be calculated as

Ej, = Ep —0.5(nzy +nre) - ns,
—0.5(nzs —nre) - (W3 — ), (4
where Ep is the total energy of the system containing the

defect, and %% is the chemical potential of the lowest-

energy ZnTe phase. Under the stoichiometric condition, Apu
= 0and E}, =T'. Under the Zn- or Te-rich condition, Ay # 0
and thus E}, #T.

The ZnTe defects considered here include Zn vacancy
(Vzn), Te vacancy (Vre), Zn at Te antisite (Znr.), Te at Zn
antisite (Tez,), Zn interstitial surrounded by the Te and Zn
tetrahedron shells (notated as Zn; 1. and Zn; z,, respectively),
and Te interstitial surrounded by the Zn and Te tetrahedron
shells (notated as Te; z, and Te; re, respectively). In addition,
Zn and Te (110) and (100) dumbbell interstitials’! (notated as
Zl‘li,“lo), Zni,<100>, Tei,(“()), and Tei,<100>), are also considered.
The dumbbell interstitials are formed by splitting an on-site
Zn or Te atom into two atoms with their bond aligned along
either the (100) or (110) direction.”!’?

Energy minimization simulations are performed to calcu-
late the total energies Ep of the ZnTe-zb systems (with about
512 atoms) containing the corresponding defects. The intrinsic
defect energies are then calculated using Eq. (24), and the
results obtained for DFT, BOP, and the ZnTe Tersoff potential*’
are shown in Fig. 4. Here, the SW potential is not studied as it
incorrectly defines repulsive interactions for elemental Zn and
Te and therefore cannot be applied for defects. For numerical
references, defect energies are also given in Table XVI.

Figure 4 and Table X VI indicate that the two lowest-energy
defects predicted by the DFT calculations are the two Zn
interstitials Zn; (110) and Zn; z,, and BOP slightly overestimates
the energies of these two defects. However, BOP captures
very well DFT energy trends of the next eight lowest-energy
defects VTe’ Zni,Te, Vzn, Tezn, Zl’li,<1oo), Teiquo()), Tei,zn, and
Tei 110y, with an exact match of the V. energy. The fact
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FIG. 4. (Color online) Various defect energies of the ZnTe-zb
phase.

that Zn vacancy is among the defects accurately captured
by the BOP is important because the primary native defects
observed in ZnTe compounds are attributed to Zn vacancies
under Te-rich conditions.”>’> The Tersoff potential not only
does not capture the defects energy trends, but also predicts
that the Tez, and Znt. antisites have much lower energies
than the lowest-energy defect in the DFT calculations. Most
seriously, the Tersoff potential indicates a negative energy
for the Znt, antisites, suggesting that the Tersoff potential
cannot even be used in MD simulation to study a ZnTe
crystal as the system is not stable. This further indicates that
a valid potential must be tested under a variety of conditions
including defects. Merely capturing energy trends of a few
lattice phases, as illustrated in Fig. 2(a) for the Tersoff
potential of ZnTe lattices, does not guarantee that potential
can be used for these phases. Bond-order potential accurately
captures energies of many defects, a clear advantage over other
potentials.

E. ZnTe surfaces

Surface reconfigurations provide additional tests of the
transferability of an interatomic potential. Previous work'®
has verified that the Cd-Zn-Te BOP captures well the (010)
CdTe-zb surface reconstructions. To further evaluate the
transferability of our BOP, we study the (010) ZnTe-zb surface.
The (010) surface of the ZnTe-zb crystal exhibits a variety
of surface reconstructions depending on the environment.”®”’
Figure 5 shows some reported’®’’ and postulated surface
reconstructions. Experiments by Feldman’® showed that a
moderate Zn:Te vapor flux ratio environment leads to a Te
(2 x 1) reconstruction. Increasing the Zn:Te flux ratio causes a
combination of Te (2 x 1) and Zn ¢(2 x 2) reconstructions.
Experiments by Daudin et al.”’ show that the Te c(2 x 2)
reconstruction (Te coverage of & = 1.0) is favorable under
Te-rich environments, and the Zn c(2 x 2) reconstruction (Te
coverage & = (.5) is favorable under Zn-rich environments.

Energy minimization simulations are used to calculate total
energies of the relaxed systems containing various surface
reconstructions. The computational cell contains a block of
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zb ZnTe crystal with ~2300-2500 atoms. The simulations
employ periodic boundary conditions in the x and z directions
with two parallel free surfaces (of the same reconstructions)
created in the + / — y directions. The two surfaces are not
perfectly symmetric as one of the free surfaces is rotated 90°
relative to the opposite surface. Based on the relaxed total
energies, Eq. (22) is used to calculate surface energies as a
function of the chemical potential difference Au, Eq. (23)
for all 10 ZnTe-zb (010) surface reconstructions shown in
Fig. 5. Here, A is left as an independent variable representing
transition from Te- to Zn-rich environments. The calculated
surface energies, results of Eq. (22) divided by the number of
surface unit cells (Fig. 5) in the simulation, are summarized
in Figs. 6(a) and 6(b) for the BOP potential and DFT,
respectively. Figure 6(a) indicates that, within the possible
range of chemical potential difference between —AHy and
AHy, the BOP predicts the preferred surface as Te (2 x 1)
(coverage & = 1.0) and Te c(2 x 2) (coverage § = 1.5) in
the Te-rich environments (A near the —A Hy end), in good
agreement with experiments.”®”” This is also consistent with
DFT results depicted in Fig. 6(b) showing the Te (2 x 1)
(coverage & = 1.0) as the preferred surface in the Te-rich
condition. In addition, Fig. 6(a) shows that in the Zn-rich
environments (A near the AH; end), the preferred surface
predicted by the BOP is Zn (1 x 2) (coverage £ = 1.0). On the
other hand, DFT indicates Zn (2 x 1) and Zn c(2 x 2) (both
with coverage £ = 0.5) as the preferred surfaces in Zn-rich
environments, which differs from the BOP result. These obser-
vations, require that A is strictly constrained between —A Hf
and AHy, which is true under experimental equilibrium
condition. However, under highly nonequilibrium conditions
typically used in MD, the Zn-rich condition may reach A >
AHy. Then the DFT calculations would predict Zn (1 x 2)
(coverage £ = 1.0) as the lowest energy surface, in agreement
with the BOP. These results indicate that, while there are
some differences from the DFT, the BOP-based simulations
can still capture the fundamental physics involving surface
reconstructions.

F. Vapor deposition simulations

As mentioned above, vapor deposition simulations are
extremely important because they test configurations that
cannot be tested otherwise. Previous work!® has validated
that our Cd-Zn-Te ternary BOP captures the crystalline
growth of Cd, Te, and CdTe during MD vapor deposition
simulations. Here, we further perform MD vapor deposition
simulations to validate Zn-hcp, Cdg 5Zng s-hcp alloy, ZnTe-
zb, and Cdy 5Zng sTe-zb growth. Our computational systems
employ periodic boundary conditions in the x and z directions
and a free boundary condition in the y direction. The growth
occurs in the + y direction, with a constant zero pressure
maintained during simulations to relax the system dimensions.

For Zn growth, an initial substrate of an hcp crystal
containing 3072 Zn atoms with 24 (2110) layers in the x
direction, eight (0002) layers in the y direction, and 16
(0110) layers in the z direction is used, where layers refer to
crystallographic planes so that one (0001) layer is equivalent
n (000n) layers, etc. The substrate temperature is set at
T = 400 K by assigning velocities to atoms according to the
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FIG. 5. Possible surface reconstructions on (010) ZnTe-zb.

Boltzmann distribution. During simulations, the bottom (—y)
two (0002) layers are held fixed to prevent crystal shift upon
adatom impact on the top surface. The next three (0002) layers
are isothermally controlled at the substrate temperature. This
leaves the top three layers free where the motion of atoms is
solely determined by Newton’s law. Injection of Zn adatoms
from random locations far above the surface simulates the
growth. All adatoms have an initial far-field incident kinetic
energy E; = 0.1 eV and an incident angle 6 = 0° (i.e. the
moving direction is perpendicular to the surface). The adatom
injection frequency is chosen to give a deposition rate of
R = 2.2 nm/ns. To approximately maintain a constant thick-
ness of the free surface region, the isothermal region expands
upward during simulations. Since surface roughness might
develop, the isothermal region expands at about 80% of the sur-
face growth rate so that the upper boundary of the isothermal
region never exceeds the surface even at the valley locations.
Figure 7 depicts the resulting configuration obtained after
0.42 ns deposition. Note that, in Figs. 7-11, the original
substrate is shaded in yellow. Figure 7 shows that the BOP
correctly captures the crystalline growth of the Zn.

For CdysZngs growth, we create an initial substrate of an
hcp CdgsZng s alloyed crystal containing 1520 Cd atoms and
1552 Zn atoms with 24 (2110) layers in the x direction, eight
(0002) layers in the y direction, and 16 (0110) layers in the z
direction. The spatial distributions of the Cd and Zn atoms
are random. This vapor deposition simulation utilizes the
same approach as described above at a substrate temperature

T = 300 K, an incident energy E; = 0.1 eV, an incident
angle 6 = (0°, a deposition rate R = 2.6 nm/ns, and a vapor
flux ratio Cd:Zn = 1:1 (while randomly chosen, the adatom
species will eventually average to approximately 50% Cd and
50% Zn). Figure 8 shows the resulting configuration obtained
after 0.42 ns deposition. It can be seen from Fig. 8 that the
deposited region contains significantly distorted local regions
that are not perfectly crystalline. It is recognized that, unlike
the equilibrium phases Zn-hcp, ZnTe-zb, and Cdy 5Zn 5 Te-zb,
the CdgpsZngs-hcp phase is not an equilibrium phase. It
has a positive heat of mixing and decomposes into Cd-
and Zn-rich phases in experiments. The fast deposition rates
employed in MD simulations do not provide significant time
for this phase separation to fully complete. As a result, it is
expected that the unstable Cdy sZng s-hcp phase evolve towards
defective regions during MD vapor deposition simulations.
Figure 8, therefore, confirms that our BOP correctly predicts
a nonequilibrium Cdy 5Zng 5 alloyed phase.

For ZnTe growth, an initial substrate of a zb crystal
containing 1008 Zn atoms and 1008 Te atoms with 24 (101)
layers in the x direction, 12 (040) layers in the y direction,
and seven (101) layers in the z direction is used. Initially, Zn
terminates the top y surface. During simulations, the bottom
three (040) layers are held fixed. To mimic the molecular
beam epitaxy (MBE) growth condition commonly used for
semiconductor growth, we expanded the isothermal region
to include all atoms above the fixed region. To capture the
adatom incident energy effects, however, the simulation does
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FIG. 8. (Color online) Growth of hcp CdysZngs alloy in the
[0001] direction (initial substrate is shaded in yellow) predicted
by BOP.

growth simulation has a substrate temperature 7 = 1200 K,
an incident energy E; = 0.1 eV, an incident angle 6 = 0°, a
deposition rate R = 2.4 nm/ns, and a stoichiometric vapor flux

Zn-(QX1)50.5:Zn-¢(2x2).E0.5; ratio Zn:Te = 1:1. Figure 9 depicts the system configuration

o ! ] obtained at 1.2 ns deposition time. It is seen again that our BOP

‘ :-AHf : AH; correctly captures the crystalline growth of the equilibrium
-5 -1 -0.5 0 0.5 1 15 2 25 ZnTe-zb crystal.

Ap (eV) As mentioned above, vapor deposition tests are largely

ignored in previous semiconductor potential development.

FIG. 6. (010) ZnTe surface energy phase diagrams predicted by To understand the performance of the potentials that do
(a) BOP and (b) DFT. not consider vapor deposition in their parameterization, the
literature SW* and Tersoff*’ Zn-Te potentials are also used in

not isothermally control the newly added adatoms until they vapor deposition simulations. As expected from the incorrect

fully incorporate into the film and their initial kinetic and
potential (latent heat release) energies fully dissipate. The
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FIG. 7. (Color online) Growth of hcp Zn in the [0001] direction FIG. 9. (Color online) Growth of zb ZnTe in the [010] direction
(initial substrate is shaded in yellow) predicted by BOP. (initial substrate is shaded in yellow) predicted by BOP.
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Ei=0.1¢eV
Cd:Zn:Te=1:1:2
T=1000 K

R = 2.6 nm/ns

Ty [001] t=1.2ns

FIG. 10. (Color online) Growth of zb CdgsZngsTe alloy in the
[010] direction (initial substrate is shaded in yellow) predicted
by BOP.

repulsive Zn-Zn and Te-Te interactions, we find that the SW
potential predicts an amorphous growth, which is not further
discussed here. Our calculation indicates that the Tersoff Zn-Te
potential predicts a melting temperature of (~1200 K) for
ZnTe. As a result, we perform vapor deposition simulation
of ZnTe at 800 K. We find that the predicted film has an
alloyed diamond-cubic structure as opposed to the correct
zinc-blende structure. This is consistent with Fig. 2(a) that
the Tersoff potential predicts the dc phase as the lowest
energy for both Zn and Te. Again, this clearly indicates
that vapor deposition simulations are extremely effective for
testing the transferability of an interatomic potential, and
the wrong properties of elements are reflected in compound
simulations.

For Cd 5Zng sTe growth, we begin with a zb CdTe substrate
containing 864 Cd atoms and 864 Te atoms with 24 (101) layers
in the x direction, 12 (040) layers in the y direction, and six
(101) layers in the z direction. Initially, Cd atoms terminated
the surface. Following the same approach used for ZnTe, the
Cdy 5ZngsTe growth is simulated at a substrate temperature
T = 1000 K, an incident energy E; = 0.1 eV, an incident
angle 6 = (0°, a deposition rate R = 2.6 nm/ns, and a vapor
flux ratio Cd:Zn:Te = 1:1:2. Figure 10 shows the configuration
obtained at 1.2 ns deposition time. It again validates that
our BOP correctly captures the crystalline growth of the
ternary zb Cdy sZngsTe commonly achieved in experiments.
Note that, here, we actually simulate a more complicated
Cdy 5Zng 5 Te/CdTe multilayer growth.

The past successful MD simulations of crystalline growth
of equilibrium semiconductor crystals are achieved primarily
using SW potentials. The problem is that SW potentials
only stabilize the tetrahedral structure without capturing the
property trends of other configurations, and as a result they
predict wrong defect information. Without including growth
simulation tests in parameterizations, many literature Tersoff

PHYSICAL REVIEW B 86, 245203 (2012)

potentials do not predict crystalline growth.'>333* Even when
a Tersoff potential does predict crystal growth it is not
guaranteed that the correct stoichiometry is retained. This work
develops Cd-Zn-Te ternary BOP that is fundamentally more
transferrable than Tersoff potentials. More importantly, we
demonstrate that well-parameterized BOP can simultaneously
capture property trends of a variety of phases and crystalline
growth of the equilibrium phases under a variety of chemical
conditions. It is the improved property trends and crystalline
simulation capability that distinguish our Cd-Zn-Te BOP
from previous potentials. This also highlights how BOP has
made a significant stride toward improving semiconductor
simulations, which can change future theoretical studies of
materials.

V. CONCLUSIONS

We have developed a high-fidelity BOP for the Cd-Zn-Te
ternary system. Unlike other semiconductor potentials cur-
rently available, this BOP simultaneously meets three criteria:
(a) Itis derived directly from quantum mechanical theories and
hence is likely to be transferrable to environments that are not
explicitly tested. (b) It accurately captures property trends of
many configurations including defects and surfaces. (c) Most
importantly, it results in crystalline growth in MD vapor depo-
sition simulations under a variety of chemical conditions. We
achieved high-quality parameterization by considering a large
number of target structures with coordination ranging from 2 to
12; setting physically valid bounds for all parameters; applying
the two-step fitting approach; using different minimization
schemes; and iterating the parameterization with crystalline
growth simulation tests.

The BOP approach will enable empirical MD simulations
of semiconductors to achieve a fidelity level approaching
the quantum mechanical methods. As a demonstration in a
ternary system, our Cd-Zn-Te BOP enables accurate study
of Cd,_,Zn,Te semiconductor compounds. Equally impor-
tant, our work highlights a BOP framework where new
elements can be continuously added into existing BOPs
while retaining the fidelity of the previous systems. This
will enable easy extension of the BOP and the possi-
bility of combining BOPs developed by different authors
for studying future semiconductor systems with increasing
complexity.
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TABLE IV. Bounds on BOP parameters.

Elemental Zn

1.0 <199 -nz,2, <mzuzy <2.01 -nz,7, <4

0.05 < 8 Br.0.znzn < Bo.0.znzn < 0.8 - Po,znza < 0.8
Ne ZnZn = 2.8

Nznzn > W,S =0.05¢=1.5

042 < przn <1

2 2
20.znzn S Pz Boo,znzn

0 g .BG,O,ZnZn g 8

0 < Broznzn <8

O < Ca,ZnZn < 365

02 g fa,ZnZn < 08
_15 < ka,ZnZn < 15

O < b(r,ZnZnZn < 1

_04’ g ua,ZnZnZn g 02

2
2 2 2
(bo,ZnZnZn + gO,ZnZnZn) (ungnZnZn - 1) > 4[gO,ZnZnZn - ba,ZnZnZn + (gO,ZnZnZn + ba,ZnZnZn)uU,ZnZnZn]

Binary CdZn

0.1 <199 -ncyzn < mcazn < 2.01 -ncyz, <4
0.05 < 2 Bro.cazn < Boo.cazn < 0.8 - o.cazn < 5.0
Necdzn = 2.8

() E=0050=15

Ncazn > In[exp(1—€"e.CaZn)/¢]
2 2
Bro.cazn < Prcd* Bso.cazn

2 2
Bro.cazn S Pr.zn * Byo.cazn
0 < Boo,cazn <2

0 < Brocazn <1
0.8 < Co,.CdZn < 365
0 < fcr,CdZn < 1
=20 < ko,cazn < 20
0.2 < by cacazn < 1
—0.4 < ugcacazn < 0.1
2
(bo.cacazn + 8o.cacazn)* (ui,c,jc,iz,, —1)" > 4g0.cacazn — bo.cacazn + (o.cacazn + bo,cacazno,cacaznl®
02 < ba.ZnCdZn < 1
_04’ g Ug,ZnCcdZn g 01
2
(bo,ZnCdZn + gO.ZnCdZn)2 (ui,ZnCdZn - 1) 2 4[gO,ZnCdZn - ba,ZnCdZn + (gO,ZnCdZn + ba,ZnCdZn)ua.ZnCdZn]2
0.2 < ba,CdZnCd < 1
—0.4 < us,caznca < 0.1
2
(bo.caznca + 8o.caznca)® (U2 caznca — 1) = 48o.caznca — bo.caznca + (8o.caznca + ba.caznca)to.cazncal®
02 < ba,CdZnZn < 1
_04 < Ug,CdZnZn g 01

2(,2 2 2
(bo,caznzn + 80,caznzn) (Mg.cglz"z" - 1) = 4[80,caznzn — bo,caznzn + (80,caznzn + bo,caznzn)e,caznznl

Binary ZnTe

0.1 <199 -nz,7e <mzyre <2.01-nz,7. <4

0.05 <2 Bro.znre < Bs0.znre < 0.8 @0, zare < 5.0
Ne ZnTe = 2.8

NznTe > ]n[exp(._hé%é =0.10,£=1.5

2
IBJI,O,ZnTe < Pr,zn * IBG,O,ZnTe

Bzo.znte < Pr.Te " By o, zate
0 g .BG,O,ZnTe g 2

0 < Broznre < 1
08 < Co,ZnTe < 365
02 g bo,TeTeZn < 1
_04 < Ug TeTeZn < Ol
2
(bn,TeTeZn + gO.TeTeZn)2 (ug,TgTeZn - 1) 2 4[gO‘TeTeZn - ba,TeTeZn + (gO,TeTEZn + bJ,TeTeZn)ua,TeTeZn]z
02 < bo,ZnTeZn < 1
-0.4 < Us,ZnTeZn < 0.1
2
(ba‘ZnTeZn + gO,ZnTeZn)2 (ui,ZnTeZn - 1) > 4[gO.ZnTeZn - ba.ZnTeZn + (gO,ZnTeZn + ba,ZnTeZn)ua,ZnTt.vZn]2
0.2 g ba,TeZnTe < 1
—0.4 < u(r,TeZnTe < 0.1
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TABLE IV. (Continued.)
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2(,2 2 2
(bn,TeZnTe + gO,TeZnTe) (ua,TeZnTe - 1) 2 4[gO,TeZnTe - ba,TeZnTe + (gO,TeZnTe + brr,TeZnTe)ua,TeZnTe]

02 g bo,TeZnZn g 1
-0.4 < Us, TeZnZn < 0.1

2 (12 2 2
(bn‘TeZnZn + gO,TeZnZn) (uUYTeZnZn - 1) > 4[g0.TeZnZn - ba.TeZnZn + (gO,TeZnZn + b(r,TeZnZn)ua,TeZnZn]

Ternary CdZnTe

0.2 < bo,TeCdZn < 1
—0.4 < g recazn < 0.1

2 (2 2 2
(brr,TeCdZn + gO,TeCdZn) (ug,Tec'dZn - 1) > 4[gO,TchZn - ba‘TeCdZn + (gO‘TeCdZn + bn,TeCdZn)ua,TeCdZn]

02 g bo,CdTeZn g 1
—0.6 < ug,cirezn < 0.1

2(,2 2 2
(bo,cdTezn + 80.cdTezn) (MO,CdTeZ,, - 1) = 4[8o,carezn — bo,carezn + (8o,carezn + bo,carezn)o,carezn]

02 g bU,CdZnTe g 1
-0.4 < Us,CdZnTe < 0.1

2 (12 2 2
(bd‘CdZnTe + gO,CdZnTe) (ua,CdZnTe - 1) > 4[g0,CdZnTe - ba,CdZnTe + (gO,CdZnTe + ba‘CdZnTe)ua,CdZnTe]

APPENDIX B: COMPLETE LIST OF PREDICTED PROPERTIES

TABLE V. Cohesive energies (eV/atom) for selected Zn, Te, ZnTe, and CdZn clusters.

Cluster Type DFT BOP SW Tersoff Experiment
Zn-di —0.058 —-0.272 0.000 —0.809 —0.017*
Zn-ch —0.982 —0.340 0.000 —1.169
Zn-sq —0.122 —0.393 0.000 —1.138
Zn-tri —0.139 —0.443 0.000 —0.830
Zn-thom —0.164 —0.523 0.000 —-0.971
Zn-tetra —0.264 —0.567 0.000 —0.891
Te-di —1.790 —1.415 0.000 —0.809 —2.66°
Te-ch —1.872 —1.417 0.000 —1.169
Te-tri —1.969 —1.383 0.000 —0.830
Te-sq —1.998 —1.462 0.000 —1.138
Te-rhom —2.136 —1.462 0.000 —0.971
ZnTeZn-tri —-0.577 —0.855 —1.619 —0.830
ZnTe-di —0.593 —-0.721 —1.378 —0.809 —0.412°¢
TeZnTe-tri —1.259 —1.250 —1.619 —0.830
ZnTe-rhom —1.468 —1.256 —1.887 —0.971
CdZn-di —0.075 (—=0.015¢, —0.020°) —0.181
ZnCdZn-tri —0.151 —0.324
CdZnCd-tri —0.167 —0.296
CdZn-rhom —0.187 —0.403
“Experimental data (Ref. 41).
"Experimental data (Ref. 42).
“Experimental data (Ref. 78).
dLiterature DFT data (Ref. 79).
¢Literature DFT data (Ref. 80).
TABLE VI. Geometries of selected Zn clusters.

DFT BOP SW Tersoff
Structure r(A) 0 (°) r(A) 0 (°) r (&) 0 (°) r (&) 0 (°)
di 3.23 (4.19)* 2.51 00 2.53
tri 3.10 60.0 2.61 60.0 o0 2.75 60.0
sq 3.21 90.0 2.57 90.0 o0 2.64 90.0
tetra 2.80 60.0 2.68 60.0 oo 2.86 60.0
ch 3.17,3.11 180.0 2.6,2.56 180.0 00,00 2.55,2.54 180.0

“Experimental data (Ref. 43).
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TABLE VII. Geometries of selected Te clusters.

PHYSICAL REVIEW B 86, 245203 (2012)

DFT BOP SW Tersoff
Structure r (A) 0 (°) r (A) 0 (°) r (A) 0 (°) r (A) 0 (°)
di 2.60 (2.56)° 2.74 o0 2.53
tri 2.77 60.0 3.01 60.0 o0 2.75 60.0
sq 2.81 90.0 2.99 90.0 o0 2.64 90.0
ch 2.60, 3.15 180.0 2.74,4.07 180.0 00,00 2.55,2.54 180.0
"Experimental data (Ref. 81).
TABLE VIII. Geometries of selected ZnTe clusters.
DFT BOP SW Tersoff
Structure r(A) 0 (°) r (A) 0 (°) r (A) 0 () r(A) 0 (°)
di 2.40 2.54 2.44 2.53
Zn, Te-tri 2.6,3.27 51.0,78.0 2.59,4.36 63.9,52.3 2.45,4.68 146.1, 16.9 2.75 60.0
Te,Zn-tri 3.74,4.10 37.9,63.5 2.78,2.82 35.2,72.4 2.45,4.68 146.1, 16.9 2.75 60.0
rhom? 2.55,2.56 59.1, 120.6 2.74 65.5,114.5 2.50 75.0, 105.0 2.75 63.2,116.8
“For rhom, the first angle 6 centers at Zn, and the second one centers at Te.
TABLE IX. Geometries of selected CdZn clusters.
DFT BOP
Structure r (&) 0 (°) r(A) 6 (°)
di 3.33 (4.28%, 4.76%) 2.60
Cd,Zn-tri 3.27,3.39 58.7,62.6 3.09,2.72 63.9,52.3
Zn, Cd-tri 3.26,3.12 61.4,57.1 2.51,4.15 35.2,72.4
rhom 3.33 60.1,120.2 2.56 65.5,114.5
4Literature DFT (Ref. 79).
bLiterature DFT (Ref. 80).
TABLE X. Zn bulk lattice properties.
DFT BOP SW Tersoff
Structure a,c (A) E. (eV) a,c (A) E. (eV) ac E. (eV) a,c (R) E. (eV)
dc 5.61 —0.835 6.27 —0.675 o0 0.000 6.10 —2.284
sc 2.55 —1.222 2.79 —0.803 o0 0.000 2.81 —2.060
bce 3.09 —1.382 3.18 —1.264 o0 0.000 343 —1.988
fcc 3.86 —1.404 4.04 —1.319 o0 0.000 4.32 —1.965
hep 2.61,4.98 (2.660, 4.933%) —1.449 (—1.325%) 2.86, 4.63 —1.325 00,00 0.000 3.05,5.99 —1.965
gra 4.26,4.63 —1.124 4.51,4.75 —0.720 00,00 0.000 4.58,5.54 —2.092
#Experimental data (Ref. 44).
"Experimental data (Ref. 42).
TABLE XI. Te lattice structure properties.
DFT BOP SwW Tersoff
Structure a,c (A) E. (eV) a,c (A) E. (eV) a,c E. (eV) a,c (A) E. (eV)
dc 7.12 —-2.272 7.23 —1.943 (%) 0.000 6.10 —2.284
sc 3.17 —2.765 3.23 —2.163 o0 0.000 2.81 —2.060
bce 3.87 —2.551 3.93 —1.941 o0 0.000 2.86 —1.988
fce 4.84 —2.399 4.95 —1.846 (%) 0.000 345 —1.965
A8 4.34,6.05 (4.45,5.91)* —2.798 (—2.168)° 4.53,5.51 —2.167 00,00 0.000 4.97,4.87 —2.060
gra 5.21,6.06 —2.468 5.38,6.63 —1.873 00,00 0.000 4.58,5.54 —2.092

“Experimental data (Ref. 44).
bExperimental data (Ref. 82).
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TABLE XII. ZnTe lattice structure properties.

DFT BOP SwW Tersoff
Structure a,c (R) E. (eV) a,c (A) E. (eV) a,c (A) E. (eV) a,c (A) E. (eV)
Bl 5.67 —2.305 5.59 —2.380 6.14 —0.814 5.62 —2.060
B2 3.57 —1.926 3.48 —1.820 3.67 —2.049 343 —1.988
wz 4.25,6.94 —2.387 4.26,6.97 —2.430 4.50,7.69 —1.399 4.32,7.05 —2.284
zb 6.06 (6.101%) —2.505 (—2.364%) 6.03 —2.431 6.36 —2.672 6.10 —2.284
fcs 3.83 —1.876 3.85 —1.924 4.02 —2.675 3.84 —1.831
NiAs 3.91,3.35 —2.263 4.14 —2.617 3.87,3.44 —2.054
L1, 6.85,6.46 —2.380 6.05,9.15 —2.474 5.34,9.97 —1.965
L1y 4.93,3.48 —1.820 4.74,5.61 —0.999 3.84,6.26 —1.831
scl6 7.42 —2.221 8.63 —0.023 7.43 —2.169
Zn,Te-Ag,O 6.08 —1.558 Unstable 5.99 —-1.770
Te,Zn-Ag,O 5.76 —1.712 Unstable 5.99 —1.770
Zn,Te-ZrO, Unstable Unstable Unstable 6.83 —1.976
Te,Zn-ZrO, 6.48 —1.898 Unstable 6.83 —1.976
“Experimental data (Refs. 44 and 47).
"Experimental data (Ref. 42).
TABLE XIII. CdZn lattice structure properties.
DFT BOP
Structure a,c (A) E. (eV) a,c (A) E, (eV)
Bl 5.47 —1.126 5.20 —0.915
B2 3.37 —1.310 3.17 —1.136
wZ Unstable Unstable 4.29,7.00 —0.626
zb 6.06 —0.740 6.06 —0.626
fcs 3.67 —0.558 3.68 —0.611
NiAs 2.98,4.46 —1.132
L1, 5.14,9.38 —1.181
L1y 4.48,3.16 —1.136
scl6 7.54 —0.622
Cd,Zn-Ag,O 6.07 —0.418
Zn,Cd-Ag,O 6.05 —0.418
Cd,Zn-Zr0O, 6.29 —0.935
7Zn,Cd-ZrO, Unstable Unstable
TABLE XIV. Lattice structure properties of three ternary Cd,_,Zn, Te compounds.
DFT BOP
Structure a,c (A) E, (eV) AH (eV) a,c (A) E, (eV) AH (eV)
Cd3ZnTe, sulvanite 6.17 —2.369 0.009 6.26 —2.209 0.030
CdZnTe, tetragonal p4m?2 6.38,4.41 —2.409 0.009 6.38,4.57 —2.272 0.030
CdZn;Tey sulvanite 6.40 —2.452 0.006 6.63 —2.336 0.029
TABLE XV. Elastic constants of ZnTe-zb (GPa).
Cij Experiment (300 K)* BOP
Cl1 73.7 77.1
C12 423 47.5
C44 32.1 26.5
C44(0) 57.1

OUnrelaxed.
“Experimental data (Ref. 46)

245203-17



WARD, ZHOU, WONG, DOTY, AND ZIMMERMAN

PHYSICAL REVIEW B 86, 245203 (2012)

TABLE XVI. Intrinsic defect energy E, of various defects in ZnTe-zb.

Defect DFT BOP Tersoff*
Vin 2.26 2.65 1.28
Vre 1.98 1.99 1.19
Znr, 2.57 3.13 —0.10
Teyz, 4.38 2.67 0.10
Zn; 1, 2.26 241 222
Te; zn 3.52 3.90 232
Zn;i zn 1.89 2.28 2.22
Te;r, 4.97 3.85 2.32
Zl’l,'y(ll(» 1.89 2.82 2.05
Te,«,mo) 3.63 3.94 2.15
Zn,'(l()()) 2.98 3.51 1.78
Te,-,(mg) 351 394 187

4Literature Tersoff data (Ref. 40).
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