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Electronic excitation and transient defects in As2S3 glass
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We have carried outab initio quantum-chemical calculations on clusters of atoms modeling the structure of
As2S3 glass in its electronically excited states. In the spin-singlet excited state, one of the As-S bonds in the
model cluster is preferentially elongated, but the resultant elongated bond still has a substantial bonding
character. When the excited state undergoes a spin flip to give a triplet state, the elongated As-S bond is almost
completely broken, resulting in a self-trapped triplet exciton. The photoinduced structural changes observed in
As2S3 glass can be interpreted in terms of this singlet-to-triplet exciton conversion and the concomitant
electron-hole recombination, allowing further atomic rearrangements in the glass network.
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I. INTRODUCTION

When band-gap or subband-gap light is used to irrad
chalcogenide glasses, e.g., AsxS12x and AsxSe12x glasses,
atomic configurations, not only in the short-range leng
scale, but also in the intermediate-range length scale,
changed, resulting in various interesting photoinduced p
nomena such as photodarkening, photopolymerization,
photochromism and photodegradation.1–3 Since such photo-
induced phenomena are often observed in other amorp
insulators as well, it is probable that these phenomena
characteristic of solids without long-range order. Howev
detailed knowledge about the electronic excitation proces
following the formation of transient and/or metastable d
fects in such glassy materials is still missing.

Since exposure to band-gap light generates photoindu
electrons and holes in the conduction and valence band
spectively, it is quite likely that the electronic excitation a
resultant recombination processes play a vital role in prod
ing the observed photostructural changes. These phot
cited electrons and holes will migrate through the network
glasses and will finally localize, recombine, or be conver
to metastable defects. The following two processes can
be envisaged as the transient processes of photoex
charge carriers1: one is the process in which a photoexcit
electron and a hole are spatially well separated in the st
ture of the material of interest, and the other is the proces
which the two oppositely charged carriers behave as a p
The former process will be promoted by self-trapping
single carriers—i.e., self-trapping of holes or electrons~po-
larons!. In previous papers,4,5 we calculated the equilibrium
geometry of the electron- and hole-trapping centers in As2S3
glass on the basis of theab initio molecular-orbital method
using clusters of atoms that model the localization of
respective charge carriers. These calculations allowed u
investigate how these charged defects change their ato
configurations on charge trapping and after the resulting
combination processes. From these previous calculations
found the following.~1! The model cluster consisting of con
nected AsS3 trigonal pyramids is likely to trap an electron
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followed by the breaking of one of the As-S bonds in t
AsS3 units. ~2! A metastable fivefold-coordinated As site
having four As-S bonds and one As-As bond, is formed a
recombination of the negatively charged defect@see Fig.
1~a!#. ~3! This fivefold-coordinated As center is an unpre
edented coordination defect, which exhibits a lower el
tronic excitation energy by;1 eV than the normal AsS3
trigonal bipyramidal unit. It is hence quite likely that th
defect center is responsible for the photodarkening effec
As2S3 glass: namely, a shift of the absorption edge to low
energies upon near-band-gap illumination.6 ~4! Another form
of metastable defect~a valence-alternation pair!, which com-
prises a fourfold-coordinated As unit and a nonbridging
atom @see Fig. 1~b!#, can also exist. This fourfold-
coordinated As center yields much lower excitation energ
by ;0.8 eV than the fivefold-coordinated As center, expla
ing the observed photoinduced midgap absorption below;2
eV.7 Thus we have shown that localization of charge carri
is a reasonable model accounting for possible photostruct
changes in As2S3 glass.

In this paper, we investigate another process of photo
citation of charge carriers in As2S3 glass: i.e., the forma-
tion of an exciton, in which an electron and a hole coexist
an electronically excited state. Li and Drabold8 recently in-
vestigated photostructural changes of As2Se3 glass with ex-
cited electron dynamics within first-principles molecular d
namics. They showed that the so-called ‘‘valence-alterna
pairs’’ associated with band-tail states become involved
photoinduced reactions; that is, a homopolar-to-heterop
bond transformation has been shown to occur around s
overcoordinated defect sites at the onset of illuminati
However, it is also interesting to investigate how norma
bonded atoms or heteropolar bonds in chalcogenide gla
can be transformed into coordination defects having
mopolar bonds upon electronic excitation. In the present
per, therefore, we concentrate our interest on the electr
excitation of As2S3 glass with normal bonding configura
tions, and the consecutive transient and relaxation proce
are investigated on the basis of the quantum-chemical clu
method.
©2003 The American Physical Society01-1
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FIG. 1. Models of metastable coordination d
fects proposed in Refs. 4 and 5:~a! fivefold-
coordinated As defect and~b! fourfold-
coordinated As defect.
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In comparison to ground-state electronic states,ab initio
molecular-orbital methods for determining the wave fun
tions and energies of atoms and molecules in excited st
are challenging, and modeling excited states and predic
their properties is rather a difficult problem. One promisi
method to obtain excited-state electronic structures is the
called configuration-interaction- ~CI-! singles
approximation,9 modeling excited states as a linear combin
tion of all determinants formed by replacing a single occ
pied orbital of a Hartree-Fock~HF! ground state with a vir-
tual orbital. This is the simplest level of theory which can
used to include some of the effects of electron correlation
the mixing of excited determinants. The CI-singles appro
mation is hence regarded as an adequate zeroth-order
ment for many of the excited states of atoms and molecu
It has been shown that the ‘‘CI-singles’’ wave functions c
be used to compute efficiently the analytic first derivative
the energy in order to obtain optimized geometries for a w
range of molecules in their excited states, yielding qual
tively correct restslts.9,10Another advantage of the CI-single
method is that it considerably reduces the computatio
time, as compared with other more accurate excited-s
calculations—e.g., a complete active-space multiconfigu
tion self-consistent field~CASSCF! method—and hence ca
be applied to very large systems consisting of more t
;500 basis functions. In this work, we therefore obtain
equilibrium structure of the first singlet excited state (S1) of
clusters of atoms modeling the local structure of As2S3 glass
using the CI-singles method. We then discuss how the ato
configurations in the excited state can be relaxed into a t
let state or other metastable structures.

II. MODELS AND CALCULATIONAL PROCEDURES

To begin with, we calculate the geometry in the electro
ground state (S0) of As2S3 glass. For this purpose, we em
ploy a cluster of atoms having seven AsS3 units@model I: see
Fig. 2~a!#. This cluster was also used in our previous pap5

and was shown to have structural parameters that are c
parable to those of the well-annealed network of As2S3
glass.11,12 Thus model I can be regarded as having norm
bonding configurations in the corresponding glassy mate
Model I consists of two subunits having four and three co
nected AsS3 units, respectively, that interact with each oth
through weak nonbonding interactions or van der Wa
17420
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forces. Model I hence takes account of both intralayer a
interlayer interactions. The outermost S atoms in the clu
were terminated by H atoms. Such H termination is e
ployed to suppress the ‘‘surface’’ effect arising from the da
gling bonds of the outermost atoms and has been show
be useful in eliminating the unsaturated bonds of clust
modeling the local structure of the corresponding amorph
system.13,14 In our previous paper,5 the geometry of model I
was optimized at the HF level with the 6-31G(d) basis set.
In this work, we have also carried out geometry optimizati
at the density functional theory~DFT! level with Becke’s
B3LYP hybrid exchange-correlation functional15,16to include
the possible effect of electron correlation.

Next, the geometry of model I was reoptimized by t
CI-singles technique using the analytic CI-singles gradie
with the 6-31G(d) basis@model II: see Fig. 2~b!#. Further-
more, we investigated the process of a singlet-to-triplet
citon conversion. Singlet-to-triplet exciton conversion has
deed been observed on the subpicosecond time sca
several materials, such as amorphous silica21 and
polydiacetylene,17 leading to the formation of self-trappe
excitons. We hence calculated the geometry of the mo
cluster in the spin-triplet excited state (T1) using unrestricted
HF ~UHF! and unrestricted density functional theo
~UDFT! wave functions with the 6-31G(d) basis set. It has
recently been demonstrated that the UDFT approach is q
robust against spin contamination of the wave function in
T1 state.18 The optimized geometry of the cluster in theT1

state @model III: see Fig. 2~c!# was calculated using the
atomic configurations of model II as the initial geometry.

Since the UHF and UDFT calculations do not require
large amount of memory, as compared with the CI-sing
method, we further employed a larger cluster of atoms th
in model III to obtain theT1-state geometry within the limi-
tation of the present computer facility. It is interesting
consider such a larger cluster in terms of a possible s
effect of the resultantT1 geometry. Thus we used a
As14S26H10 cluster, and itsS0 @model IV: see Fig. 3~a!# and
T1 @model V: see Fig. 3~b!# geometries were calculated at th
(U)HF/6-31G(d) and (U)DFT-B3LYP/6-31G(d) levels of
theory.

All ab initio molecular orbital calculations in this wor
were performed with the 6-31G(d) basis set19 using the
GAUSSIAN 98 computer program.20
1-2



e

of

ELECTRONIC EXCITATION AND TRANSIENT DEFECTS . . . PHYSICAL REVIEW B 67, 174201 ~2003!
FIG. 2. Optimized geometries of th
As7S16H11 cluster in ~a! the ground state (S0 ,
model I!, ~b! a spin-singlet excited state (S1 ,
model II!, and~c! a spin-triplet excited state (T1 ,
model III!. The optimized parameters for theS0

and T1 states were obtained at the levels
~U!HF/6-31G~d! and ~U!DFT-B3LYP/6-31G~d!
~see values in parentheses!. TheS1 state was op-
timized at the CI-singles/6-31G(d) level.
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III. RESULTS
The structural parameters of model I calculated at

HF/6-31G(d) and DFT-B3LYP/6-31G(d) levels are shown
in Fig. 2~a!. The average As-S bond distance and the aver
As-S-As bond angle calculated for model I are listed in Ta
17420
e

ge
e

I. We see from Fig. 2~a! and Table I that the structural pa
rameters at the HF/6-31G(d) and DFT-B3LYP/6-31G(d)
levels are basically similar, although the latter tend to g
slightly longer As-S bond distances and smaller As-S-
bond angles.
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FIG. 3. Optimized geometries of th
As14S26H10 cluster in ~a! the ground state (S0 ,
model IV! and~b! a spin-triplet excited state (T1 ,
model V!. The optimized parameters at theS0

and T1 states were obtained at the levels
~U!HF/6-31G~d! and ~U!DFT-B3LYP/6-31G~d!
~see values in parentheses!.
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The optimized cluster in theS1 state calculated at th
CI-singles/6-31G(d) level, termed model II, is depicted i
Fig. 2~b!. It is clear from Fig. 2~b! that one~As3-S1! of the
As-S bonds in the cluster becomes longer by;0.7 Å on
going from model I to model II~see also Table I!. This im-
plies that after absorption of a photon and subsequent e
tation of an electron into the conduction band, the attrac
interaction between As and S atoms in one of the As-S bo
decreases, thereby forming a longer As-S bond such
shown in Fig. 2~b!. It should be noted, however, that th
bond-overlap population for the elongated As3-S1 bond
calculated to be 0.413, which is comparable to that of
other normal As-S bonds~;0.4! in the same cluster. It is
hence quite likely that, in such anS1 state, the elongated
As-S bond still has a considerable bonding character and
an electron and a hole will not be localized at particu
atoms, but will be delocalized over the constituent atoms
17420
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model II, which is certainly a typical characteristic of a fre
electron-hole pair~singlet exciton!.21

We next turn to the singlet-to-triplet exciton conversio
process. One sees from Fig. 2~c! that the structural chang
occurring in model III~triplet-exciton state! is similar to that
in model II ~singlet-exciton state!; that is, one of the As-S
bonds is elongated in the respective excited states. Howe
the degree of elongation in model III is much grea
than that in model II. The separations between the atoms
and S1 in model III are 3.665 and 3.375 Å at the UH
and UDFT levels, respectively, whereas the correspond
interatomic separation in model II is only 2.970 Å~see Table
I!. Such a considerable elongation in one of the As-S bo
in the T1 state can also be seen even in the larger clu
@model V; see Fig. 3~b!#, although the length of the elongate
bond depends on the calculated level of theory~see also
Table I!.22
1-4
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TABLE I. Average As-S bond distances~in Å!, average As-S-As bond angles~in degree!, and the
interatomic distances between atoms As3 and S1~in Å! obtained for the present model clusters.a

Model I
(S0)

Model II
(S1)

Model III
(T1)

Model IV
(S0)

Model V
(T1)

Avg. As-S 2.242b 2.240d 2.240b 2.244b 2.245b

2.285c 2.282c 2.285c 2.312c

Avg. As-S-As 97.3b 98.4d 98.2b 98.4b 98.4b

93.1c 94.8c 95.5c 94.9c

As3-S1 2.267b 2.970d 3.665b 2.257b 3.408b

2.300c 3.375c 2.313c 3.829c

aThe elongated As3-S1 bonds in theS1 anT1 states were excluded to obtain average As-S bond distances
As-S-As bond angles.

bCalculated values at the (U)HF/6-31G(d) level.
cCalculated values at the (U)DFT-B3LYP/6-31G(d) level.
dCalculated values at the CI-singles/6-31G(d) level.
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IV. DISCUSSION

Thus we have shown that one of the As-S bonds in
As2S3 network can be preferentially elongated during t
electronic excitation processes. It should be noted, howe
that, in theS1 state, the elongated bond is not complete
broken, but still has a considerable bonding characte
terms of its bond overlap population. The subsequent sing
to-triplet exciton conversion will induce further modificatio
of its bonding character, accompanied by a considera
elongation of the As-S bond more than;3.3 Å as mentioned
just above. The bond-overlap populations of the elonga
bond in theT1 state have small negative values~see Table
II !, implying a repulsive rather than an attractive force b
tween the two atoms. These results suggest that, in the s
triplet excited state, the elongated bond is broken to fo
initially a twofold-coordinated As and a nonbridging S. A
cordingly, an electron and a hole are localized, respectiv
on these two types of undercoordinated atoms, yielding s
stantial spin densities on atoms As3 and S1~see also Table
II !. It has previously been proposed that the formation
excitons and the resultant self-trapping process are res
sible for the observed photostructural changes in chalcog
ide glasses1,23,24; that is, the formation of such a self-trappe
exciton, accompanied by the breaking of an As-S bond,
been suggested to occur in the photoinduced proces
As2S3 glass. To our knowledge, however, this is the fi
theoretical work showing the creation of the self-trapped
citon and its effect on the network structure of As2S3 glass.

We4,5 have already demonstrated that, when the As an
atoms in one of the As-S bonds are separated beyond 3.

TABLE II. Mulliken bond-overlap populationsn and spin den-
sities r related to the atoms As3 and S1 in the model clusters
their spin-triplet state.

Model III Model V

UHF UDFT-B3LYP UHF UDFT-B3LYP

n(As3-S1) 20.026 20.029 20.089 20.116
r~As3! 0.971 0.760 0.978 0.710
r~S1! 1.006 0.796 0.999 0.672
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the As and S atoms do not return to the original atom
configurations, but reorganize to form coordination defe
consisting of fivefold-coordinated As and fourfold
coordinated As units, as mentioned previously. Consider
that the As-S bond distance increases from;2.2 to ;~3.4–
3.8! Å upon self-trapping of an exciton, we suggest that t
present self-trapped exciton in the network structure
As2S3 glass leads to the formation of similar fivefold- and/
fourfold-coordinated As defects during the subsequ
electron-hole recombination processes. It is hence prob
that the single-to-triplet exciton conversion, as well as
self-trapping of single carriers proposed in our previo
papers,4,5 induces substantial atomic rearrangements. Th
atomic rearrangements, accompanied by the breaking
As-S bonds, will result in the formation of the coordinatio
defects that are most likely responsible for the obser
photoinduced effects in As2S3 glass.

V. CONCLUSIONS

We have carried outab initio quantum-chemical calcula
tions on clusters of atoms modeling the network of As2S3
glass to investigate the structure in its electronically exci
states. We have found that, in the spin-singlet excited st
one of the As-S bonds in the cluster is elongated, resultin
an As-S bond distance of 2.970 Å in CI-singles calculatio
In such an excited state, however, the elongated As-S b
still has considerable bonding character; an electron an
hole are delocalized over several As and S atoms. If, du
the relaxation process of the free exciton, it undergoes a
flip, then, as a result, the S atom moves away from one of
As atoms to which it was bonded; the associated elec
~hole! becomes localized on that As~S! atom, generating the
spin-triplet excited state. Thus the exciton is self-trapped
the As2S3 network, leading to the breaking of the As-S bon
These results suggest that singlet-to-triplet exciton conv
sion plays a role in inducing the photoinduced effects o
served in As2S3 glass.
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