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Effects of Cu alloying on the structural and electronic properties in amorphous Cu,.(As)4S¢6)1-s:
Ab initio molecular-dynamics simulations
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The composition dependence of the atomic structure and bonding properties in amorphous Cu,(As)4S¢6)_y
(x=0.0, 0.024, and 0.11) is investigated by means of ab initio molecular-dynamics simulations. Our results
show that Cu atoms introduced tend to bind with S atoms with a well defined bond length. The pair distribution
functions obtained reveal that As-As correlation is influenced appreciably by the addition of Cu atoms, whereas
changes in S-S correlation are relatively small. It is found that the unoccupied electronic states near the bottom
of the conduction band have a nonbonding character and have large amplitudes of their wave functions around
the As atoms that are coordinated with two S atoms as well as around Cu atoms. We suggest that these
electronic states will play an important role in the suppression of photodarkening in Cu-doped arsenic

chalcogenides.
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I. INTRODUCTION

Amorphous arsenic chalcogenides such as As,S; and
As,Se; have a network structure of covalently bonded atoms.
Arsenic and chalcogen atoms have basically threefold and
twofold coordinations, respectively, and the heterocoordina-
tion is preferred.! While this short-range structure is similar
to that of crystals, these amorphous materials exhibit physi-
cal properties, which are not seen in their crystalline phases,
due to the disorderness and structural flexibility in medium-
range and long-range structures.’

Under illumination amorphous chalcogenides show a
wide variety of photoinduced phenomena such as photodark-
ening, photobleaching, photopolimerization, photodoping,
photoinduced anisotropy, photoexpansion, etc.>”’ Among
these, considerable efforts have been made for many years to
understand photodarkening,®' which is a phenomenon of
the shift of the optical absorption edge toward a longer
wavelength after the illumination with near band gap light.
X-ray diffraction studies have demonstrated that changes in
the network structure due to illumination are responsible for
photodarkening.!' It is known that photodarkening is sup-
pressed by the addition of a small amount (1-5%) of metals
such as Cu,'> Pb,'? and Sn.'* These observations indicate that
the electronic properties of amorphous chalcogenides are
closely related to the structure of atoms. However, in spite of
considerable efforts over the past years, and the presentation
of a wide range of proposed models, the precise nature of the
mechanism that gives rise to these phenomena still remains
elusive.' In order to clarify the microscopic mechanism, un-
derstanding of the fundamental materials properties is indis-
pensable.

So far, several theoretical studies have been conducted on
amorphous chalcogenides.!®>* Li and Drabold have carried
out molecular-dynamics (MD) simulations of amorphous
As,Se; based on a nonorthogonal tight binding scheme.!”
They investigated the local vibrational modes and the elec-
tronic density of states, as well as the structure of atoms
and showed that their calculated results are consistent with
experiments. They found that bond-breaking and bond-
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switching reactions occur around defect sites under illumina-
tion in metal-free amorphous As,Ses, and that there are two
time scales in the relaxation processes of the network
structure.'® The structural properties of amorphous As,S;
have been investigated by ab initio MD simulations of Shi-
mojo et al.'® They reported on effects of hydrostatic com-
pression on the local atomic configuration. More recently,
semiempirical tight-binding calculations have been carried
out for amorphous As,S; by Elliott and co-workers.?%-?2
They suggested that there exist defect pairs, [As,]™-[S5]*, in
addition to the charged coordination defects, and that such
defect pairs are responsible for photodarkening under illumi-
nation. They also studied the influence of alloying Cu on the
electronic properties and discussed the mechanism of the
suppression of photodarkening in Cu-doped chalcogenides.
Singh and Oh have presented a quantum mechanical theory
to study photoinduced phenomena in amorphous chalco-
genides with considering the excited electrons.”®> We have
suggested an agglomeration tendency of noble metals in
amorphous metal-doped chalcogenides.?*

It is known that, in metal-doped arsenic chalcogenides,
the electrical conductivity increases largely accompanied
with a reduction of the optical gap with increasing metal
contents.” Since the conductivities are usually unresponsive
to the presence of impurities in amorphous semiconductors,
the unexpected increase in the conductivity is considered to
arise from some substantial changes in the atomic struc-
ture,?%-2% which will affect photoinduced phenomena. How-
ever, details of the local structure around the impurity metals
are still unknown.

In the present study, we investigate the composition de-
pendence of the atomic structure, electronic structure and
bonding properties in amorphous Cu,(As4Soe);_, (x=0.0,
0.024, and 0.11) by means of ab initio MD simulations. The
main purpose of our research is to clarify the effects of Cu
alloying on the structural and electronic properties in amor-
phous chalcogenides from first principles. We will discuss in
detail how the network structure is modified by the addition
of Cu atoms. The bonding properties of atoms are examined
by the population analysis with respect to the local coordi-
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nation of atoms. Also the electronic states near the band gap
are investigated in connection with the suppression of
photodarkening.

II. METHOD OF CALCULATION

In our ab initio MD simulations for amorphous
Cu,(Asy4S06)i_r» atomic forces were calculated from the
electronic ground state within the generalized gradient
approximation® to the density functional theory. The energy
functional was minimized using an iterative scheme based on
a preconditioned conjugate-gradient method.?*3? We used
ultrasoft pseudopotentials®® with a plane-wave basis set. The
I" point was used to sample the Brillouin zone of supercells,
and the plane-wave cutoff energies for the wave functions
and the charge density are 20 and 150 Ry., respectively. Us-
ing the Nosé-Hoover thermostat technique, the equations of
motion were solved via explicit reversible integrators.>* The
initial charge density at each MD step was estimated by ex-
trapolating the charge densities at the previous steps,®? and
the initial wave functions were estimated from the wave
functions at the previous steps by means of a subspace
diagonalization.?!

We used three systems composed of 80 atoms
(32As+48S), 82 atoms (32As+48S+2Cu), and 90 atoms
(32As+48S+10Cu) for the concentrations of x=0.0, 0.024,
and 0.11, respectively, in cubic supercells under periodic
boundary conditions. The system sizes were selected to be
large enough for the current purpose of studying the local
structure and bonding properties around Cu atoms. To obtain
amorphous states, we began with carrying out a simulation
up to 10 ps for a liquid state at 1000 K, and then decreased
the temperature of the system gradually to 400 K with a
decreasing rate of 20 K/ps. Since the starting temperature
1000 K is quite high compared with the melting temperature
585 K of As,S;, the system came into a disordered state
without the effects of initial configuration. The amorphous
state at 400 K was simulated for at least 11 ps. The number
density of atoms 0.0381 A= was determined by the zero-
pressure condition for simulations of As,S; (x=0.0), which
agrees well with the experimental value, 0.039 A=3.! Since it
has been observed experimentally that the number density is
almost unchanged for Cu concentrations up to about 10%,?
we used the same number density for x=0.024 and 0.11 as
that for x=0.0. The quantities of interest were obtained by
averaging over more than 8 ps after the initial equilibration
taking about 3 ps.

It would be valuable to discuss the possible inaccuracies
of our computational method. First, the size of the system
could be a problem, considering the fact that the number of
atoms used in the previous studies based on tight binding
schemes!718:20:22 i about 200. Since the edge length of our
supercell is about 14 A, we are unable to investigate the
spatial correlation beyond half the edge length ~7 A. In this
paper, we focus only on atomic correlations within the dis-
tance of 7 A, which is large enough to the purpose of our
study. Second, the underestimation of the electronic energy
gap at the Fermi level by the approximation®® to the density
functional theory could cause incorrect electronic properties.
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FIG. 1. Structure factors S(k) of amorphous Cu,(Asy4Soe)i—x
obtained from the partial structure factors S,4(k) using the neutron
scattering lengths. Each curve was calculated using a Gaussian filter
with a width of Ak=0.1 A~! to eliminate statistical errors.

As will be shown by the calculated electronic density
of states, the semiconducting properties are successfully
reproduced by our models, and the concentration dependence
of the energy gap is similar to that observed experimentally.
We will give qualitative discussion on the electronic states
near the Fermi level, although we cannot examine the energy
gap quantitatively. Last, the limited length of simulation
time could cause some statistical errors. Also the decreasing
rate of temperature could be too fast to obtain an amorphous
state. However, since the calculated structures are consistent
with the experimental results, we think that the simulation
time is long enough to reproduce and investigate the
amorphous states.

III. RESULTS
A. Structure factors

The structure factors S(k) calculated by our ab initio MD
simulations are shown in Fig. 1. They were obtained from
the partial structure factors S,(k), shown in Fig. 2, using the
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FIG. 2. Ashcroft-Langreth partial structure factors S,4(k) of
amorphous Cu,(As4Sy6)i—y- Each curve was calculated using a
Gaussian filter with a width of Ak=0.1 A~! to eliminate statistical
errors.
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FIG. 3. Partial pair distribution functions g,g(r) of amorphous
Cu,(As)4Sp6)1_y for a—B=As-As, S-S, and As-S.

neutron scattering lengths. Note that the structure factors ob-
tained by using the x-ray form factors are indistinguishable
to S(k) shown in Fig. 1. In S(k) for As,S; (x=0.0), there is a
first-sharp diffraction peak (FSDP) at k=1.3 A~!. The first
main peak appears at k=2.2 A~!, and the positions of the
second and third peaks are at k=3.8 and 6.0 A~!, respec-
tively. We see that an oscillating behavior in S(k) remains for
k>10 A~" (not shown in Fig. 1). These features are in agree-
ment with the results of neutron scattering experiments.' The
addition of Cu atoms does not change the overall profile of
S(k), although the second peak becomes higher with increas-
ing concentration x.

It is worth while examining the calculated partial structure
factors S,4(k), since it is difficult to obtain those quantities
for ternary compounds from experiments. Figure 2 shows the
Ashcroft-Langreth partial structure factors S,4(k). It is seen
that Sx,as(k) and Sgg(k) have main peaks at almost the same
wave vectors (k=2.0-2.3 A~"), at which S,.s(k) has a large
dip. When the Cu concentration x is increased from 0.024 to
0.11, the peak at k=2.0 A™" in Sy (k) shifts to a larger
wave vector k=2.2 A~!, whereas Sg5(k) changes the position
of its peak from k=22 A~' to a smaller wave vector
k=2.0 A~'. We see that there is a shoulder at k=2.2 A~! in
Sasas(k) for x=0.0 and 0.024, and in Sgg(k) for x=0.11.
It should be noted that, in Sx(k), a peak grows at
k=1.3 A~', at which the FSDP of S(k) is seen. This means
that the spatial correlation between As atoms changes in the
scale of intermediate distance ~5 A with increasing Cu con-
centration x. In Scyc,(k) and Sy (k), there are some struc-
tures only for k<<4.0 A‘l, which reflects the fact that the Cu
concentration is rather low. However, in Sgc,(k) especially
for x=0.11, an oscillating behavior continues to larger wave
vectors, indicating that there exists a short-range correlation
between Cu and S atoms.

B. Pair distribution functions

The partial pair distribution functions g,g(r) for
a-B=As-As, S-S, and As-S pairs are shown in Fig. 3. We can
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FIG. 4. Partial pair distribution functions g,s(r) of amorphous
Cu,(Asp4Spe)1—x for a—B=Cu-Cu, As-Cu, and S-Cu.

see clearly that the preferred bond is the heteropolar As-S
bond among the three correlations, as ga.(r) has a large
peak at r=2.3 A. In gaas(r) and gsg(r), there are small
peaks at r=2.6 and 2.1 A, respectively, so a few homopolar
As-As and S-S bonds exist in amorphous Cu,(Asy4S¢6)1_y-
Figure 4 shows g,(r) related to Cu atoms for x=0.024 and
0.11. We see that Cu atoms have a preference to bind with S
atoms as reflected by a sharp peak in ggc,(r) at r=2.3 A.
Figure 4 also indicates that there is a formation of As-Cu
bonds when the Cu concentration reaches x=0.11 as dis-
played by a first small peak in gasc,(r) at r=2.5 A. The
finding that Cu atoms bind to S atoms as well as to As atoms
is in agreement with x-ray photoelectron spectroscopy (XPS)
measurement.®® In gcuc(r) for x=0.11, a peak appears at r
=2.8 A, which indicates a possible aggregation tendency of
Cu atoms as has been found in the disordered phases of
Cul 3¢

The coordination number N, which is the average num-
ber of B-type atoms coordinated with an a-type atom, was
calculated as

Rap
NaB=p,BJO 47Tr2ga,8(r)dr» (1)

where pg is the number density of S-type atoms, and R, is
a cutoff distance determined from the first-minimum position
of g,p(r). Table I shows the Cu-concentration dependence of
N If there were no wrong As-As and S-S bonds in the case
of x=0.0, N and Ng,, would be three and two, respec-
tively, and both N4 and Ngg would be zero. It is, however,
seen that N, and Ng,, are smaller than their respective
ideal values, and that N, and Ngg have finite values. Note
that Nygg+Nasas and Ngpa+Ngg are almost three and two,
respectively, i.e., As and S atoms have threefold and twofold
coordinations, respectively, with some homopolar bonds at
x=0.0. With increasing Cu concentration x, N4, increases,
while N (Ngas) decreases. This is consistent with the fact
that N¢,g has larger values (~3) than Ngya, (<0.56), imply-
ing that Cu atoms prefer to bind with S atoms as described
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TABLE 1. Coordination number N,z of amorphous
Cu,(As4S06)1-y- The cutoff distances R, used in the calculation
of N,p are also shown.
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above. Most Cu atoms added will occupy positions near S
atoms by taking the place of As atoms, and As atoms ex-
cluded from the vicinity of S atoms will bind to each other.
The calculated coordination number of Cu atoms reaches
about 3.9 (=N¢yas+Neus+Newew) 1 total at x=0.11, which is
in accord with the prediction of a formal-valence-shell
model.’ It is interesting to note that the Cu-concentration
dependence of g,4(r) and N5 for As-As, S-S, and As-S pairs
resembles the temperature dependence of these quantities ob-
served in liquid As,S;.3® In the liquid state, the bond break-
ing and bond exchange in the network structure are induced
by thermal motion of atoms at higher temperatures.

C. Details of atomic coordinations

To investigate the atomic coordination around each
atom in more detail, we define two quantities, P‘;H(n) and
Pl;(’“(n), called the coordination-number distribution func-
tions. Both quantities are the ratio of the number of a-type
atoms with coordination number n to the total number of
a-type atoms. First, we counted the number of -type atoms,
n B(i)’ inside a sphere with a radius Rop centered at the ith
atom (i € @). We used the same values of R,z as those in the
calculation of N,z Then, PZ”(n) and PZOS‘(n) were obtained
from distributions of n¥(i)=nu (i) +ng(i)+ne,(i) and
n"(i) =n (i) +ns(i), respectively, for i € a. Note that they
were calculated by taking the time average, and were nor-
malized as 3,PY(n)=1 and =,P"(n)=1. Figure 5 displays
P¥(n) and P"(n) for x=0.0, 0.024, and 0.11. It is seen
from P4(n) that more than 90% of As atoms have threefold
coordination at all x, and fourfold coordinated As atoms in-
creases slightly with increasing x. At x=0.11, the ratio of the
number of As atoms coordinated with two host (As or S)
atoms [P'%(2)] is about 0.1. When the number of atoms
coordinated with the As atoms is counted by including Cu
atoms, almost no As atoms have twofold coordination, as
P(2) is nearly zero. This means that there are one or two
Cu atoms neighboring to the As atoms that are coordinated
with two host atoms. The Cu concentration dependence of

FIG. 5. Coordination-number distribution functions P*;ll(n) and
P™(n) of amorphous Cu,(Asy4Soe)_r The open circles, open
squares, and solid circles show lel(n) and P};"St(n) for x=0.0,
0.024, and 0.11, respectively.

Pg"(n) reveals that the coordination-number distribution
around S atoms at x=0.11 is markedly different from those at
x=0.0 and 0.024. About 60% of S atoms have twofold coor-
dination, and the rest have threefold coordination at x=0.11.
There is a noticeable difference between P%'(n) and P§*(n)
at x=0.11, reflecting the distribution of Cu atoms around S
atoms. These results are in accord with the previous
suggestion®’ based on x-ray diffraction experiments that the
addition of Cu atoms reduces the fraction of S atoms that are
twofold coordinated. It should be noted that both P}>*'(4) and
P2(3) have finite values at x=0.0, and they become nearly
zero when Cu atoms are added. This means that Cu atoms
suppress the overcoordination between host atoms.

In a similar way to P*;”(n) and Pk;(’s‘(n), we obtained
partial quantities P,g(n) from the distribution of ng(i) for
i € a as shown in Fig. 6. For all x, Pys(n) and Pgg(n) have
the largest values at n=0, and decrease monotonically as n
increases. While Pgg(n) has only a weak dependence on x,
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FIG. 6. Coordination-number distribution functions P,g(n) of
amorphous Cu,(Asy4So6)i_y The open circles, open squares, and
solid circles show P ,g(n) for x=0.0, 0.024, and 0.11, respectively.
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Pacas(n) depends somewhat on x, i.e., Pagas(1) and Pygaq(2)
increase with increasing x, and P,,,,(0) decreases. More re-
markable effects of the addition of Cu atoms are found in
Pas(n) and Pga(n). When the Cu concentration is low
(x=0.0 and 0.024), almost 75% of As atoms have three S
atoms as their neighbors, and more than 80% of S atoms
have two neighboring As atoms. At x=0.11, the ratio of these
atoms decreases, and those atoms which have lower coordi-
nations increase, especially Pa.(2) has a comparable value
to Pags(3).

As seen from Pay(n), there are few Cu atoms coordi-
nated with As atoms at x=0.024, and about 15% of As atoms
have one neighboring Cu atom at x=0.11. On the other hand,
there exist more Cu atoms around S atoms, i.e., at x=0.11,
the ratios of onefold and twofold Cu-coordinated S atoms
reach 35% and 15%, respectively, although Pgc,(0) has the
largest value (~50% ). Around Cu atoms, more S atoms exist
than As atoms. At both x=0.024 and 0.11, there exist three S
atoms around Cu atoms in most cases as Pc,s(n) has a high
peak at n=3. In contrast, only one or two As atoms exist
around Cu atoms even at x=0.11. We have observed that
some Cu atoms change their coordinations with time, al-
though they do not show any diffusive motion, i.e., they
move locally between sites that have almost the same local
energy minima. The residence time at each site is of the
order of 0.1—1 ps. On the other hand, the coordinations be-
tween host atoms change very occasionally around the coor-
dination defects at all x.

Up to here, we examine the coordination-number distri-
bution based on pairs of atomic species. To clarify the char-
acteristics of structural change by the addition of Cu atoms,
it is valuable to investigate the distribution of atomic coordi-
nations by classifying atoms by three numbers (n4,71g,7¢y),
where n,,ng,nc, are the number of neighboring As, S, and
Cu atoms, respectively, to the atoms considered. We obtained
the ratio p,(na.ng,nc,) of the number of a-type atoms,
which are coordinated with n,g As atoms, ng S atoms, and
ne, Cu atoms, to the total number of a-type atoms. As was
seen in Fig. 5, more than 90% of As atoms have threefold
coordination. From pag(nag,ng,ne,) for As atoms shown in
Fig. 7, we can see the details of the distribution. At x=0.0,
about 70% of As atoms have (0,3,0) coordination, i.e., they
neighbor to three S and no As atoms. About 25% of As atoms
have (1,2,0) coordination, and about 4% have (0,4,0) over-
coordination. At x=0.024, the (0,3,0)-coordinated As atoms
increase slightly, and instead the (0,4,0)-coordinated and
(1,2,0)-coordinated As atoms decrease. This implies that,
when the Cu concentration is low, Cu atoms prefer to stay in
such environments that the stoichiometric atomic concentra-
tion corresponding to x=0.0 is disrupted locally. Note that
there appear the (2,1,0)-coordinated As atoms (about 6%),
which results from the assembly of As atoms excluded from
the positions near S atoms by Cu atoms. When x reaches
0.11, the number of (0,3,0)-coordinated As atoms is reduced
largely, and the (1,2,0)-coordinated As atoms increase. Cu
atoms neighbor to As atoms as well as to S atoms at this Cu
concentration, and some As atoms have (0,2,1), (1,2,1),
(0,3,1), and (0,2,2) coordinations. It is emphasized that the
(0,2,1)-coordinated, (0,2,2)-coordinated, and (0,2,0)-coordi-
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FIG. 7. Ratio pas(nas,ng,nc,) of the number of the
(nag, 115, ncy)-coordinated As atoms to the total number of As atoms.
The open circles, open squares, and solid circles show
Pas(Mas,ng,ncy) for x=0.0, 0.024, and 0.11, respectively. In the
inset, the scale of the horizontal axis is magnified.

nated As atoms, which are undercoordinated with host at-
oms, appear or increase. Around these atoms, there are large
amplitudes of the electronic wave functions of unoccupied
states near the bottom of the conduction band, which are not
seen in the amorphous states at x=0.0. The related discus-
sions to this point will be made in Sec. IV.

Figure 8 shows pg(nag,ng,nc,) for S atoms. At x=0.0,
there are a few overcoordinated-(3,0,0) and undercoordi-
nated-(1,0,0) S atoms, besides many twofold (2,0,0)-coor-
dinated and (1,1,0)-coordinated S atoms. Similar to the coor-
dination around As atoms, the nonstoichiometric (3,0,0)-
coordinated and (1,0,0)-coordinated S atoms almost disap-
pear when Cu atoms are added. At x=0.024, the number of
(2,0,0)-coordinated S atoms are reduced, and instead the
(2,0,1)-coordinated and (1,0,1)-coordinated S atoms appear.
With the increase of x to 0.11, the (2,0,1)-coordinated,

po(n,, ng, ) (%)

FIG. 8. Ratio pg(nag,ng,nc,) of the number of the
(nag,ng,ncy)-coordinated S atoms to the total number of S atoms.
The open circles, open squares, and solid circles show
ps(nagsng,ney) for x=0.0, 0.024, and 0.11, respectively. In the in-
set, the scale of the horizontal axis is magnified.
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FIG. 9. Ratio pcy(nag,ng,nc,) of the number of the
(nag»ng,ncy)-coordinated Cu atoms to the total number of Cu at-
oms. In the figure, ratios summed with respect to nc, are plotted.
The open squares and solid circles show pcy(nag,ng,ne,) for
x=0.024 and 0.11, respectively. In the inset, the scale of the hori-
zontal axis is magnified.

(1,0,2)-coordinated, (1,0,1)-coordinated, and (1,1,1)-coor-
dinated S atoms increase largely, reflecting the fact that the
favorable sites to Cu atoms are around S atoms, accompa-
nied with the reductions of the (2,0,0)-coordinated and
(1,1,0)-coordinated S atoms.

Figure 9 displays pcu(nas,nis,nc,) for Cu atoms. In the
figure, ratios summed with respect to nc, are plotted to avoid
complexity, and the coordinations are expressed as
(nas-ng,*). As was seen in Fig. 6, about 70% of Cu atoms
neighbor to three S atoms at x=0.024. We see from the ratio
of (1,3, *)-coordinated Cu atoms [pc,(1,3, *) in Fig. 9] that
about 20% of Cu atoms neighbor to one As atoms as well as
three S atoms. While the (0,3, *)-coordinated and (0,4, *)-
coordinated Cu atoms decrease when x reaches 0.11, the Cu
atoms with coordinations of (1,3, *), (2,2, %*), (1,2, %*), and
so on, which neighbor to As atoms, increase. As stated
above, Cu atoms change their sites locally with time. We
have observed that there occur the coordination changes of
(0,3,*)«(1,3,%) and (0,3,%*)«(0,4,%) at both x
=0.024 and 0.11. Furthermore, the coordination changes of
(0,3,%)«(0,2,%) and (3,2, ")« (2,2, *) take place at x
=0.11. Such local backward and forward motions of metal
atoms will be important for dynamic processes in metal-
doped amorphous chalcogenides.

D. Electronic density of states

Figure 10 shows the total electronic density of states
(DOS), D(E), and the partial DOS, D ,(E), for a-type atoms
for x=0.0, 0.024, and 0.11. We calculated D,(E) from the
weights of the electronic states to each atom, obtained by
expanding the electronic wavefunctions in atomic orbitals. 3
For all x, the electronic states between —17 and —8 eV con-
sist of the 4s states of As atoms and the 3s states of S atoms.
At x=0.0, the electronic states above —6 eV are formed by
the 4p states of As atoms and the 3p states of S atoms; the
p-like states below the Fermi level (Eg) are the o-type bond-
ing states between neighboring atoms, and those above Ep
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FIG. 10. Total D(E) and partial D,(E) electronic densities of
states of amorphous Cu,(Asy4S¢¢)i_y The origin of the energy is
taken to be the Fermi level (Ex=0).

are the ¢ -type antibonding states. Also, the peak at about
-2 eV in Dg(E) corresponds to the lone-pair states around S
atoms. By the addition of Cu atoms, the total D(E) is altered
appreciably in the energy range between —3 and O eV. In
particular, Dg(E) changes largely, i.e., the peaked shape of
Dg(E) present in the valence band top at x=0.0 is reduced
with increasing x. It is seen from D¢, (E) that the 3d states of
Cu atoms spread over the same energy range as the p states
of As and S atoms, which indicates that mixed electronic
states are formed by these states, especially by the copper 3d
and sulfur lone-pair states.

The total DOS D(E) and the partial DOS D (E) near Eg
in the energy range between —1 and 1 eV are displayed in
Fig. 11. It is found that the energy gap in D(E) at Ep is

0.6
0.4
0.2}

0.0
0.4
0.2

0.0

D(FE) (states/atom/eV)

04
0.2

0.0

E (eV)

FIG. 11. Total D(E) and partial D,(E) electronic densities of
states of amorphous Cu,(Asg 4S¢6) - The bold solid lines show the
total D(E). The dashed, dotted, and thin solid lines show the partial
D(E) for a=As, S, and Cu atoms, respectively. The origin of the
energy is taken to be the Fermi level (Er=0).
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10

0.

FIG. 12. Distributions f,(Q) of the gross charges Q;.,. The
open circles, open squares, and solid circles show f,(Q) for
x=0.0, 0.024, and 0.11, respectively.

reduced with increasing x. Although the approximation to the
exchange correlation in the density-functional theory usually
gives the energy gap smaller than the exact value, the trend is
similar to the behavior observed experimentally for Ag-
doped and Cu-doped As,Se;.*? Near the top of the valence
band, Dq,(E) and D,(E) have the largest and smallest val-
ues, respectively, while they are reversed near the bottom of
the conduction band. It should be emphasized that the con-
tribution of D¢, (E) near the bottom of the conduction band
becomes more important with increasing x. The related dis-
cussions are given below.

E. Mulliken charges

To investigate charges on each atom and bonding proper-
ties between atoms, we used the population analysis*'*? by
expanding the electronic wave functions in atomic-orbital
basis sets.**** Based on the formulation for the ultrasoft
pseudopotentials,3® we calculated the gross charge*!' Q, for
the ith atom, which measures the ionicity of each atom. We
also obtained the overlap population*! O;; between the i th
and jth atoms as discussed in the next ‘subsection, which
gives a semiquantitative estimate of the strength of covalent-
like bonding between atoms.** It should be noted that, since
the atomic-orbital basis used in the expansion of the wave
functions is not unique, the absolute magnitudes of Q; and
O;; have little physical meaning.** A different set of atomic-
orbital bases would give different values for these quantities.
However, we can discuss their relative magnitudes meaning-
fully, because the trends are the same for any choice of
atomic-orbital basis sets. For the basis used in our calcula-
tions, the charge spillage*® defining the error in the expan-
sion is less than 0.3%.

Figure 12 shows the distribution, f,(Q), of Q,., for
a-type atoms. Note that f,(Q) is normalized as [f,(Q)dQ
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FIG. 13. Distributions f(:s’“’"s’"c“)(Q) of the gross charges Q;c as
for the (naq,ng,nc,)-coordinated As atoms. The open circles, open
squares, and solid circles show jﬁ’s”‘s’"s’"cu) (Q) for x=0.0, 0.024, and
0.11, respectively.

=1. When there is no Cu atom in the system (x=0.0), both
fas(Q) and f5(Q) have nearly symmetric shapes, which have
peaks at about Q=0.37 and -0.27, respectively. At x
=0.024, there appear shoulders in f,(Q) and fs(Q) at about
0=0.25 and —0.37, respectively, due to the transferred elec-
trons from Cu atoms to host atoms. fc,(Q) has a peak at
about 0=0.56. If more Cu atoms are added and x approaches
0.11, more electrons transfer from Cu atoms to As and S
atoms, and as a result the shapes of f,(Q) and f5(Q) become
very asymmetric with peaks at about 0=0.34 and —0.28,
respectively. The atomic charges of Cu atoms have a wide
distribution with tails on both larger and smaller Q sides as
displayed by fc,(Q).

To analyze the Cu-concentration dependence of f,(Q) in
detail, we decomposed f,(Q) into f{;AS’"S‘”C“)(Q) with the
atomic coordinations (n,,ng,n¢,) Of a-type atoms. Note
that the sum of fZ'AS’"S’”C“)(Q) with respect to the coordina-
tions gives f,(Q). Figures 13-15 show ﬁ;’AS’"S’"C“)(Q) for a
=As, S, and Cu, respectively. It is seen that the distribution
ranges shown by ﬁ:AS’"S’”C“)(Q) depend on the atomic coor-
dinations (n,,ng,n¢y,), Which reflects the fact that the atomic
charges are determined by the local configuration of atoms.

For the As atoms with (0,3,0) coordination, the atomic
charges are distributed over 0=0.2—0.5 with a peak at about
0=04 at all x Uff’o)(Q) in Fig. 13]. If one of the three
neighboring S atom is replaced by an As atom, the distribu-
tion in larger Q region is reduced, and the atomic charges are
distributed over 0=0.2-0.4 [f\:*”(Q) in Fig. 13]. For the
As atoms with (2,1,0) coordination, which are not found at
x=0.0, the atomic charges are distributed over 0=0.15-0.3

Azgl’o)(Q) in Fig. 13], which gives the shoulder in f,(Q) at
about 0=0.25 (at x=0.024). For the As atoms that neighbor
to Cu atoms at x=0.11, the distributions of the atomic

charges have peaks at smaller values of Q<<0.2 0.2.1)

(o)
As ’
Alf’l)(Q), and fﬁ&z’z)(Q) in Fig. 13]. The asymmetric shape
of fxs(Q) comes from the atomic charges of those As atoms.

The Cu-concentration dependence of f(Q) (Fig. 12) is

explained by f(s"AS’"S’"C“)(Q) shown in Fig. 14; (1) the main
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FIG. 14. Distributions _f(S"A*’"S’”C“)(Q) of the gross charges Q;cg
for the (naq,ng,ncy)-coordinated S atoms. The open circles, open
squares, and solid circles show f{S"A*’"S’"C“)(Q) for x=0.0, 0.024, and
0.11, respectively.

peak of fg(Q) comes from the distribution of the atomic
charges of S atoms that neighbor to no Cu atom, mainly the
(2,0,0)-coordinated S atoms, (2) the shoulder at about
0=-0.37 (at x=0.024) is contributed by the (2,0,1)-
coordinated and (1,0,1)-coordinated S atoms, and (3) the
asymmetric shape at x=0.11 results from the appearance of
the (1,0,2)-coordinated S atoms, as well as the increase of the
(2,0,1)-coordinated and (1,0,1)-coordinated S atoms.

It is obvious from Fig. 15 that the main contribution to
Sfcu(Q) at x=0.024 is made by the distribution of the atomic
charges of (0,3, *)-coordinated Cu atoms. At x=0.11, the
(1,3, *)-coordinated Cu atoms increase as was seen in Fig.
9, and the atomic charges of those atoms spread over a wider
Q range. The atomic charges of (0,4, *)-coordinated,
(2,2, *)-coordinated, and (0,2, *)-coordinated Cu atoms
are distributed over rather narrow Q ranges, and their peak
positions depend on coordinations.
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FIG. 15. Distributions f{C”uAS’”S’”C“)(Q) of the gross charges Q;ccy
for the (naq,ng,ncy)-coordinated Cu atoms. In the figure, values
summed with respect to n¢, are plotted. The open squares and solid
circles show f(C" l;**‘”S’"C“)(Q) for x=0.024 and 0.11, respectively.
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FIG. 16. Distributions Paﬁ(é) of the overlap populations
Ojca,jep Tor six pairs of a-atomic and S-atomic types. The open
circles, open squares, and solid circles show Paﬂ(é) for x=0.0,
0.024, and 0.11, respectively.

F. Bond-overlap populations

Figure 16 shows time averaged distributions Pag(é) of
the bond-overlap populations O,.,jcp for six pairs of
a-atomic and B-atomic types. Note that the integration of

Paﬁ(é), 15 Paﬁ(é)dé, gives the average number of B-type
atoms, which have the bond-overlap populations greater than
O,in With a-type atoms, around one a-type atom.

For pairs of As and S atoms, P,.(O) has a clear peak at

about 0=0.5 regardless of x. The peak height becomes lower
with increasing x reflecting the decrease of the number of
As-S atomic pairs. The homopolar S-S atomic pairs
have larger bond-overlap populations over the range of
0=0.8—1.3 than those between the As-S pairs, which means
that the covalent bonds between neighboring S atoms are
stronger than those between As and S atoms in spite of en-
ergetically unfavorable pairs. For As-As pairs, the bond-
overlap populations are distributed over 0 < 0.45 with a peak
at about 6~0.2, which is smaller than those for the As-S
and S-S pairs. In Pgc,(0) and P c,(O), there are also peaks

at about 0=0.4 and 0.35, respectively, which clearly shows
that Cu atoms interact with neighboring S and As atoms by a

covalentlike bonding. The fact that Pc,c,(O) spreads over

0~0.2 at x=0.11 although no peak is found, implies that
there is a weak covalentlike interaction between Cu atoms,
which gives the peak in gcyc,(r) at about r=2.8 A (Fig. 4).

IV. DISCUSSION

The structural results shown in Figs. 4 and 6 have re-
vealed that Cu atoms have a short-range correlation with S
atoms similar to that between As and S atoms. As was shown
by the bond-overlap populations, there is a formation of co-
valentlike bonds between Cu and S atoms, which gives the
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short-range correlation. On the other hand, we have observed
that the As-S first coordination shell is clearly seen in ga.s(r)
(Fig. 3) in spite of the formation of a large number of Cu-S
bonds. Also, more than half of S atoms that neighbor to Cu
atoms bind to two host (As and S) atoms, as shown in Fig. 8.
These results lead to the conclusion that most of the o-type
bonding states remain around S atoms besides the formations
of the Cu-S bonds, and that large portions of Cu-S bonds are
formed by using the 3p electrons of S atoms, which were in
the lone-pair orbitals in As,S;3, and the 3d electrons of Cu
atoms. Since the energy range corresponding to the lone-pair
states spreads due to the bond formation, there occurs the
reduction of the peaked shape in Dg(E) as displayed in Fig.
10. It is noted that Ngu, (the number of As atoms coordinated
with a S atom) decreases from 1.9 to 1.6 by doping with Cu
atoms (Table I), and that there exist some S atoms which
bind to only one As atom in addition to Cu atoms especially
at x=0.11 (Fig. 8). Since these S atoms undercoordinated
with As atoms have more electrons than the twofold coordi-
nated S atoms as was shown by the distribution of the gross
charges (Fig. 14), the dangling bonds of the undercoordi-
nated S atoms are probably stabilized by the transferred elec-
trons from Cu atoms.

Next, we discuss the atomic structure and electronic states
in Cu-doped arsenic chalcogenides in connection with photo-
induced phenomena. Simdyankin et al.?' have found from
their tight-binding calculations that there exist defect pairs,
[Ass]™-[S4]*, in amorphous As,S;. They have suggested that
the conversion from the ordinary coordination defects into
the [As,|™-[S;]* defect pairs under illumination could con-
tribute to photodarkening. They have also studied the influ-
ence of alloying Cu atoms,?? and have asserted that the sulfur
lone-pair states are pushed down in energy by the addition of
Cu atoms, and that the additional Cu states with the same
energies as the states due to the [As,|™-[S;]* defect pairs are
responsible for masking photodarkening. Our ab initio re-
sults described in Sec. III are compatible with their sugges-
tions. As shown in Figs. 7 and 8 there exist a few coordina-
tion defects such as the (0,4,0)-coordinated As and (3,0,0)-
coordinated and (1,0,0)-coordinated S atoms in Cu-free
amorphous As,S;. These defects would be easily converted
to other types of defects such as the [As,]™-[S;]* defect pair
under illumination, which would give rise to photodarkening
according to the suggestion of Simdyankin et al. We have
observed that the coordination defects in pure As,S; de-
crease by the addition of Cu atoms. This reduction of the
coordination defects will suppress the generation of the
[Ass]™-[S5]* defect pairs in Cu-doped As,S; under illumina-
tion, which means the suppression of photodarkening. The
reduction of the peaked shape of the lone-pair states in Dg(E)
by doping with Cu atoms is also consistent with the obser-
vation of Simdyankin et al.

From Fig. 11, we have seen that the partial DOS for Cu
atoms increases near the bottom of the conduction band with
increasing the Cu concentration, accompanied with the re-
duction of the energy gap in the total DOS at the Fermi level.
At x=0.11, D¢, (E) is comparable in value to D, (E) around
the energy of E=0.4 eV. To clarify the electronic states near
the Fermi level in Cu-doped As,S;, the spatial distribution of
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FIG. 17. (Color online) Spatial distributions of the electronic
wave functions of two states near the bottom of the conduction

band at x=0.11. The positions of As and Cu atoms are shown by the
balls with “As” (red) and “Cu” (yellow), respectively. The (blue)
balls without symbols show the positions of S atoms. The bonds
connect two atoms with atomic distances being less than R, listed
in Table I.

electronic wave functions was investigated. We have con-
firmed that near the top of the valence band the 3p lone-pair
states of S atoms are mixed with the 3d states of Cu atoms as
suggested by Simdyankin et al.>> The spatial distribution of
the wave functions for the states near the bottom of the con-
duction band, more precisely, for the first and the second
states counting from the bottom of the conduction band, is
shown in Fig. 17. We see from this figure that (1) the states
near the bottom of the conduction band are localized around
a few atoms, mainly As and Cu atoms, (2) those states are
mostly formed by the 3d states of Cu atoms and the 4p states
of As atoms, and (3) around As and S atoms, those states
have the spatial distribution of the lone-pair states. We notice
that the wave functions have large amplitudes around the As
atoms labeled Asl1, As2, and As3. The coordination numbers
(nae ng, ney) are (0,2,2), (0,2,1), and (0,2,0) for Asl, As2,
and As3, respectively, where nuq, ng, ne, are the number of
neighboring As, S, and Cu atoms, respectively. Note that the
number of neighboring S atoms to these three As atoms is
two. As displayed in Fig. 7, such (0,2,1)-coordinated, (0,2,2)-
coordinated, and (0,2,0)-coordinated As atoms increase with
increasing the Cu concentration, whereas the overcoordi-
nated (0,4,0)-As atoms decrease.

Around the As atoms coordinated with two chalcogen at-
oms, the same electronic states associated with the p elec-
trons will take place as those around the two-fold coordi-
nated chalcogen atoms, i.e., the twofold coordinated bonding
states and the lone-pair states. To occupy these states, four p
electrons per atom are needed, as is the case for chalcogen
atoms. However, since the number of 4p electrons of As
atom is three, the lone-pair states around the twofold coordi-
nated As atoms will not be occupied completely. Some of
such lone-pair states form the unoccupied states mixed with
the 3d states of Cu atoms near the bottom of the conduction
band as shown in Fig. 17. Since those states have nonbond-
ing character, significant structural changes will not take
place by the excitation of electrons, and the photodarkening
will be suppressed under illumination. We conclude that the
appearance of the As atoms coordinated with two chalcogen
atoms such as the (0,2,1)-coordinated, (0,2,2)-coordinated,
and (0,2,0)-coordinated As atoms could be one of the mecha-
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nisms of the suppression of photodarkening in Cu-doped
arsenic chalcogenides.

V. SUMMARY

The atomic structure and bonding properties in amor-
phous Cu, (As,S53) (x=0, 0.024, and 0.11) have been studied
by ab initio MD simulations. It is shown from the partial
radial distribution functions and the coordination numbers
that Cu atoms prefer to bind with S atoms. The number of As
atoms coordinated with As atoms increases with increasing
Cu concentration, while the number of S atoms coordinated
with S atoms remains unchanged. From the detailed studies
of the coordination-number distribution functions, we have
seen that Cu atoms suppress the overcoordination between
host (As and S) atoms. We have also seen that As atoms
undercoordinated with two S atoms increase by the addition
of Cu atoms. Around these As atoms, there are large ampli-
tudes of the electronic wave functions of the unoccupied
states near the bottom of the conduction band, which will
play an important role in the suppression of photodarkening
in Cu-doped arsenic chalcogenides. It is shown from the
electronic DOS that, with increasing the Cu concentration,
the peaked shape of the partial DOS for S atoms near the

PHYSICAL REVIEW B 73, 235212 (2006)

valence band top is reduced due to the mixing of the lone-
pair 3p states of S atoms with the 3d states of Cu atoms, and
the contributions of the partial DOS for Cu atoms as well as
that for As atoms become important near the bottom of the
conduction band accompanied with the reduction of the band
gap at the Fermi level. We have examined the bonding prop-
erties of atoms by the population analysis. It is found from
Mulliken charges that the ionicity of S atoms is enhanced,
while that of As atoms decreases due to the electron transfer
from Cu atoms, and that the charge of each atom depends on
the atomic coordination. The examination of bond-overlap
populations shows that Cu atoms interact with neighboring S
and As atoms by a covalentlike bonding.
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