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First-principles calculations of liquid CdTe at temperatures above and below the melting point
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We performab initio molecular-dynamics simulations of CdTe at three different temperatures: 800 K
(supercooled state1370 K(near the melting temperatyrend 3000 K(superheated statdn agreement with
experiment, we find that upon the melting, CdTe experiences a semiconeisetiariconductor transition. In
its liquid state, CdTe retains its tetrahedral environment with the coordination nurgbét/e find that heating
CdTe much above its melting point leads to substantial structural changes with a transformation to a more
close-packed atomic structure. The coordination number of the superheated ph&sarid the dc electrical
conductivity is an order of magnitude larger than at the melting temperature. This, along with the disappear-
ance of the finite band gap, suggests a gradual semiconevictetal transition in the CdTe system at a
temperature higher than melting point. We also find in liquid CdTe, near the melting temperature, atoms of Te
form infinite branched chains. Short and simplified chains are still present in the supercooled phase. As the
temperature increases, chains break, become shorter, and, eventually, transform to form close-packed clusters
in the supeheated state. We also examine dynamical and electronic properties of the CdTe system.
[S0163-18299)15635-3

[. INTRODUCTION quite different from those of liquid IV and IlI-V semicon-
ductors. In particular, neutron-scattering experimettsug-

With the advent of powerful computational tools and al- gest that liquid CdTe conserves its crystalline open structure
gorithms,ab initio molecular dynamics simulations have be- environment with the coordination number 6f4. An em-
come a popular instrument for studying disordered materialspirical rule formulated by Joffe and Redelstates that a
Ligquid and amorphous semiconductors are among such sysaolten or amorphous semiconductor retains its semiconduc-
tems. Group-IV semiconductors, such as Si and Ge, havior properties, despite the destruction of long-range order,
been favorite subjects of such studies and have receiveahly if the short-range order of the crystalline phase is pre-
broad attention in the past decade. Numerous first-principleserved. Indeed, though its electrical conductivity value un-
simulations of amorphous, molten, and even superheatedergoes a jump by an order of magnitude during melting,
states exist for these semiconductbrsA range of liquid 1-CdTe remains a semiconductor in the melt: Its electrical
and amorphous IlI-V semiconductors has also been exantonductivityincreaseswith temperature.
ined recently. First-principles simulations of such materials This is in contrast with IV and Ill-V compounds. These
as GaAs, GaSb, and IrfP® have been carried out. However, semiconductors become more close packed in the liquid
there have been only a few experiments examining structurglhase with the coordination number increasing-#:~" In
properties of 1I-VI materials in the molten stdf8 and no  the melt, these materials experience a relative volume con-
first-principles simulations to our knowledge. traction up to 13%°% It is believed that structural changes

Among lI-VI semiconductors, CdTe is of special techno-occurring in the melting process result in the disruption of
logical interest. Cadmium telluride and its alloys are em-covalent bonds and a partial delocalization of electrons. This
ployed to fabricate a wide array of electro-optic devices,leads to a semiconductermetal transitiort® In our study of
high-performance infrared detectors, and room-temperatur€dTe, we fixed the density of the liquid to that measured at
radiation detectors. For example, infrared sensors based ahe melting point. This has the advantage of focusing on
epitaxial layers of Hg ,Cd,Te (HgCdTe typically are temperature changes alone. One might assume an increase in
grown on single-crystal CdTe substrate. In order to continuelensity if the liquid undergoes a fourfold to sixfold structure
the advance of such applications, large, high-quality singléransformation. But this is a relatively small change and it is
crystals of CdTe are required. However, the growth of sucnot obvious that the coordination change will be reflected in
material has proven to be extremely diffictiitt? These dif-  a density change in the liquid state. For example, we find that
ficulties have motivated growth experiments in the micro-upon melting, CdTe does not change the nearest-neighbor
gravity environment of earth orbit. A more complete un- coordination despite a 9% decrease in volume. Moreover, in
derstanding of the physics of the melt state should providgrevious studies for 1lI-V's, we have altered the volume by
important information to solve the technical difficulties of +10% and found very small changes on the structure of the
CdTe growth. liquid. This is consistent with studies on metallic liquids.

Besides being a technologically important compound, lig- Another significant difference in the local order between
uid CdTe (I-CdTe also presents an interesting subject forCdTe and IlI-V semiconductors is the dissociation degree of
fundamental studie¥. CdTe is among those I1-VI semicon- anion-cation bonds. Following simple thermodynamic
ductors that, in the liquid phase, exhibit properties which areestimates? the curvature of the liquidus can be expressed as
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a function of the entropy change in the solid-liquid transition ~TABLE I. Lattice constants and bulk moduli for zinc-blende
and the dissociation degree of anion-cation bonds in the ligphase of CdTe calculated with different Cd potentials. The cutoff
uid phase. In contrast to Ill-V materials, the phase diagraniadii used to generate Cd potentials are also listed.

of CdTe has a sharp hyperbolic liquidus at the congruent
point!8 This implies that -CdTe has a significant number of a(h) B(GPa r(fors/p/dinA)
heterogene_ous .bo.nds consert®ie., in I—CdTe, the c.ation C+ 55250540 6.13 51 1.38/1.38/1.90
tends to exist within a tetrahedral configuration of anions and

vice versa. This conservation of local order i€dTe serves Cd**5s°5p°5d°

to verify the Joffe-Regel rul& Conversely, for the liquid Partial core correction  6.43 43 1.38/1.38/1.90
[1I-V compounds, the local environment is significantly al- 24 4 110F.2

tered. In aFl)ddition to the increase of the coordigation nuymber(,:dl 4d*5s°5p" 6.4 47 1.38/1.27/1.69
the stoichiometry of the bonds is changed. For instance, iExperiment 6.48 42Ref. 38
|-GaAs, dissipation of heteropolar bonds is substafi@he 44 (Ref. 39
first coordination shell consists 6f50% of atoms of the
same species as the reference atbm.

The assumption that CdTe has more crystalline structurgber anion-cation pair. This more than doubles the number of
attributes preserved in the meitompared to liquid 1ll-V  required eigenvalues. Second, #heotential corresponding
semiconductopsis reinforced by a low entropy change for to the filled shell is much stronger and more localized than
the solid-liquid phase transition observed in the the empty shell potential. Consequently, more plane waves
experiment? Tetrahedral and compositional order in the lo- are required for equivalently converged eigenvalues.
cal environment of-CdTe has lower entropy than a sixfold  Fortunately, this problem can be addressed via a “partial-
structure of liquid llI-V materials with a higher concentra- core” pseudopotential schemi@ln this scheme, the elec-
tion of stoichiometric defectgor “wrong bond” defects, trons are considered as part of the core. Each time the
which are absent in the crystalline phase of the semicondu@xchange-correlation term is calculated for a self-consistent
tor). field calculation, a fixedl-core charge density is added to the

The semiconductor behavior 6fCdTe is observed only valence charge density. We followed the method of
in a narrow temperature range immediately after meltingTroullier-Marting* to generateb initio pseudopotentials us-
temperature. Upon further heating, at the temperaturéng Ceperly-Alder correlatioR> The nonlocal part of the
~ 120K higher than the melting point, electrical conductivity pseudopotentials is taken to be in the Kleinman and
of I-CdTe experiences a sharp increase and the liquid phag®ylandef® factorized form.
becomes metallit® Gaspardet alX° proposed that-CdTe We tested three different pseudopotentials of Cd: one with
undergoes fourfoleksixfold transformation under higher the 4d electrons treated as core states, one with cbre
temperature. This would explain the metallic behavior of theelectrons plus a partial core correction scheme, and one with
melt. Also, Glazovet al!® made a hypothesis that atomic 4d electrons as part of the valence shell. We examined these
chains are an essential featurd «@dTe. If such chains exist potentials by calculating the crystalline properties of CdTe.
in the liquid, they could be a partial explanation for the dif- We used 30 Ry as the cutoff energy. The Brillouin zone for
ficulty in growing a pure single crystal from a liquid phase. a two atom primitive cell was sampled by 10 irreducibkle
Here we confirm that atoms of Te form helicon chains in thepoints. Table | summarizes our results and gives the Cd
melt. To investigate the structural properties of the melt anghseudopotential parameters. The pseudopotentials for Te em-
the behavior of chains above and below the melting pointployed core radii of 1.38/1.27/1.5@ A) for s/p/d poten-
we will consider three different temperature regimes: one atials, respectively. We generated the potentials witlocal
the melting poin{1370 K), one considerably below the melt- components for both atoms.
ing (800 K), and one considerably above the melting point  The pseudopotential with theddelectrons omitted results
(3000 K. in a substantially underestimated lattice constant and overes-
timated bulk modulus. The partial core correction scheme
results in a noticeable improvement. The partial core pseudo-
potental yields a lattice constant within 1% accuracy com-

[1-VI semiconductors containing group-1I1B elements canpared to the experiment value and a bulk modulus within 2%
present severe computational challenges in computing theiccuracy. The results of the partial core potential are within
electronic structure. In our work, we use pseudopotentials t6écomputational” error to those of the pseudopotential,
describe the ion-electron interactions. Pseudopotentials hawehich includes the @ as part of the valence shell. In Fig. 1,
great advantages over all-electron methods as one needs one compare band structures obtained with two different po-
to solve for the valence electrons. Unfortunately, for IIB el-tentials: one for CcH* and one for C&@" constructed with
ements, it is not clear whether the filleblorbitals can be core correctiorf® Cd 4d electrons form a narrow, 1.5 eV,
treated as core electrons. Often, these shells cannot be cdpand. The agreement between the two band structures is ex-
sidered as chemically inert as they possess significant ovecellent forp electrons at the top of the valence band and for
lap with thes valence electrons and cannot be neglected irthe conductivity band. This is important, because we will
describing the structurual properties of II-VI semiconductorsneed to evaluate dipole transitions between these two bands
On the other hand, treatind electrons as a valence shell to calculate optical conductivity. The presence of the 4
dramatically increases the complexity of the problem. Firstpband shifts the Te band(the lowest valence band in CdTe
the number of valence electrons would increase from 8 to 18y 1.5 eV. The Tes band is a “semicore” state as it resides

II. COMPUTATIONAL METHODS
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— 4d -valence compositional defects whose formation energies might be
== 4d -core large. The random atomic configuration also introduces pos-
sible stoichiometric defects. If such defects exist in the lig-
uid, they might be inaccessible for the simulation time
implemented if one started from the crystalline structure
(typical simulation times foeb initio calculations are on the
order of several ps for systems of this giz8econd, starting
from crystalline structure would require the size of the su-
percell to be a multiple of the primitive or conventional cell
size. In our method, the supercell size can be arbitrary. How-

_10'_ ever, in the present work, we follow the conventional 64-
atom/cell size to be able to compare our calculations with the
LT e~~~ e previous simulations of liquid IV and I1I-V semiconductors
________ 6 .- d 8 el . |
C A T 1 YW P consistently.

We use Langevin dynamics to prepare the liquid state
FIG. 1. Band structuréleft pane) and density of stategight ~ ensemblé/? The trajectory of each atom is computed from
pane) for CdTe. Two calcuations are shown. The solid lines show
results where thedielectrons are treated as valence electrons. The dv;
dashed lines show results where theelectrons are included in the m dt
core using a partial core correction schefaee text

= — Wi +Ri(y,T)+Fi, (1)

Wherelfi is the interatomic force on th¢h particle,m; is the

over 10 eV below the top of the valence band. As such, itd"@ss of the particle, angtis the viscosity of the medium.
precise placement is not crucial in determining the band conN€ particles are subject to rapidly varying random forces,
figuration near the gap. Ri(y,T). The random forces are a function of temperature

Another test we performed to validate the usage of thednd viscosity described by the fluctuation-dissipation
core-corrected pseudopotential was to compare the dynanfiheorent® Random forces and viscosity couple the system
cal properties of the liquid with and without thel4states. ~ With the hypothetical heat bath. The time step used in inte-
We ran a molecular-dynamics simulation for a small systengrating the equation of motion is 300 a.u. (1&@.4
of eight atoms within a supercell for 3 ps. We found no x10~1’s). The interatomic forces;;, are computed quan-
significant difference between the two potentials in the tratum mechanically from the pseudopotential wave functions
jectories of the atoms. The largest difference in the finaland the Hellmann-Feynman theoréfiwe constructed the
positions of the atoms was less than a few percent of the neharge density using the zone-cerkegoint of the supercell.
distance traveled in the simulation. We view these comparifor molecular-dynamics simulations, we used an energy cut-
sons as validating our use of the partial core correction.  off of 10 Ry.

We modell-CdTe by a supercell with periodic boundary ~ We simulated CdTe at three different temperatures. Pre-
conditions. There are 64 atoms in the system. The size of théious work on semiconductor liquids has suggested that the
cubic supercell corresponds t@2wherea is a lattice pa- melting points obtained fronab initio simulations are in
rameter of the conventional fcc cell of the crystalline phaseyreasonable agreement with experiment, e.g., within a few
a is chosen to agree with the experimental density-68Te  hundred degree®. Here it is not crucial that we have the
at the melting temperaturp=5.64 g/cn?.*® The system of precise theoretical melting point replicated in our simulation.
64 atoms per unit cell should be large enough for liquidRather, we wish to consider three general temperature re-
semiconductor simulatiors® The structure of the liquids gimes: 800 K, 1370 Kthe known melting point and 3000
lacks long-range correlation. As will be shown in the nextK. By examining the self-diffusion ofCd,Te in the melt,
section, this is also the case withCdTe. The pair distribu- we can verify that these regimes correspond to liquidlike
tion of the molten phase attenuates quite strongly after thetates. For discussion purposes, we will characterize the 800
first peak, i.e., atoms do not correlate with their images in th& simulation as corresponding to a “supercooled state,” the
periodically replicated neighbor cells. 1370 K simulation corresponding to the “liquid state,” and

To prepare a representative ensemblé-6dTe, we start  the 3000 K simulation corresponding to a ‘“superheated
with a system of 32 atoms of Cd and 32 atoms of Te ranstate” of the liquid.
domly placed in the cell. We impose the constraint that no To obtain these temperature regimes, we initially thermal-
two atoms be closer than a specified minimum distance, e.gize the system at 6000 K using Langevin dynamics for 2 ps.
less than 90% of the bond length in the crystal. Next, weAt that time, the average diffusion path of the atoms be-
thermalize the system at a fictive temperature of 6000 K. Bycomes comparable with the conventional lattice size. We an-
thermalizing the system at this “hot” temperature, we en-neal the system for 1 ps to a temperature of 3000 K. To build
sure a proper “mixing” of atoms and remove the bias of thea representative ensemble of states for superheated CdTe, we
system to the initial condition. We believe that starting fromrun the system for 3 ps at this temperature. Then we anneal
a random atomic configuration is better than starting from d¢he system to the melting temperature of 1370 K during a
perfect crystal system. First, by arranging atoms randomly, @eriod of 1 ps. After this, we run the system for 3 ps at this
significant energy is imparted into the system, since such gemperature to acquire the statistics fe€dTe. Then we
configuration is far from optimized. Dissipation of this en- anneal the liquid to 800 K to form the supercooled state. We
ergy in the beginning of the simulations helps to activateperformed this procedure gradually during 5 ps. The result-
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FIG. 3. Total pair correlation functions for liquid CdTe at dif-
ferent temperatures.

FIG. 2. A snapshot showing a typicedlCdTe structure in the ) )
supercell(see text Atoms of Cd are represented by dark spheres superheated CdTe respectively. From the plot, it can be seen
atoms of Te are shown by light spheres. that the high temperature destroys long-range correlation.

While supercooled CdTe has a well defined first, second, and
ing phase is a “viscous” |iquid; its Viscosity is an order of third shell andl-CdTe has well defined first and second
magnitude larger than the corresponding value at the me|tinghe||3, the radial distribution function for superheated CdTe
temperature. becomes “flat” immediately after the first peak. We find in
all cases that the absence of long-range correlation at the
lengths ofa (the length of the supercel=13.37 A) vali-
datesa posterithe usage of a 64-atom supercell.

To compare our calculations with neutron-scattering ex-
A. Structural properties periment, we obtain the total structure function as a linear

: R ._.combination of the partial structure factor§cycdq),
In the crystalline phase, the Cd-Te bond has a strong ioni {q), and Srerdq), normalized by the scattering

nature, its Phillips ionicity* being 0.72. We find that the lenaths:
ionic nature of the material is preserved in the liquid phase.eng S
In Fig. 2, we show a typical structure 6fCdTe in the su- 2g ) s +a2S
percell. This “snapshot” is taken at one of the time steps S(q)= ¥aSeal9) a“iﬁ “g(q) “p ﬁﬁ(q), )
during 3 ps simulation of-CdTe at 1370 K. We choose to a,tag

characterize the density by considering an isocharge surfacgiare the ratio of the scattering lengthss taken to be
This surface is defined by a charge density corresponding tg _ ;. — 5 8/7 5. Partial structure factors are obtained from

one-half of its maximum value in the supercell. Electronic o ia| radial distribution functions by a Fourier transforma-
charge-density isosurfaces in supercooled and superheatgg,,.

CdTe are very similar to those presented on the picture. Pro-

jection of the wave functions on the partial states shows that o

Te bonds have pronounceg-electron character. Charge- Saﬁ(q)zaaﬁ+4ﬂ-paﬂj [9ap—1]

density configurations associated with the Cd cations tend to 0 3

be s-like and localized on the atomic sites. &)
Using the atomic positions at each time step, and averagvherep,,; is partial density.

ing the positions over the representative ensemble, we obtain In Fig. 4, we show our theoretical total structure factors

total pair correlation functiong(R). For supercooled CdTe, compared with available experimérnd the theoretical re-

we averageg(R) over the last 100 molecular-dynamics sults obtained from a molecular-dynamics simulation based

(MD) steps, after the system becomes viscous.|FodTe on a Stillinger-Weber-type classical potenflaFor [-CdTe,

and superheated CdTe, we averg@R) for the last 300 MD  the agreement between theory and experiment is good for the

steps(2.2 p9 of the simulations at 1370 K and 3000 K, third and fourth peaks at5A and ~7.5A, respectively.

respectively. Total pair correlation functions are shown inThe agreement between our theory and Stillinger-Weber-

Fig. 3. type calculations is excellent for these two peaks. It suggests
For all three temperatures, the first peak has the samihat the angular-dependent classical potential reproduces our

coordinate of 2.8 A. The first shell can be defined by thequantum-mechanical interactions on the short-range scale.

coordinate of the first minimumi,,;,. As the temperature Our calculations reasonably reproduce the structure of ex-

increases, this peak becomes wider and its amplitude deerimental 1.7 A and 3.0 A peaks. As the temperature in-

creases. This results in a shifting Bf,, from R;,=3.5A  creases and disorder is introduced, features corresponding to

(for supercooled Teto Ry,,=3.6 A and 4 A forl-CdTe and the long-range correlatioffirst peaks ofS(Q)] become less

lIl. PROPERTIES OF LIQUID CADMIUM TELLURIDE
AT DIFFERENT TEMPERATURES

sin(2rqr)

2
2wqr redr,
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FIG. 4. Total structure factors. F&fCdTe at the melting tem- 0 2 4 6 8
perature we compare our data with available experiniBef. 9 R (A)

(dotg and the result obtained with Stillinger-Weber potential simu-

lations (Ref. 33 (dashed ling FIG. 5. Partial radial distribution functionsjcgre,9cgcq and

_ . Orete (SEE tEXX
prominent. As the temperature varies, the second peak also

experiences a significant morphological change. At the meltis different from more close-packed liquid 1V and IlI-V

ing point,|-CdTe has a symmetric form of the peak at 2.7 A.semiconductors, where the coordination number s How-

At 3000 K, the peak becomes asymmetric with a pronouncegVer, upon further heating, CdTe transforms into a more

right shoulder. This shoulder is a typical structure for liquid close-packed phase wit@;,=6.5. The CDN ofl-CdTe is

IV and 11I-V semiconductors, which are metallic in the melt. 0-4. This is in agreement with the assumpffbthat the dis-

As we will show, superheated CdTe is metallic at 3000 K.sociation degree of heterogeneous bonds@uTe is notice-

For this temperature, the first peak, 1.9 A, almost merge@bly smaller than in I1l-V compound melts. The structure of

with the second peak. This is very different from super-these melts is close to a random mix with CBNL*® Higher

cooled CdTe, where the first and the second peaks beconiemperatures destroy stoichiometry order. Thus, for super-

more pronounced and separated. The first peak moves ftgated CdTe, CDN is 0.8, approaching the random mix limit.

lower g, at 1.8 A, while the second peak becomes asymmet- Partial pair correlation functions are presented in Fig. 5.

ric with a noticeable left shoulder. For 1-CdTe and supercooled CdTe, the correlation of the
We estimate the total and partial coordination numbergeference atom with the second shell is stronger than with the

from the corresponding pair correlation functions @g, ~ first one, in bothgcgcq and grere radial distributions. For

- fgmin4,n.r29aﬁ(r)dr_ Ry, is usually taken to be the first Superheated CdTe, temperature changes this correspondance

between the first and second shells, making them comparable
in weight. Clusters of Cd and Te retain some long-range
ﬁjructure, as the noticeable correlation in the third and even

minimum in the total radial distribution functiomy(r), for
the given temperature. Thus we taRg,=3.5A, 3.6 A, and
4.0A for the supercooled, liquid, and superheated phase — " .
respectively. To estimate quantitatively the concentration o e_lfour;h ”peaksarglgag\es. dTEi goAs't_'I?hns .Of the f'{StttWO
the stoichiometry defects in the system, we introduceacomt-he' € she starerz] I : Cﬁn | t : 'tr|1$tlrs1 oppos_tl_e 0 t
positional disorder numbéCDN). This parameter is defined N; gzmpadi:oeﬁ\s n clusters wi € positions &
as a ratio of homogeneous to heterogeneous bond numbers: I'n ou?rs]imulétioﬁs foi-CdTe. we observe that atoms of
2 . CDN | thought of o .
(Ccaeqt Cretd /2Ceqre: CDN can also be thought of as an Te form branched chains. It is known that the trigonal phase

order parameter. For instance, in the zinc-blende structu . . o
CDN is 0, whereas in a perfectly randomly mixed structureOf crystalline Te consists of close-packed infinite and parallel

CDN is 1. In Table II, we present coordination numbers and€licoidal chains. As experimefitand theoreticdP studies

CDNs at three different temperatures. FeBdTe, the aver- suggest, Te also forms chainlike structures in the elemental
age number of neighbors in the first shell is 4.4. This indi-IIqUId phasg. I IS interesting that this tendenpy of Te a_toms
{0 form chains is preserved IRCdTe. More simple chains

cates that CdTe retains its open structure upon melting. Th|are present in supercooled CdTe.

It is useful to follow the behavior of the Te clusters as the
temperature increases from 800 K to 3000 K. In our simu-
lated supercooled CdTe, the Te chains are short with maxi-
mum length of three to four links. Only 30% of Te atoms

TABLE II. Total and partial coordination numbers for CdTe at
three different temperatures.

Cot  Coare  Coaca  Crere  CDN are bonded in these formations. As the temperature increases,
800 4.2 3.2 1.4 0.6 0.3 the length of the chains increases. Te helicons become more
1370 4.4 33 1.5 0.9 0.4 irregular and “twisted”; the chains start to ramify. At the
3000 6.5 3.7 3.2 25 0.8 melting temperature, there are Te filaments reaching the

length of the whole supercell. Because of the imposed peri-
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odicity of the system, some of the Te chains terminating at
the opposite sides of the supercell become infinite. We find
no Te triplets or tetrahedrons in the liquid. At 1370 K, 45%
of Te atoms are bound with each other. As the temperatures
grows further, the chains transform into more complex clus-
ters with a higher coordination numb€¥r=2.5.

In Fig. 6, we illustrate configurations of Te clusters at
different temperatures. To simplify the visualization of the
plot, only atoms of Te are shown. Atoms are considered to
be bonded if the distance between them is less than the first
minimum, R,,, Of the total pair correlation function. The
size of the cubic cell shown corresponds t& 2X 2 super-
cell geometry. At 1370 K, infinite helicon chains can be seen
in the figure.

Clusters of Cd have a different structure from the struc-
ture of Te chains in supercooled CdTe dr@dTe. The dif-
ference corresponds to the fact that, for 800 K and 1370 K
systems, th€ 44 coordination numbers are largeoughly
by a factor of 2 than theC1e. This implies a more close-
packed structure of Cd clusters. Indeed, we find Cd clusters
composed of tetrahedrons, triplets, and more complex rings
in supercooled CdTe andCdTe. From the partial angular
distribution of the bondsFig. 7), it can be seen that clusters
of Te and Cd are drastically different for the 800 K system.
The difference diminishes as the temperature increases. In
the superheated state, it almost vanishes. The ahglerre-
sponding to the open angle in the Te chains, dominates in the
Te angular distribution. We find typicall§~160°. At vari-
ance with the Te clusters, clusters of Cd have an amgle
~60° prevailing for supercooled CdTe. This angle repre-
sents the high concentration of triplets and close-packed Cd
clusters. The total angular distribution is shown in Fig. 8. For
superheated CdTe the 60° angle dominates. As the tem-
perature decreases, the tetrahedral angle starts to dominate.

B. Electronic properties

Once we know that the eigenpairs for a given atomic con-
figuration are obtained, one can calculate the optical conduc-
tivity. According to the Kubo-Greenwood expressitrthe
real part of the conductivity can be expressed as

2me?
)= gtar 2 3, , KUnlPul U

X S(Ey—Ep—fiw), 4

whereE; and ¢; are eigenvalues and eigenfunctions, &hd

is the volume of the supercell. Dipole transition elements,
(Yl Palbn), were sampled by th& point of the BZ. The
lowest 300 eigenstates are included in the summation. The
real part of the optical conductivity of CdTe at different tem-
peratures is displayed in Fig. 9. Each curve is the result of
averaging several configurations chosen at random from the
representative ensembles at each temperature. Typically,
only five to ten configurations are required to obtain a con-
verged conductivity. The dc conductivity valat =0) is
linearly extrapolated fromw— 0. According to our results,
the dc conductivity is 0 for supercooled CdTte electron
temperature in the Fermi-Dirac function was taken to be FIG. 6. Structure of liquid and amorphous CdTe. The boxes
zerg. At the melting temperature, CdTe experiences acorrespond to X 2x2 supercell geometry. Only atoms of Te and
semiconductoer-semiconductor-type transition. Although bonds between them are shown.
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tivity does not have a metallic Drude-like dependence,
o(w)~ ool (14 w?7?), on frequency as liquid IV and 1lI-V
semiconductors have® The frequency-dependent conductiv-

. o . ity for CdTe peaks at approximately 4 eV and then asymp-
the elect_rlc _conduct_lwty of the_ melt increases by a facto_r .Ototically goes to zero as @f. Also, we find that in-CdTe,
40, the liquid remains a semiconductor as the conductivit

increases upon further heatifyAt ~120 degrees above the Yhe dec conductivity grows with the temperature. At 3000 K,

melting point, the conductivity appears to increase morethe va_lue of dc conductivity is 1000" " em *, an order of .
T ' : . N .~ magnitude larger than the calculated value at the melting

rapidly.® The conventional interpretation is that at a high _ -

temperature CdTe undergoes a semiconduetoetal transi- point.

tion. However, we note that measuring the conductivity at, or

FIG. 7. Angular distribution of bond angles in Te and Cd clus-
ters. The distribution is normalized by sé)(

Temperature changes significantly alter the behavior of
g

above, the melting point is hindered by the high temperatur () at smallw. To understand this behavior, we have ex-
o g p y the high temp @mined how temperature affects the states near the Fermi
and the jumplike increase of the conductivity. It is not sur-

prising that experimental values for dc conductivity vary al_level. The total and partial density-of-state functidBOS)

most by a factor of 3 in the literatut®®3® from 40 to

110 O *ecm™l.  Our dc conductivity value s
100 O 'cm ! at the melting temperature. Our value is in
surprisingly good agreement with the experimental results.
In particular, given our use of the Kohn-Sham eigenvalues,
we do not expect an accurate representation of the excitation
spectra’’ Also, our temperature scale may not correspond
precisely with experiment.

800K

. . . [} -
We find from our simulations thatl-CdTe has a i~ p_Cd
semiconductor-type conductivity: the real part of the conduc- %
7
©
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© 0 50 100 150 FIG. 10. Density-of-states functions. The upper panel represents
angle total density of states of all valence electrons. The lower three pan-

els represent partial density of states at 800 K, 1370 K, and 3000 K
(only s and p projections of Cd and Te angular components are
shown).

FIG.
angles.

8. Total angular distributioiiin arbitrary unit of bond
The distribution is normalized by gip(
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are displayed in Fig. 10. These curves are the result of aver- TABLE Ill. Sums of the numbers of states of different angular
aging over ten atomic configurations taken at random fronProjections(see text
the corresponding ensemble at each temperature. To obtain

partial the partial DOS functions, a Wigner-Seitz radius cor- 800 K 1370 K 3000 K
responding to one-half of the cell volume was used to decons.Te 58.7 50.3 60.8
volve the wave function over spherical at harmonics aroung.te 103.2 102.6 100.6
each atom. Each DOS is convoluted with 0.2 eV Gaussiag_te 4.2 45 5.8
(full width at half maximun). To preserve the sharp feartures ¢ 1o 01 0.2 0.4
of DOS at the Fermi level, the states near the Fermi level - 291 29.7 30.8
(Ef£0.5eV) are convoluted with 0.05 eV Gaussian. The -cd 21.9 206 20.0
transition between 0.2 eV and 0.05 eV Gaussians is pej 6.6 6.0 52
formed linearly in the energy intervalg;— 1.0 eV<E<E; f-cd 08 0.8 0.7

—0.5eV andE¢+0.5eV<E<E;+1.0eV.
At 800 K, there is a “dip” at the Fermi level. Since DOS

is an average over a number of atomic configurations, whergyajization with increasing temperature. Specifically, we ex-
the Fermi energy has slightly different values, a well deflned&

. ; ““pect that delocalization of the orbitals would result in an
gap is not apparent in the DOS curve. Nonetheless, we fingl ;o456 of thel- andf-state projections as a consequence of
that the optical conductivity has a finite gap for smallat

; : more “free” electronlike or metalliclike states. However, in
800 K. There are several reasons for this “paradox.” First, at, - system, the total number dfand f electrons on either
each time step a small gap can exist which is washed outigy 404 Te sites changes by less than 0.7 electrons as the
the averaging process. Also, even if the Fermi level reside stems goes from an amorphous to a superheated state.
between states whose energy separation is S”_‘a"’ the dipojg,esed andf states are not localized in the band gap.

matrix elements between these states can vanish. The primary change of the orbital character in the melt is

As the temperature increases, the band gap in the meH;]e redistribution ofs and p electrons as the temperature

characterized by the DOS "dip” decreases quickly. The ma'grows. The number of electrons increases on both Cd and

jor contribution to the states whi.ch fiII. the gap comes'from.l.e sites, while the number qf electrons decreases. We at-
Tep electrons. At 3000 K, there is a higher concentration 0ftribute this process to the relaxation ®p-hybridized elec-
Te-Te bonds and consequently Te clusters with higher COO0ions as the number of like-atom bonds increases with the
dination numbers. This is reflected in the splitting of thetemperature. Overall we would characterize the
density-of-states contributions corresponding tosTstates semiconductorsmetal t,ransition as being caused by a
into?bondingtﬁnd antigond:cn? C(%ntrti)but(ijons. At hi%r:er_lgem-c ange of the electronic states at the Fermi level, while the
peratures, as the number of Te-Te bonds grows, the Te p :

of the DOS corresponding to like states starts to resemblea]r stof the states are not altered dramatically.

the elemental liquid Te valence DJ%As in |-Te, the Te _ _

p-state contribution consists of and lone-pair(LP) states. C. Dynamic properties

As the number of Te-Te bonds increases, the LP contribu- By following the atomic positions in the liquid state as a
tions are affected by disorder. Various interactions withfunction of time, we can calculate the diffusion of Cd and Te
neighboring LP orbitals broaden the contributions to thein |-CdTe. For this calculation, we set the Langevin viscosity
DOS? In superheated CdTe, the LP part of the DOS acparamter to zero and follow the trajectories of each atom in
quires a shoulder at 1 eV. In twofold-coordinated Te, the the liquid. The diffusion constant can be determinedDas
Fermsiquexel iﬁ positi%ned ?eTtweenlLP amélI «':mtibondif’fblI =lim___(([R(t)]*)/6t). The mean-square displacement is
states’” As the number of Te triplets and more complex . N .
clusters appear in the liquid, the LP contributions to the den3'V&" b_y_<[R(t)]2>_= (IN) 2= [Ri(1) = R‘(O).]z' Ri(t) is

sity of states become more than filled and the Fermi levell® posmqn of the?'th atom. The average IS over all the
moves in the antibonding™ contribution to the density of atoms,N, in the unit cell. Our results for the dlffl.JSIOI’] coef-
states, suggesting a semiconductor-to-metal transition. |ﬂqen§s are given in Table IV. We were able to find only the
|-Te, it also has been propod&that it is the structure trans- iffusion coefficient of Te iH-CdTe. Agreement of our data

formation from the pure chainlike configuration to the con-With the availab[e experime_nt ‘? Very gc.)o.d. In Fig. 11,'we
figuration with a limited number of Te triplets that induces show the behavior of the diffusion coefficients as functions

the semiconductesmetal transition. of time and temperature during annealingle€dTe to 800
It is interesing to note that the peak of the conductivityK' Diffusivity values of both Cd and Te decrease by a factor

occurs neafiw=4 eV, independent of the melt temperatures o . _
investigated here. This is close to the “average band gap” in TABLE IV. Diffusion coefficients of Cd and Te ih-CdTe and
crystalline CdTe and likely represents a residual local ordeptPerneated-CdTe.

in the melt at the superheated temperature of 3000 K.

To quantify temperature changes in partial DOS func- (10,52%’2 s (10*5?::32 sh)
tions, we integrate each curve representing a particular pra-
jected state up to the Fermi levé€Table Ill). We chose to 1370 K (theory 6.7 5.2
normalize the integrals to represent the number of electrong370 K (experiment (Ref. 18 5.0
in the supercell having a particular angular character. Thergooo K (theory) 8.6 6.7

is no striking evidence in these calculations for electron de
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domly mixed and a denser sixfold-coordinated structure. In
[-CdTe, the higher ionicity of anion-cation bonds does not
favor a proximity of like atoms. We believe that this limits

the miscibility of different types of atoms and causes long-
range correlation in partial radial distributions for like atoms.

As a result, the internal energy term in the free energy pre-
vents the entropy term from inducing a transition to a more
close-packed and randomly mixed phase. The higher ionicity
of Cd-Te bonds also limits the delocalization of electrons,
which contributes to the semiconductor properties of

1370

D (10-5 cm?3s-1)
T (K)

800

200

400
t (time steps)

FIG. 11. Time dependence of the diffusion coefficients as
I-CdTe is annealed from 1370 K to 800 K to obtain supercooled
CdTe. Temperature beahavior is marked on the right.

of magnitude as we supercool the liquid. Diffusion coeffi-
cients drop to Dgg=7.2<10 %cn?s ! and D1.=6.0
x10 ®cm?s L.

IV. CONCLUSION

We performedab initio molecular-dynamics simulation of

CdTe at three different temperatures. Our theoretical resultd

for I-CdTe are in good agreement with available experimen

tal data: structure factor, diffusion coefficient, and dc con-

ductivity. In agreement with experimeht-CdTe retains its
open structure with the coordination numbed upon melt-
ing. This is different from liquid 1V and IlI-V semiconduc-
tors, where the coordination numberi$. Also, in the mol-
ten state, CdTe has a smaller dissociation degree than molt

IV and Ill-V semiconductors that have more random struc-

ture. The composition disorder numb@DN), defined as
the ratio of the homogeneous to heterogeneous bonds, is
in 1-CdTe. Further heating leads to significant structura
changes of the liquid. Thus, in superheated CdTe, the coo

dination number increases to 6.5. Also, the higher CDN

value of 0.8 reveals a more randomly mixed structure.
We find that in contrast to IlI-\Mor IV) semiconductors,

CdTe experiences a semiconduetegemiconductor transi-

tion upon melting. We attribute this to the higher ionicity of

[-CdTe.

While at the melting temperaturé;CdTe is a semicon-
ductor (with the dc conductivity growing as the temperature
increasep further heating causes a sharp increase of the
electrical conductivity and semiconductemetal transition.

In our simulations we observed that electrical conductivity

grows with the temperature. Thus dc conductivity at 3000 K
is larger by an order of magnitude than the value at the
melting temperature. We found that at all three temperatures,
the CdTe system has a strong ionic character without any
significant delocalization of electron wave functions. Further
metallization of the melt is not caused by the introduction of
free electrons in the system as covalent bonds break, as in the
case of liquid IV and Ill-V semiconductors. Metallic bahav-
ior of liquid CdTe is induced by the structural changes. As
more Te-Te bonds are created in the system and more com-
plex and disordered Te clusters appear, a finite number of Te
p states appear at the Fermi level. While the density of states
of supercooled CdTe has a well defined dip at the Fermi
energy, it disappears as the temperature grows.

In |-CdTe at the melting temperature, atoms of Te form

gHinite branched chains, typical for pure liquid Te. As the

temperature increases, the chains disrupt and transform in
more complex and close-packed clusters with higher coordi-

o tion numbers. We were able to observe the Te filaments in
|t'he supercooled liquid, though the chains were shorter and

less ramified than at the melting temperature.
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