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All semiconductors of group IV, such as silicon, and IlI-V materials, such as gallium arsenide,
assume metallic behavior when melted. This is in contrast to some II-VI semiconductors such as CdTe
which retain their semiconducting behavior in both the liquid and the solid state. In order to understand
this difference, we have performedb initio molecular dynamics simulations of liquid GaAs and CdTe.
Using the Kubo-Greenwood formalism, we predict the conductivity of both liquids and confirm the
differences observed experimentally. We relate the conductivity differences between II-VI and IlI-V
semiconductors to strong structural differences occurring within the melt. [S0031-9007(98)07783-7]

PACS numbers: 72.80.Ph, 31.15.Ar, 71.15.Pd

First-principles studies of liquid semiconductors havesupercell corresponds to a cubic zinc-blende structure with
received considerable attention within the past decade doubled lattice constant. During simulations, the sizes of
Numerousab initio molecular dynamics simulations of IV the supercells were constrained to experimental densities
(Si and Ge [1-3]) and IlI-V (GaAs, [4], GaSb [5]) lig- of the melt, i.e., we fixed our supercell size to be 25.28 A
uid semiconductors have been performed. However, II-Vand 20.86 A fol-CdTe and-GaAs, respectively [4,9].
semiconductors have not attracted such attention. To our To prepare the liquid ensemble, we first melt the semi-
knowledge, there have been no first-principles simulationsonductor by pumping energy into the system via Langevin
performed for liquid II-VI semiconductors. This is unfor- dynamics [11-13]. The time steps used in integrating
tunate, as experiments suggest that |-Vl materials exhibiéquations of motion were 200 a.u. and 300 &lua.u.=
properties which are fundamentally different from IV and2.4 X 107!7 s) for GaAs and CdTe systems, respectively.
I1I-V semiconductors in the liquid phase. From experi- The interatomic forces are computed quantum mechani-
ment, [6], CdTe remains a semiconductor in the melt as theally from ab initio pseudopotentials with a plane wave
electrical conductivity grows with increasing temperature.basis set [12]. We used a Troullier-Martins [14] pseu-

An empirical rule [7] suggests that a molten semi-dopotential with Ceperly-Alder correlation [15]. The Cd
conductor retains its semiconductor properties despite th&! electrons are treated as core electrons using a partial
destruction of long range order only if the short rangecore correction [16]. We used an energy cutoff of 12 Ry
order of the crystalline phase is preserved. Indeed, the efier CdTe plane wave basis. For GaAs we use 10 Ry for
tropy change for the solie~ liquid phase transformation the cutoff energy. The Brillouin zone was sampled at the
in CdTe is small compared to IlI-V semiconductors [8]. I" point to determine the charge density.

This entropy difference implies that the structural changes Initially our liquid ensemble consists of a random ar-
occurring when CdTe melts are smaller than for IlI-V rangement of atoms within the supercell. We thermal-
systems. Neutron scattering experiments reinforce thigzed the initial configuration at a temperature of 6000 K.
picture [9]. These measurements have been interpreted This “hot” temperature regime eliminates any “memory”
indicate that liquid CdTel{CdTe) preserves its crystalline effect from the initial state. After a time for the aver-
local environment with a coordination numbered. This  age diffusion path of the atoms to be comparable with the
is in contrast to the more close-packed structures of ligeonventional lattice constant (1.7 ps and 2 ps for GaAs
uid IV and IlI-V semiconductors. Coordination numbers and CdTe, respectively), we cool the system to the final
in these liquids change from 4 in the crystalline phase tequilibrium temperature. The cooling process was done
~6 in the liquid phase. The degree of dissociation is anover a 2 ps interval. The final temperatures, 1550 K for
other difference, iH-CdTe it is noticeably lesser than in GaAs and 1370 for CdTe, were fixed to be just above
liquid 11I-V compounds [10]. Inl-CdTe there are fewer the melting points. When the desired temperatures were
“wrong bonds,” i.e., bonds between like-atoms. The largeobtained we turned off the Langevin dynamics and we
degree of dissociation in liquid IlI-V semiconductors candecoupled our system from the hypothetical heat bath.
be thought of as increasing the random mixing of differenfTo construct a representative ensemble, we ran simu-
type atoms. lations for 3 ps for each system following Newtonian

Here we compare structural and electronic properdynamics.
ties of I-CdTe with |-GaAs, a typical representative of From the atomic coordinates of the liquid ensemble, we
I1I-V semiconductors. In our simulations, we model the calculated the total and partial radial distribution functions
liquid ensemble with a 64-atom supercell geometry. They averaging over the simulation time. From the partial
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radial distribution functions via a Fourier transformation, function for I-GaAs. We attribute this difference to a
we obtained the partial structure factors. The totalmore random structure of the melt in GaAs.

structure factor is a linear combination of the partial From the total and partial radial distribution func-
structure factors normalized by the neutron scatteringions, we can estimate coordination numbersCag =
lengths [4]. We can compare the calculated structurefgmin 47r2gaﬁ(r)dr, where R, is the first minimum
factor with neutron scattering experiments. We assumeoordinate in the total radial distribution functigy(r).

the experimental scattering length ratioss./aas =  For the Ry, we take 3.5 A and 3.3 A for the CdTe
7.2/6.7 for GaAs, andaca/ar. = 5.8/7.5 for CdTe in  and GaAs systems, respectively. The total coordination
making these comparisons [17]. number forl-CdTe is 4.4. In contrast tbCdTe,|-GaAs

In Fig. 1, we show the experimental and theoreticalassumes a close-packed structure with a coordination
structure factors forl-GaAs andI-CdTe, as well as number of 6.4. To estimate compositional defects,

the total radial distribution functions. We compare ourwe introduce a compositional disorder number (CDN)
structure factor forl-CdTe with experimental data [9] defined aSCanion—anion T Ceation—cation)/2Canion—cation -

and the theoretical result obtained by molecular dynamic$he compositional disorder number can also be thought
simulations based on a Stillinger—Weber-type classicabf as an order parameter. For example, for zinc-blende
potential [18]. For-CdTe, there is a left shoulder on the structure, CDN is 0 while, for a perfect random mix, CDN
first peak at~2 A~! in all three curves. For the first peak is 1. Inl-CdTe, there are fewer wrong bond defects than
and the shoulder, ouab initio simulations agree better in I-GaAs. CDN= 0.4 for I-CdTe as opposed to more
with experiment than do the classical simulations [18].disordered, or randomly mixetqGaAs with CDN= 0.8.

For the second peak, the agreement with the experimefri the total angular distribution fot-GaAs (Fig. 2),

is quite good for both theoretical simulations. The totalthere are two major peaks comparable in the amplitude.
radial distribution fol-CdTe has a more pronounced first One peak {60°) corresponds to close-packing structure,
and second shell structure in contrast to the distributionvhile the other peak~100°) relates to tetrahedral envi-
ronment. Inl-CdTe the tetrahedral peak dominates. The
tetrahedral coordination and a low composition disorder
number indicate that CdTe retains its short range order
upon melting. This agrees with the small entropy change
measured in the solid-liquid transition [8].

During the simulations, we were able to observe that
atoms of Te form branched chains. Experiment and theo-
retical simulations, [20,21] suggest that, in pure liquid Te,
atoms of Te form twofold coordinated helicon chains. It
is interesting that this ability to form chains is preserved
in I-CdTe. In Fig. 3, we illustrate the structure of Te
clusters in a typical-CdTe atomic configuration. Two
atoms are considered to form a bond if the distance be-
tween them is less than the first minimum in the total

S (q)

\Q
i o
i ©
— -+
| )
S =
0 r —_ &
<t .
C. T e e o
o ol \ \ R‘( \) éﬂ
2 o1 6 8 ©
aA) ] 1 ] I
FIG. 1. Structure factor functionsS(g), and total radial
distributions,g(R), for I-CdTe andl-GaAs: theory (solid lines) 0 50 100 150
compared to experiment [9,19] (circles). ReCdTe the dashed angle (degrees)
line presents the result obtained with Stillinger-Weber potential
simulations [18]. FIG. 2. Total angular distributions forCdte and-GaAs.
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where E; and ¢; are eigenvalues and eigenfunctions,
and ) is the volume of the supercell. Dipole transition
elements{y,,| poli,), were sampled by thE point of the
Brillouin zone. The lowest 300 eigenstates are included
in the summation.

In Fig. 5, we display the real part of optical conductivity
calculated fol-CdTe and-GaAs. Each curve is the result
of the conductivity averaged over configurations chosen at
random from the representative ensemble. Typically, only
5-10 configurations are required to obtain a converged
? conductivity. The calculated conductivity is smoothed
by convoluting it with a 0.3 eV Gaussian (full width half
maximum). The dc conductivity value (ab = 0) is
linearly extrapolated fromw — 0. For |-GaAs, the
dc conductivity is8600 Q ~'cm™!, compared with the
experimental value7900 Q~'cm™! [6]. For I-CdTe,
the dc conductivity is100 Q~'cm™!. This value
overestimates the conductivity when compared to the
‘“Qperimental value ofi0 Q~'cm™! [6]. Nonetheless,
the static conductivity of-GaAs is almost 2 orders of
magnitude larger than that 6CdTe.
radial distribution functionR,,;,. These compositionalde-  The behavior of conductivities diCdTe andl-GaAs
fects, bonds between Te atoms, contain @3l% of all Te  is quite different asw approaches 0. WhileGaAs has
atoms. The rest of the Te atoms are not bonded with eadbrude-like conductivity fr(w) ~ oo/(1 + w?7*)] which
other. Cd clusters are more complex. There are tripletds common for metald;CdTe conductivity has a semicon-
more complex rings, and even tetrahedrons of Cd atoms iductor character. After peaking at 4 eV, the conductivity
the liquid. for I-CdTe decreases as the frequency decreases. This be-

In the bond angular distribution of Te clusters, therehavior indicates that there is a finite band gap in the den-
are two well-distinguished peaks (see Fig. 4). One peakity of states fot-CdTe.
corresponds to the “open” angle in the helicon chains, at We do not expect perfect agreement with the ex-
approximately160°. The other peak, located at100°,  perimental data. For example, our calculated optical
corresponds to the chain branching. In the bond angulatonductivity does not include scattering by phonons or
distribution of the more complex Cd clusters, a tetrahedraimpurities. Another approximation is our use of the
angle at~100° prevails. Kohn-Sham eigenvalues to estimate the excitation spec-

Once the eigenfunctions are obtained from the Kohntrum. We expect that the “band gap” problem will affect
Sham equation, we can calculate the optical conductivity.
According to the Kubo-Greenwood expression [22], the
real part of the conductivity can be expressed as

FIG. 3. Atoms of Te form branched chains ¥rCdTe (only
Te atoms and bonds between them are presented). The sho
geometry corresponds to tBex 2 X 2 supercell configuration.
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FIG. 4. Partial angular distributions for bonds in Te andFIG. 5. Optical conductivity in-GaAs (solid line) and-CdTe
Cd clusters. (dashed line).
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optical properties for smalb. With the pseudopotentials 1-CdTe has a finite band gap. As such, the dc conduc-
we use, local density approximation underestimates thavity for |-CdTe is 2 orders of magnitude less than dc
band gap for CdTe more than for GaAs. This can parconductivity ofl-GaAs.
tially account for the larger error in the dc conductivity of We would like to acknowledge the support for this
I-CdTe. On the other hand, the accuracy of the experiwork by NASA, NSF, and by the Minnesota Supercom-
mental data for the dc conductivity is also problematic.puter Institute. Helpful discussions with S. Ogiit are
Values forl-CdTe vary by a factor of 2 in the literature acknowledged.
[6,23,24].
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