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Microscopic mechanisms for photoinduced metastability in amorphous AsS;
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Using clusters of atoms that model the local structure of amorphopS;A8-As,S;), we here present a
model of photoinduced structural changesiii\s,S;. We have performed quantum-chemical calculations on
the model clusters and have obtained their equilibrium configurations, charge distributions, molecular-orbital
structures, and excitation energies. It has been found that there exist at least two types of metastable structural
defects. One has a fivefold-coordinated As unit, and the other comprises a fourfold-coordinated As atom and a
nonbridging S atom. Each type of defect results from the breaking of an As-S bond and subsequent structural
rearrangement. From the calculations of the excitation energies, we suggest that the fivefold As defect is
responsible for a parallel redshift of the optical absorption edge upon light exposure, called photodarkening. On
the other hand, the fourfold As defect is likely to contribute to the photoinduced midgap absorption-b&low
eV induced by low-temperature light exposure. It has also been demonstrated that the formation of these
metastable defects is closely associated with interlayer atomic reconfigurations resulting in homopolar As-As
linkages.

DOI: 10.1103/PhysRevB.65.174204 PACS nunider71.55.Jv, 78.66.Jg, 73.61.Jc

[. INTRODUCTION the band edges into the gap localize quickly in these band-
tail states before recombination takes pladeccording to
Photoinduced changes in the structure generally occur ithis scheme, localization of the charge carriers is a reason-
materials having structural flexibility or relatively large in- able model of the photoexcited states of the corresponding
ternal free volume. Another possible factor leading to photodisordered system. Thus we calculated the equilibrium ge-
induced phenomena is strong localization of the photoexcited@metry of the electron- and hole-trapping centera4As,S;
electron-hole pairs, which may change the valency and/ousing clusters of atoms that model the localization of the
coordination number of the atoms involved in the chargerespective charge carriers. We then investigated how these
localization. This localization can thus be envisaged as &harged defects relaxed after recombination. As a result of
charged defect state from the view of the structure. Thesthe calculations, we found the following:(1) The model
factors pertaining to photoinduced phenomena are charactegtuster consisting of connected Astigonal pyramids is apt
istic of amorphous systems, and, therefore, photoinducetd trap an electron, followed by breaking of one of the As-S
structural and chemical changes are observed in glasdyonds in As$ units. (2) A metastable fivefold-coordinated
materials’? As site, having four As-S bonds and one As-As bond, is
Amorphous chalcogenides, in particular, show a numbeformed after recombination of the negatively as well as of
of interesting photoinduced changes not only in thethe positively charged defect3) This fivefold-coordinated
structure>~*°but also in the paramagnefit}?electronic®**  As center is an unprecedented coordination defect, which
and optical properties;*® which prepared the ground for exhibits a lower electronic excitation energy than the normal
various electronic switching and memory devices, opticalAsS; trigonal bipyramidal unit by~1 eV. W&° have
memories, and imaging applications. Thus far, a large numhence proposed that the photodarkening effect of
ber of studies have been carried out to gain a better undea-As,S;—namely, a shift of the absorption edge to lower
standing of metastable photoinduced effects in chalcogenidenergies upon near-band-gap illumination—can be inter-
glasses, and various mechanisms have been proposed to aceted in terms of a structural conversion from threefold to
count for their origint'®*’~22However, no conclusive pic- fivefold coordination of the basic building unit via a photo-
ture of photoinduced phenomena has yet been given, and thenization process.
nature of the photoinduced metastability is still a subject of Although the above work is a reasonable first theoretical
profound discussions. attempt to explain the complex photoinduced phenomena,
Recently, quantum-chemical calculations have proved inthe model clusters employed were rather small. These clus-
creasingly useful for the study of the structure and propertieters comprised only three As atoms, neglecting the surround-
associated especially with defect centers in amorphousg environments around the defect of interest. Thus larger
materials?*~22In our previous paper we have employed a clusters would be more favorable to convince one that the
guantum-chemical approach to give a theoretical basis fostructural changes are correctly modeled by this procedure.
various photoinduced phenomena observed in amorphous this paper, we therefore employ clusters of atoms consist-
As,S; (a-As,S;). It is probable that in amorphous solids, ing of seven As atoms to model the ground state, as well as
electrons and holes excited into the states which extend frommetastable configurations @&-As,S;. Using these rather
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FIG. 1. Optimized geometries of the £&%¢H; 4 cluster calculated at the HF/6-31d3 level. A ground-state configuration is shown(a)
(model 1. Three metastable configurations derived from the breaking of the As2-S1, As3-S1, and As4-S2 bonds are @hdmode| 2,
(c) (model 3, and(d) (model 4, respectively. Principal bond distances and bond angles are shown.

large clusters, we investigate local photoinduced structuratal structure of the corresponding amorphous sysfefine
changes resulting from recombination events of the excitegeometry of the cluster was optimized at the Hartree-Fock
charge carriers. We show that the basic conclusions reach€giF) level without imposing any structural constraints. All
previously are also applicable to the present case. Moreovesh initio molecular-orbital calculations in this work were

the present calculations reveal another metastable coordingerformed with the 6-31(@l) basis set using theGAUSSIAN
tion defect that exhibits a much lower electronic excitationgg computer progrant

energy than the fivefold-coordinated As unit. As has been pointed out in the Introduction, one possible
action of band-gap or sub-band-gap illumination is to
II. MODELS AND CALCULATIONAL PROCEDURES weaken and ultimately break bonds, preceded by the local-

ization of the photoexcited charge carriers at the band edges.

We used a cluster of atoms having seven AgBits as a These trapped charges change the local valency and induce
model of the ideally well-annealed network @fAs,S;  further bond rearrangements after recombination, which
[model 1: see Fig. (B)]. Since it is highly likely that the eventually results in the observed photostructural changes. In
photoinduced processes involve atomic rearrangements irder to simulate such photoinduced bond-breaking and sub-
both interlayer and intralayer configurations, model 1 consequent recombination processes, we intentionally elongated
sists of two subunits having four and three connected;AsSone of the As-S bonds in model 1. The value of elongation
units, respectively, that interact with each other through weakAr) employed was 1.2 A since #&have found previously
nonbonding interactions or van der Waals forces. The outetthat the As-S bond distance increases fre.2 to ~3.4 A
most S atoms in the cluster were terminated by H atoms. Ofipon trapping an electron. Using such deformed configura-
course, H termination of clusters is not real, but is employedions as an initial geometry, we then carried out a full geom-
to suppress the “surface” effect arising from the danglingetry optimization at the HF/6-31@) level as well. For this
bonds of the outermost atoms. Thus far, such H-terminatedurpose, we elongated in model 1 the As2-S1 bfyeher-
models have been tested by a number of researchers, andating model 2: see Fig.(lh)], the As3-S1 bondgenerating
has been well recognized that the method of hydrogen satunodel 3: see Fig. (t)], and the As4-S2 bonflgenerating
ration is not far from realistic, but is a useful method to model 4: see Fig. @)]; it was assumed that the total charge
eliminate the unsaturated bonds of clusters modeling the lcand multiplicity of each cluster was 0 and 1, respectively, as
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TABLE |. Average As-S bond distancein A) and As-S-As  As2 and S1; the Mulliken bond-overlap populations for the
bond anglesin degreescalculated for the model clusters. As1-As2 and As1-S1 bonds in model 2 were calculated to be
0.380 and 0.384, respectively. That is, both As2 and S1 in-

Model 1~ Model2 ~ Model3 ~ Model4  teract covalently with a pnictogen atofAs1) in the neigh-

AS-S 2242 2 955 2242 2938 boring layer. Consequently, a fivefold-cqordinated As unit
AS-S-As 973 101.9 99.8 101.0 centered on the Asl atom is created, having four As-S bonds
i ' i i and one As-AgAs1-As2 bond, resulting in a trigonal bipy-
ramidal structure, in which the two equivalent sulfur atoms
in the case of model 1. Thus the obtained geometries can &1 and Syare at somewhat greater distance2.4 A) from
regarded as being diamagnetic metastable defects of the rafie central As1 atom than the other sulfur atoms.2 A).
dom AsS; network. Such a fivefold-coordinated site in model 2 is basically iden-

Atomic charges of the model clusters were obtained fronfical with that reported in our previous pagefThis strongly
a Mulliken population analysi® Time-dependent density- Suggests that the structural transformation from threefold- to
functional response theoffD-DFRT) was used for the cal- fivefold-coordinated As is not an artifact of the calculations
culation of electronic excitation energi&sit has been dem- using small clusters, but is likely to occur in actual systems
onstrated that the average absolute error of the TD-DFRT igfter photoinduced intralayer bond breaking.
closer to that of the computationally more costly correlated It should be noted, however, that the situation of models 3
ab inito methods such as configuration interaction@nd 4, in which the As3-S1 and As4-S2 bonds, respectively,
methods** Since hybrid functionals have been shown toare intentionally elongated prior to its rupture, is entirely
yield more accurate excitation energies than gradientdifferent from that of model 2. As shown in Fig(c}, atom
corrected functional¥’ we used the Becke 1993 hybrid ex- As3 (As4) in model 3 (model 4 appears to interact co-
change functional, which includes a mixture of HF andvalently with the As atom in a neighboring layer, forming a
density-functional theory exchange, with the Lee-Yang-Parfourfold-coordinated As unit centered on the A$As3)
correlation energy function®l (B3LYP) and the 6-31@{)  atom. On the other hand, atom £52) in model 3(model 4
basis set augmented by one set of diffuse functions on Agoes not form any additional bond with nearby As and S
and S atont [6-31+G(d)] to calculate the TD-DFRT ex- atoms; that is, atom S(S2) in model 3 (model 4 can be
citation energies. These diffuse functions are necessary @escribed as a nonbridging sulfur atom. A weakening of the
describe both valence and Rydberg-type excitations on afftralayer As3-S1 and As4-S2 bonds in models 3 and 4, re-

equal footing. spectively, hence creates only one interlayer As-As bond
(As1-As3 and As3-As4 in models 3 and 4, respectiydlyis

IIl. RESULTS also worth mentioning that the total energies of models 3 and

4 are only slightly lower than that of another metastable form

A. Optimized geometry of the cluster, namely, model 2; the energy difference be-

Figure Xa) shows the optimized geometry of model 1 tween models 2 and 3 is 0.006 eV and that between models

calculated at the HF/6-31@) level. The average intramo- 2 @nd 4 is 0.137 eV. Thus, as far as the calculated total
lecular As-S bond distance and As-S-As bond angle calc,€nergies are concerned, we cannot dgmde which configura-
lated for model 1 are listed in Table I. We see from Table 110N (model 2, 3, or 4 is more energetically favorable as a
that the calculated As-S bond distan@242 A is in rea- Metastable defect structure.
sonable agreement with the average As-S bond distance ob-
served for annealed-As,S; films (2.280 A.2 It should be
noted that the observed As-S-As bond afigle1009) is also
quantitatively reproduced by the present cluster calculation Table Il shows calculated Mulliken atomic charggsor
(97.39. The smaller cluster reported in a previous paper the principal As and S atoms in the present model clusters.
gave a larger valuél18.99 for the As-S-As bond angle than We see from Table Il that the As and S atoms in model 1 can
the observed one~1009. Thus we consider that the present be regarded in principle as being neutrally charged in terms
larger cluster will more reasonably represent possible straingf a Mulliken population analysis. In model 2, however, As2
and weak van der Waals forces between the As-S-As linkand S1 are positivelytfas,= +0.203) and negativelyos;
ages in actual amorphous solids. = —0.214) charged, respectively, implying that the intralayer
We next turn to the optimized configurations of model 2bond breaking is accompanied by a charge separation to
[see Fig. )], in which the As2-S1 bond of model 1 was form positively and negatively charged defects. Note also
intentionally elongated. The total energy of model 2 wasthat S7 in model 2 has a considerable negative chayge (
found to be higher than that of model 1 by 2.05 eV, indicat-=—0.342) as compared with the corresponding atom in
ing that the defect configuration in model 2 is indeed a metamodel 1 @s;=—0.126), indicating delocalization of the
stable structure. The resultant As2-S1 interatomic distance inegative charge over the two equivalent S atoms in the
model 2 was 3.575 A, indicating that the original As2-S1 fivefold-coordinated As unit. In model 3, such a charge sepa-
covalent bond in model 1 was broken as a result of theation is more obvious in the atomic charges of As3 and S1
present bond-elongation process. In model 2, we have foun@asz= +0.329,05;= —0.580). The same tendency can also
that new interlayer interaction@ds1-As2 and Asl-Slare be seen in the atomic charges of As4 and S\
formed at the expense of the intralayer interaction betweer +0.238,q5,= —0.523). We hence suggest that photoin-

B. Charge distribution
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TABLE Il. Mulliken atomic charges calculated for the model
clusters.

Model 1 Model 2 Model 3 Model 4

Asl 0.006 0.032 0.032 0.068
As2 0.030 0.203 0.169 —0.038
As3 0.048 0.037 0.329 0.065
As4 0.026 0.046 0.197 0.238
As5 0.043 0.009 0.020 0.095
As6 0.127 0.112 0.093 0.170
As7 0.077 0.128 0.124 0.121
S1 —0.068 —0.214 —0.580 0.055
S2 —0.055 0.004 —0.017 —0.523
S3 —0.060 0.050 —0.076 —0.207
S4 —0.080 —0.066 —0.071 —0.008
S5 —0.085 —0.073 —0.218 —0.035
S6 —0.116 —0.009 0.003 —0.161
S7 —0.126 —0.342 —0.060 —0.225

duced changes in the structure and optical properties of
a-As,S; can be interpreted in terms of the charge separation
caused by intralayer bond breaking and subsequent atomic
rearrangements.

C. Molecular-orbital structure

It is interesting to investigate how the atomic reconfigu-
rations shown in Fig. 1 affect the orbital energies of the
respective clusters. Figure 2 shows an energy diagram for the
highest occupied molecular orbitdHOMO) of the present
model clusters. Analyzing the linear weighting coefficients
of the atomic orbitals, we have found that the HOMO of
model 1 is characterized mostly by nonbonding [$t@pe
orbitals and As 4- and 4p-type orbitalg see also Fig. @].
These nonbondings and/ornp-type orbitals of S and As
atoms contribute to the HOMO levels of models 2, 3, and 4
as well. In model 2, however, the As1-As2 bonding orbital ) ) i
derived from the fivefold-coordinated As1 atom also makes a_ G- 3- Three-dimensional representations of the HOMO of the
significant contribution to the HOMO levdkee also Fig. EE;)del dCITSZterS &al)cula;edl gt the HF/6-3tiGlevel:  (a) model 1,
3(b)]. Accordingly, the HOMO level of model 2 is raised by MOcet &, anac) modet .
~0.3 eV as compared with the case of model 1. Thus it is
reasonable to expect that the absorption edge shifts to lowéince the HOMO level of model 8nodel 4 is composed
energies as a result of the photoinduced formation ofnainly of the nonbonding j8-type orbitals of S1(S2) [see
fivefold-coordinated As units, each having one As-As bondalso Fig. 3c)], it is most likely that the nonbridging S atom
One also notices from Fig. 2 that the HOMO level is furtheris responsible especially for the lower-energy component of
raised by~1 eV as we go from model 2 to models 3 and 4.the photoinduced optical absorption.

-8r -
~ D. Electron excitation energy
o 0.97 eV 0.94 eV . . o
- Table Ill shows the calculated singlet-to-singlet excitation
g -9 t— ------------------------------ - energies of the present model clusters obtained using the
S — 1031eV TD-DFRT method. In harmony with the changes in the

HOMO levels, the calculated first excitatioB«S;) energy
decreases in the order mode(3L54 e\j, model 2(2.49 eV),
and models 3 and @L.78 and 1.60 eV, respectivelyindeed,
FIG. 2. Molecular energy diagram showing the HOMO of the we have confirmed that electron excitation from the HOMO
respective model clusters calculated at the HF/681L&vel. level contributes mostly to eachy-S,; excitation, indicating

-10L model1 model 2 model 3 model4
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~ TABLE ll. First (Sp-S,), second §-S;), and third Gp-S5) might be more stable against thermal annealing than that in
singlet-to-singlet excitation energie&s, in eV) and oscillator  model 3(or model 4. Furthermore, the calculated excitation

strengths {) calculated for the model clusters. energies shown in Table Ill imply that the metastable defects
shown in models 2 and 8r model 4 contribute, respec-
Model 1 Model 2 Model 3 Model 4 tjvely, to the higher- and lower-energy components of the

photoinduced shift of the absorption edge.

The present calculated results can provide a reasonable
S-S; 3.54 0.0036 2.49 0.0225 1.78 0.0008 1.60 0.0006explanation for the annealing behavior of the photoinduced
S-S, 3.69 0.0133 2.58 0.0029 2.09 0.0004 1.98 0.00150ptical absorption spectra @afFAs,S;. It has been reported
S-S; 3.74 0.0023 2.72 0.0559 2.42 0.0042 2.31 0.0118that the spectrum caused by irradiation at low temperatures
(~10 to ~30 K) cannot simply be characterized by a parallel
shift of the absorption edge, but shows an additional midgap
that these changes in the excitation energy result from thgbsorptior?”:*® The midgap absorption below2 eV disap-
atomic rearrangements that can affect considerably the copears with thermal annealing at 150 K; however, the edge

E f E f E f E

responding HOMO levels. remains shifted to a lower energy by0.2 eV, showing a
spectrum similar to that induced by illumination at room
IV. DISCUSSION temperature. This indicates that there can be at least two
o different components that are responsible for the photoin-
A. Metastability of the defect structures duced absorptioh®” We consider that the metastable defect

We have shown that there exist at least two types of metashown in model 3or model 4 is mainly responsible for the
stable defects in the AS; network. One(model 2 has a midgap absorption below-2 eV induced by irradiation at
fivefold-coordinated As unit, and the oth@nodels 3 and 4  low temperatures. As mentioned earlier, the defect structure
consists of a fourfold-coordinated As atom and a nonbridgin model 3(or model 4 is expected to be reformed easily
ing S atom. It should also be noted that both of the metaand it gives rise to a lower excitation energy than that of
stable defects have an As-As bond, suggesting an importamodel 2. Thus it is likely that the defect consisting of the
role of interlayer As-As linkages in the process of photo-nonbridging S and fourfold-coordinated As in model&®
structural changes. model 4 plays a role in the low-temperature or the low-

As mentioned above, the total energy of model 2 is almosenergy component of the photoinduced absorption edge. On
identical with that of models 3 and 4. However, the forma-the other hand, the defect structure seen in model 2 can be
tion of the coordination defect shown in model 2 requiresresponsible for the high-temperature or the high-energy com-
much more complicated atomic rearrangements than the foponent of the photoinduced shift of the absorption edge, ex-
mation of the defect shown in model(8r model 4. Stated plaining the photodarkening induced by irradiation at room
in another way, the metastable defect configuration in modelemperature.

2 should be more stable against reformation of the original

intralayer As-S/bond as compared with the case of the meta- B. Mechanisms of electron-phonon coupling

stable defect shown in model ®@r model 4, as shown in
Fig. 4. Thus the photoinduced defect structure in model

& s
3,11§ )

2 We see from Table Il that the present atomic rearrange-
ments generating the metastable defects shown in models 2,
3, and 4 are accompanied by appreciable charge separation,
suggesting a mechanism of strong electron-phonon coupling
in the photoinduced process. A mechanism of electron-
phonon coupling was originally proposed by Sttééo ac-
count for the reversible photostructural changes in chalco-
genide glasses. He proposed that an optically created exciton
could thermally transform to a conjugate pair of charged
(diamagnetig dangling-bond defect states: that is,

-

exciton—-D"+D~

whereD" and D~ are positively and negatively charged
defects, respectively. The present calculations basically sup-
port the above mechanism, in which nonradiative recombi-
nation proceeds through the creation of these metastable
charged defects. Although the present calculations demon-
strate that the charge on the defect site is not solely localized

FIG. 4. Possible configurational-coordinate potential-energy dia®n One particular atom, but is delocalized over its first- and
gram illustrating schematically the relative energies of the groundSecond-coordination shelisee Table Il, we consider that
state(model ) and metastable-statenodels 2, 3, and Mconfigu-  the photocreation of a charged defect pair is a useful model
rations ina-As,S;. The energy barrier for the structural relaxation t0 interpret qualitatively the photostructural effects of
from 2 to 1 is expected to be higher than that frorfo84) to 1. a-As,S;.

configuration

174204-5



T. UCHINO, D. C. CLARY, AND S. R. ELLIOTT PHYSICAL REVIEW B65 174204

The present calculations further elucidate that the tran- V. CONCLUSIONS
sient bond rearrangements obtained are not unique, but can
lead to at least two different types of charged defect configu- In this work, two types of metastable photoinduced defect
rations. According to théd *,D~ nomenclature, the defect structures have been shown to exist on the basis of quantum-
configuration in models 3 and 4 can be described aghemical calculations of clusters of atoms modeling the local
As,", S, (involving atoms Asl and S1 in model 3 and at- structure ofa-As,S;. One is a fivefold-coordinated As unit,
oms As3 and S2 in model) 4where the superscript refers to 35 has been proposed in our recent pAp&he other com-
the charge sFate and the subscript refers to the coordinatiqg}ises a fourfold-coordinated As unit and a nonbridging S
of the dangling-bond defect. Although such an,AsS, atom. It has been found that the former metastable defect

pair has been supposed to exist as a metastable defect g 5 higher excitation energy than the latter one. It is
a-As;S;, this is the first theoretical work to our knowledge j\onco quite likely that the fivefold-coordinated As unit is

that can show the microscopic structure of the charged defe ainly responsible for the high-energy component of the ob-

pair. We should note, however, that the positive charge is noéerved photoinduced shift of the absorption edge. On the

located mainly on the fourfold-coordinated As atom in the -
defect (As1 in model 3 and As3 in model)Abut on its other hand, the metastable defect consisting of a fourfold-

adjacent As aton(As3 in model 3 and As4 in model)4 coordinated As unit and anonbridging S atom Wi_II con_tribute

forming a homopolar As-As bond and also on next-nearest®© the low-energy componeftr a midgap absorptiowhich

neighbor As atomée.g., As4 in model 3 and As6 in model 4: disappears with low-temperature anneallng._ IF should b_e

see Table I, indicating that this charged defect should not Stressed that these two mgtastable defects originate from in-

be described simply as A%,S,” in the strict sense. terlayer bond rt_econstrucpon to form As—As homopolar
As for the charged defect in model 2, there is no apparenonds, suggesting a vital role of interlayer defect-

broken bond in the defect site, and one of the As atoms in thansformation processes in causing photoinduced metasta-

defect (Asl) is fivefold coordinated. Similar to the case of bility and photodarkening.

the charged defect in model 3, the positive charge is not

located on the overcoordinated As atdisl); rather, the

positive charge is located on the other side of the homopolar ACKNOWLEDGMENTS
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