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

PACS numbers: 72.80.Ph, 31.15.Ar, 71.15.Pd
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First-principles studies of liquid semiconductors hav
received considerable attention within the past decad
Numerousab initio molecular dynamics simulations of IV
(Si and Ge [1–3]) and III-V (GaAs, [4], GaSb [5]) liq-
uid semiconductors have been performed. However, II-V
semiconductors have not attracted such attention. To o
knowledge, there have been no first-principles simulation
performed for liquid II-VI semiconductors. This is unfor-
tunate, as experiments suggest that II-VI materials exhib
properties which are fundamentally different from IV and
III-V semiconductors in the liquid phase. From experi
ment, [6], CdTe remains a semiconductor in the melt as th
electrical conductivity grows with increasing temperature

An empirical rule [7] suggests that a molten semi
conductor retains its semiconductor properties despite t
destruction of long range order only if the short rang
order of the crystalline phase is preserved. Indeed, the e
tropy change for the solid! liquid phase transformation
in CdTe is small compared to III-V semiconductors [8]
This entropy difference implies that the structural change
occurring when CdTe melts are smaller than for III-V
systems. Neutron scattering experiments reinforce th
picture [9]. These measurements have been interpreted
indicate that liquid CdTe (l-CdTe) preserves its crystalline
local environment with a coordination number of,4. This
is in contrast to the more close-packed structures of liq
uid IV and III-V semiconductors. Coordination numbers
in these liquids change from 4 in the crystalline phase
,6 in the liquid phase. The degree of dissociation is an
other difference, inl-CdTe it is noticeably lesser than in
liquid III-V compounds [10]. Inl-CdTe there are fewer
“wrong bonds,” i.e., bonds between like-atoms. The larg
degree of dissociation in liquid III-V semiconductors can
be thought of as increasing the random mixing of differen
type atoms.

Here we compare structural and electronic prope
ties of l-CdTe with l-GaAs, a typical representative of
III-V semiconductors. In our simulations, we model the
liquid ensemble with a 64-atom supercell geometry. Th
0031-9007y98y81(22)y4959(4)$15.00
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supercell corresponds to a cubic zinc-blende structure w
a doubled lattice constant. During simulations, the sizes
the supercells were constrained to experimental densi
of the melt, i.e., we fixed our supercell size to be 25.28
and 20.86 Å forl-CdTe andl-GaAs, respectively [4,9].

To prepare the liquid ensemble, we first melt the sem
conductor by pumping energy into the system via Langev
dynamics [11–13]. The time steps used in integrati
equations of motion were 200 a.u. and 300 a.u.s1 a.u.­
2.4 3 10217 sd for GaAs and CdTe systems, respectivel
The interatomic forces are computed quantum mecha
cally from ab initio pseudopotentials with a plane wav
basis set [12]. We used a Troullier-Martins [14] pse
dopotential with Ceperly-Alder correlation [15]. The C
4d electrons are treated as core electrons using a pa
core correction [16]. We used an energy cutoff of 12 R
for CdTe plane wave basis. For GaAs we use 10 Ry
the cutoff energy. The Brillouin zone was sampled at t
G point to determine the charge density.

Initially our liquid ensemble consists of a random a
rangement of atoms within the supercell. We therma
ized the initial configuration at a temperature of 6000 K
This “hot” temperature regime eliminates any “memory
effect from the initial state. After a time for the aver
age diffusion path of the atoms to be comparable with t
conventional lattice constant (1.7 ps and 2 ps for Ga
and CdTe, respectively), we cool the system to the fin
equilibrium temperature. The cooling process was do
over a 2 ps interval. The final temperatures, 1550 K f
GaAs and 1370 for CdTe, were fixed to be just abo
the melting points. When the desired temperatures w
obtained we turned off the Langevin dynamics and w
decoupled our system from the hypothetical heat ba
To construct a representative ensemble, we ran sim
lations for 3 ps for each system following Newtonia
dynamics.

From the atomic coordinates of the liquid ensemble, w
calculated the total and partial radial distribution function
by averaging over the simulation time. From the parti
© 1998 The American Physical Society 4959
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radial distribution functions via a Fourier transformation
we obtained the partial structure factors. The tot
structure factor is a linear combination of the partia
structure factors normalized by the neutron scatteri
lengths [4]. We can compare the calculated structu
factor with neutron scattering experiments. We assum
the experimental scattering length ratios:aGayaAs ­
7.2y6.7 for GaAs, andaCdyaTe ­ 5.8y7.5 for CdTe in
making these comparisons [17].

In Fig. 1, we show the experimental and theoretic
structure factors forl-GaAs and l-CdTe, as well as
the total radial distribution functions. We compare ou
structure factor forl-CdTe with experimental data [9]
and the theoretical result obtained by molecular dynam
simulations based on a Stillinger–Weber-type classic
potential [18]. Forl-CdTe, there is a left shoulder on the
first peak at,2 Å21 in all three curves. For the first peak
and the shoulder, ourab initio simulations agree better
with experiment than do the classical simulations [18
For the second peak, the agreement with the experim
is quite good for both theoretical simulations. The tot
radial distribution forl-CdTe has a more pronounced firs
and second shell structure in contrast to the distributi
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FIG. 1. Structure factor functions,Ssqd, and total radial
distributions,gsRd, for l-CdTe andl-GaAs: theory (solid lines)
compared to experiment [9,19] (circles). Forl-CdTe the dashed
line presents the result obtained with Stillinger-Weber potent
simulations [18].
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function for l-GaAs. We attribute this difference to a
more random structure of the melt in GaAs.

From the total and partial radial distribution func
tions, we can estimate coordination numbers asCab ­RRmin

0 4pr2gabsrd dr, where Rmin is the first minimum
coordinate in the total radial distribution functiongsrd.
For the Rmin we take 3.5 Å and 3.3 Å for the CdTe
and GaAs systems, respectively. The total coordinati
number forl-CdTe is 4.4. In contrast tol-CdTe, l-GaAs
assumes a close-packed structure with a coordinat
number of 6.4. To estimate compositional defect
we introduce a compositional disorder number (CDN
defined assCanion2anion 1 Ccation2cationdy2Canion2cation.
The compositional disorder number can also be thoug
of as an order parameter. For example, for zinc-blen
structure, CDN is 0 while, for a perfect random mix, CDN
is 1. In l-CdTe, there are fewer wrong bond defects tha
in l-GaAs. CDN­ 0.4 for l-CdTe as opposed to more
disordered, or randomly mixed,l-GaAs with CDN­ 0.8.
In the total angular distribution forl-GaAs (Fig. 2),
there are two major peaks comparable in the amplitud
One peak (,60±) corresponds to close-packing structur
while the other peak (,100±) relates to tetrahedral envi-
ronment. Inl-CdTe the tetrahedral peak dominates. Th
tetrahedral coordination and a low composition disord
number indicate that CdTe retains its short range ord
upon melting. This agrees with the small entropy chan
measured in the solid-liquid transition [8].

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

FIG. 2. Total angular distributions forl-Cdte andl-GaAs.
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FIG. 3. Atoms of Te form branched chains inl-CdTe (only
Te atoms and bonds between them are presented). The sho
geometry corresponds to the2 3 2 3 2 supercell configuration.

radial distribution function,Rmin. These compositional de-
fects, bonds between Te atoms, contain only45% of all Te
atoms. The rest of the Te atoms are not bonded with ea
other. Cd clusters are more complex. There are triple
more complex rings, and even tetrahedrons of Cd atoms
the liquid.

In the bond angular distribution of Te clusters, ther
are two well-distinguished peaks (see Fig. 4). One pe
corresponds to the “open” angle in the helicon chains,
approximately160±. The other peak, located at,100±,
corresponds to the chain branching. In the bond angu
distribution of the more complex Cd clusters, a tetrahedr
angle at,100± prevails.

Once the eigenfunctions are obtained from the Koh
Sham equation, we can calculate the optical conductivit
According to the Kubo-Greenwood expression [22], th
real part of the conductivity can be expressed as

sr svd ­
2pe2

3m2vV

X
n,m

X
a­x,y,z

jkcmjpajcnlj2

3 dsEn 2 Em 2 h̄vd , (1)

FIG. 4. Partial angular distributions for bonds in Te an
Cd clusters.
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where Ei and ci are eigenvalues and eigenfunction
and V is the volume of the supercell. Dipole transitio
elements,kcmjpajcnl, were sampled by theG point of the
Brillouin zone. The lowest 300 eigenstates are includ
in the summation.

In Fig. 5, we display the real part of optical conductivit
calculated forl-CdTe andl-GaAs. Each curve is the resul
of the conductivity averaged over configurations chosen
random from the representative ensemble. Typically, on
5–10 configurations are required to obtain a converg
conductivity. The calculated conductivity is smoothe
by convoluting it with a 0.3 eV Gaussian (full width hal
maximum). The dc conductivity value (atv ­ 0) is
linearly extrapolated fromv ! 0. For l-GaAs, the
dc conductivity is8600 V21 cm21, compared with the
experimental value,7900 V21 cm21 [6]. For l-CdTe,
the dc conductivity is 100 V21 cm21. This value
overestimates the conductivity when compared to t
experimental value of40 V21 cm21 [6]. Nonetheless,
the static conductivity ofl-GaAs is almost 2 orders of
magnitude larger than that ofl-CdTe.

The behavior of conductivities ofl-CdTe andl-GaAs
is quite different asv approaches 0. Whilel-GaAs has
Drude-like conductivity [ssvd , s0ys1 1 v2t2d] which
is common for metals,l-CdTe conductivity has a semicon
ductor character. After peaking at 4 eV, the conductivi
for l-CdTe decreases as the frequency decreases. This
havior indicates that there is a finite band gap in the de
sity of states forl-CdTe.

We do not expect perfect agreement with the e
perimental data. For example, our calculated optic
conductivity does not include scattering by phonons
impurities. Another approximation is our use of th
Kohn-Sham eigenvalues to estimate the excitation sp
trum. We expect that the “band gap” problem will affec

FIG. 5. Optical conductivity inl-GaAs (solid line) andl-CdTe
(dashed line).
4961



VOLUME 81, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 30 NOVEMBER 1998

c-
c

s
-
e

.

.

t,

.

.

rd,

ds

h.
optical properties for smallv. With the pseudopotentials
we use, local density approximation underestimates t
band gap for CdTe more than for GaAs. This can pa
tially account for the larger error in the dc conductivity o
l-CdTe. On the other hand, the accuracy of the expe
mental data for the dc conductivity is also problematic
Values for l-CdTe vary by a factor of 2 in the literature
[6,23,24].

From the real part of the conductivity, using the
Kramers-Kronig relations, we can obtain the imaginar
part of the conductivity. Dielectric constant can be
obtained from the electrical conductivity:

esvd ­ 1 1
4pi
v

ssvd . (2)

We can calculate optical properties such as reflectivity a
the attenuation coefficient. There are no extensive me
surements of the reflectivity ofl-CdTe. However, using
an Ar1 laser (l ­ 488 nm) to measure the reflectivity in
laser induced melted CdTe, Golovanet al. [25] have ob-
served the reflectivity to increase by30% upon melting of
CdTe. If the experimental reflectivity of crystalline CdTe
is increased by30%, the reflectivity of the liquid is 0.35.
This value is in excellent agreement with our calculated r
flectivity for l-CdTe, the value of which is also 0.35. This
increase in reflectivity for CdTe is substantially less tha
the change observed for III-V and IV semiconductors, an
is consistent with the less metallic behavior of the CdT
melt. From our calculations, the normal incident reflectiv
ity of l-GaAs exceeds the reflectivity ofl-CdTe by almost
a factor of 2 for photon energies less than 5 eV.

In conclusion, we believe that differences in the con
ductivity and optical properties ofl-CdTe and III-V (or
IV) liquid semiconductors can be assigned to difference
in bond ionicity and the corresponding structural differ
ences. In IV or III-V semiconductors, with higher tem-
peratures, entropy favors a disordered and close-pack
structure (entropy is larger for such configurations). Con
sequently, a transition occurs from a fourfold structure t
a more randomly mixed and a denser sixfold coordinate
structure. Inl-CdTe, the higher ionicity of anion-cation
bonds does not favor proximity of like atoms. This re
stricts the miscibility of different types of atoms and
causes long range correlation in partial radial distribution
for like atoms. The higher ionicity of Cd-Te bonds lim-
its the delocalization of electrons which also contribute
to the semiconductor properties ofl-CdTe. Comparison
of the metallic Drude-like conductivityl-GaAs and the
conductivity of l-CdTe confirms our calculated semicon
ductor character ofl-CdTe. The conductivity inl-CdTe
decreases as the frequency approaches zero. As oppo
to the nearly free electron density of states inl-GaAs,
4962
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l-CdTe has a finite band gap. As such, the dc condu
tivity for l-CdTe is 2 orders of magnitude less than d
conductivity ofl-GaAs.
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