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DYNAMICS OF PHOTODARKENING INAMORPHOUS CHALCOGENIDES
A. Ganjoo, K. Shimakawa
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Japan

We review the recent advances made in understanding the dynamics of photoinduced
structurd changes (PSC) and photodarkening (PD) in amorphous chal cogenides. The new
results of the occurrence of transient and metastable changes in PSC and PD have shed new
light in understanding the mechanism of these changes. We present measurements of these
metastable and transient effects in evaporated films of achalcogenides. The results are
discussed in terms of a macroscopic model in which, on photoexcitation, layer- or
chain-like clusters of atoms are expected to expand and dip relative to each other.
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1. Introduction

Two types of reversible photoinduced effects are reported in amorphous semiconductors
namdy the structural changes and defect creation [1,2]. These photoinduced changes are returned to
their original states by therma annealing. Although these reversible changes, both for amorphous
chal cogenides (a-Ch) have been studied for over two decades, its microscopic origin is still poorly
understood [1-5].

The photoinduced defect creation affects device applications, eg. the decrease of
conversion efficiency (degradation) in solar cells, because such defects act as recombination centers,
and hence these should be removed or minimized. In spite of great effort to overcome this
degradation, it is still a difficult problem. Flexible or deformable structural network in amorphous
materials may facilitate such a degradation.

The structural changes, on the other hand, accompany the change in refractive index (n),
which may result in the change of bandgap and hence these effects can be useful for devices, such
as opticad memory applications, proposed by Ovshinsky nearly 30 years ago but an important part
of the information technology even now and continuing to be so in the near future as wdl. Giant
photoinduced volume changes (reversible) approaching AV/V=+0.04 (expansion) for obliquely
deposited amorphous As;S&(S); and AV/V=-0.08 (contraction) for amorphous GeSe(S), have been
observed [6, 7], yidding also giant changes of bandgap. It is of interest whether the bandgap
change is a direct consequence of volume change. Recent detailed study of photoinduced volume
expansion (PVE) of aAs;S;zindicates that there seems to be no direct relation between PVE and the
decrease of bandgap (photodarkening, PD) [8].

Photostructural change (PSC) and the rdated photodarkening (PD) are phenomena unique to glassy
or amorphous chal cogenides and are not observed in amorphous group 1V and V semiconductors
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(aSi, aAs &c.), or in crystaline chalcogenides [9]. It is noted aso that the PD disappears in some
metal-doped chal cogenide glasses (e.g. by doping with Cu, Mn etc.) [10, 11].

It is believed that a changein theinteraction of chalcogen lone-pair (LP) dectronsis responsible for
PD. Theincreasein LP-LP interactions yie ds a broadening of the va ence band, causing areduction
in the bandgap (PD). The modd s, which have been put forward in support of the above mechanism,
can be placed into the following categories: 1) a change in the atomic (chal cogen) positions [4], 2)
bond bresking and/or aternations between the atoms [8, 12, 13], and 3) repulsion and slip motion
of structural layers (RS modd) [14]. Any model should be ableto explain the observed behaviors of
PD and PVE for As-based chd cogenides. Recent in-situ measurements of PD or PVE etc., have
given a better understanding of these changes [13, 15, 16]. In the present article, we try to review
the recently obtained interesting results on the reversible PD and PVE for As-based chal cogeni des.
We pay attention in particular to the time evolution of these changes (in situ measurements €tc.),
which is useful in understanding the dynamics of PD and PVE in more detail.

2. Principal experimental data

Assuming all the readers working in amorphous semiconductors are familiar with the basic
definition of PD and PVE, we start from the metastable changes in PD and PVE. It is seen that
bandgap decreases and thickness increases by illumination and that giant changes are induced in
obliguely deposited films[7].

It was beieved for a long time that PD and PVE were two different sides of the same
phenomenon and hence one-to-one corrdation should exist between PD and PVE. However,
Ke Tanaka [8] has experimentally shown that the time constants of the PD and the VE in As;S; are
different. It is observed that the PVE saturates earlier than the PD. These experimental observations,
on the other hand, suggest that these two phenomena (PD and PVE) are not directly related to each
other. However, as these measurements were done after switching off the illumination (metastable
state), the corrd ation during illumination remains unclear.
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Fig. 1. Reative changes in thickness Ad/d with time on switching the illumination on and off for
obliquely deposited film of a-As,S; (after [15]). The solid lineis a guide to the eye.

To understand the dynamics of PD and PVE during illumination, in-situ measurements
have been performed by us [15, 16] and are discussed here briefly. Fig. 1 shows the reative results
of changes of thickness, Ad/d, with time during and after illumination obtained by in situ
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measurements of photoexpansion for a-As,S; films [15]. As soon as the light (mercury lamp) is
switched on, the thickness increases rather rapidly, reaches a maximum after approximately 30 s,
and then decreases slowly with time. This decrease continues during the rest of the illumination.
This behavior of decrease in thickness change during illumination is similar to that of the
degradation of photocurrent [1, 2, 17] in amorphous chal cogenides. By turning off the illumination,
the thickness decreases dightly. With the passage of time it decays slowly, due to reaxation of the
structure, and reaches a metastabl e state which can be observed as usual PVE, i.e. PVE observed
after illumination. This decay behavior of PVE after the illumination is switched off is found to be
very similar to that of the decay of photocurrent [15].

The time evolution of changes (in-situ measurements) of the optica absorption coefficient with
illumination has been studied for As,S; in detail [16]. The variation of the changes in absorption
coefficient (Aa) with the number of absorbed photons (np), at different temperatures, is shown in Fg. 2.
Note that Aa is calculated as Aa =(-1/d) In(A4T), where d is the film thickness and AT the change in
optical transmission which is defined here as AT=T/T, (T is the transmission when the illumination is
put on and T is the transmission at any time t). The details of experimental conditions are described in
the reference. Initially, da increases sowly with n,, followed by a large increase and then almost
saturation. The magnitude of the changes decreases with increasing temperature with Ada being a
maximum at 50 K (in spite of aslow initid variation with time or np) and smallest at 300 K. At 50 and
100 K, the changes are very slow to start with and incresse rapidly as n, increases, while at 200 and 300
K, thereis amore continuous growth of Aa. The slow initidization at low temperatures is attributed to a
smaller number of absorbed photons, as the initid absorption coefficient is small at |ower temperatures
(ao= 150 cm™ at 50 K). With increasing time of illumination, the number of absorbed photons rises
owing to an increase in the absorption coefficient resulting in a large PD at low temperatures. Taking
into account the initial asorption coefficient ao, Fg. 2 is replotted as Fig. 3, where the variation of the
total absorption coefficient (a = ap + 4a) with total absorbed photons (n,,). The solid lines are the fitting
to a model, which will be discussed later. Note, however, that the in situ measurements of PVE have
been done using white light and thus the change in PVE is not given as a function of n, but as a function
of time (see Fg. 1). Thus, the correlation between the rate of PVE and PD during illumination is
difficult to comment upon.
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Fig. 2. In situ variation of changes in absorption coefficient Aa as afunction of absorbed photons n,
a vaioustemperatures. %, A, [, and O show the changes at 50, 100, 200, and 300 K,
respectively. lllumination is by Ar* laser (20mW/cn’) (after [16]).
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Fig. 3. Variation of absorption coefficient (a=ap+4a) as a function of number of absorbed photons
n, a varioustemperatures. Description of symbolsisthesameasin Fig. 2.
Solid lineisthefitting obtained using Eq.(3) in the text (after [16]).

Next we show the results of transient PD in aAs,Se; films (normally deposited). Fig. 4 shows the
time evolution of the changes in the absorption coefficient, Aa, at 1.95 eV during various cyd es of
Ar laser illumination at 50 and 300 K. The details of the measurements are presented dsewhere
[16]. For aAs,Se; films, Aa increases rapidly at first at both temperatures before reaching close to
saturation after some time. When the Ar-laser illumination is switched off, a decrease in da is
observed which reaches a constant value quite quickly. This portion of the total change is the
transient part induced by illumination and the portion remaining after stopping the illumination is
the usud |y observed metastabl e photodarkening.
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Fig. 4. Time evolution of changes in absorption ~ Fig. 5. The decay of the transient photodarkening

- - after switching off the Ar laser for a-As;Se;
coefficient, Aa, for aAs,Se; films & 50 (&) o o750 (A) and 300 K (O). The solid lines
and 300 K (O). ON and OFF stages

arefittings using Eq. 4.
of theAr laser areindicaed by the arrows.

Fig. 5 shows the time dependence of the decay of the transient part a 50 and 300 K. The solid lines
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are a stretched exponentid fit and will be discussed in the next section. Thetotal increasein Aa for
aAs;Se; films, during illumination, is the sum of the transent and the metastable photodarkening.
Thetransient parts of the changes are found to be nearly 60% and 30 % of the total changes induced
during illumination a 300 and 50 K, respectively. Successive cycles of illumination with the Ar
laser (laser on and off), after the metastable photodarkening is reached (see Fig. 4), result in
increases and decreases in Aa equd to the transient part observed after the first cessation of
illumination. The cycling was repeasted many times after the metastable state was reached, and
every illumination confirmed the occurrence of only the transient photodarkening.

To observe the transient and metastable changes during the initid rapid increase of 4a in more
detail, we have studied the changes in 4da in aAsSe; for short-time illumination a 50 and
300 K, i.e., before reaching the saturated state shown in Fig. 3. The data are shown in Fig. 6. The
light was switched on and off for 20 s each at 50 K and 10 and 20 s, respectively at 300 K. Thelight
was switched on for 20 s at 50 K instead of the 10 s used at 300 K, because Aa is still increasing
rapidly even after 10 sat 50 K. At both temperatures, Aa increases and decreases very rapidly when
the illumination is switched on and off, but in neither case does it return to the origind values. The
total increase in Aa islarger at 50 K as compared to 300 K. The cycle of increase and decrease is
repeated with each illumination cycle. This shows that the transient as well as the metastable
changes occur for short illumination times and that the metastable part accumulates with each
successive illumination.
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Fig. 6. Varigtion of changes in absorption coefficient, Aa, with time for short-duration illumination

for aAs,Se; films a 50K (solid line) and 300 K (dashed line). Ar laser ON
and OFF stages are 20 seach at 50 K and 10 s and 20 srespectively at 300 K.

3. Discussion

As dready stated, a change in the interaction of chalcogen lone-pair (LP) dectrons should
be responsible for PD to occur. We briefly review the modds presented by various authors to
explain these photoinduced structural changes in amorphous cha cogenides. First we discuss the
bond-twisting modd [4,18]. An important step in the understanding of the mechanism of the
photostructura changes was the suggestion that changes in positions of atoms (bond-twisting of Se
or S) without bond breaking can be possible, asillustrated in Fig. 7 (8) [4]. In this figure, A and A’
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are aternative sites for aSe atom within the chain. B depicts a Se atom bel onging to a neighboring
chain. A photon should be absorbed by a particular LP orbital (atom A), which thus becomes
positively charged. This particuar positively charged atom moves closer to another
nearest-neighbor chalcogen atom by bond twisting. A stronger LP-LP interaction can yied a
broadening of the VB, and thus results in PD. Recently, this origina bond-twisting modd has been
dlightly modified as follows [18]: As dectrons are more localized than holes in nature, negatively
ionized chalcogen atoms by trapping photoexcited dectrons are responsible for PVE (and PD)
through some unspecified processes. The similar spectra  dependence between the
photoconductivity and PV E may indicate the importance of free-carrier generation (not excitonic or
not geminate pair generation). This may suggest that optica excitation of dectron and holeitsdf is
not responsible for structural changes. This point will be discussed latter again in the modd of
repulsive and slip motion.

Based on the in situ measurements of EXAFS for a-Se [9, 13] the bond alteration model
was presented by Kolobov et d. [9, 13] to explain PSC induced by illumination. This idea was
presented based on an observed increase in the coordination number by about 5 % in the excited
state for a-Se. Associated with the change in coordination, the disorder (mean-square reative
displacement) also increases under illumination. After illumination, the locd change of
coordination disappears whereas the light-induced structural disorder remains [10]. The observed
increase in the coordination number suggests the formation of 3-fold coordination of Se. If an
excited Se atom finds itsdf close to another Se atom belonging to a nearest-neighbor chain, its
unpaired eectron in the former LP orbital may interact with LP eectrons of the neighboring chain,
creating an inter-chain bond. A pair of 3-fold neutral sites Sex™-Se;” will be formed as shown in Fig.
7 (b) [13]. The formation of inter-chain bonds may induce alocal distortion, resulting in an increase
in the mean-square relative displacement of the EXAFS spectrum. This bond aternation model is
somewhat similar to the modd proposed by Elliott [12] who suggested that the excitation of an
dectron into the conduction band (anti-bonding state) changes the balance between the attractive
and repulsive interactions in the system resulting in a change of intermolecular bonds (covd ent
bonds) and weaker intramolecular bonds, inducing PD and PVE for compounds materias (i.e.

@

Fig. 7. (8) Bond-twisting model (after [4]) and (b) bond-breaking mode! (after [13]).
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The microscopic modds proposed for eemental Se [4, 9, 13, 18], however cannot account
the occurrence of PVE. For example, a distortion around 3-fold coordination pair itsdf suggests
“contraction” around the nework. Probably, overall network changes, which are initiated by
bond-twisting or bond aternation, should be taken into considerationin PVE.

Both these basic modds consider only particular atoms which are excited by
photoirradiation. It is difficult to understand, however, that how and why particular atoms can be
excdited in a solid. The top of the VB is formed by LP bands, and hence there is no reason why
particular atoms should be excited sdectively. In fact, the bandgap illumination is known to be
more effective in inducing PD (localized states are not selectively excited). It is therefore suggested
that the “mesoscopic or macroscopic’ interaction is dominant for both PD and PVE to occur,
because LP dectrons have equal probabilities of being excited. Therefore, eectrons or holes in the
extended states (or band-tail states) can be regarded as being responsible for PD or PVE, but not
individual atoms[14].

Now, let us briefly review the modd of repulsion and slip motion of structural layers (RS modd)
shown in Fig. 8 [14]. As atypica example, PD and PVE for a-As,Se(S); which is known to have
basicdly layered structures, should be discussed. During illumination, the photocreated €ectrons
should reside mostly in the CB tails, while the photocreated hol es diffuse away to the unilluminated
region through VB and VB tails, since the mobility of eectronsis much lower than that of holesin
amorphous chalcogenides. Thus the layers which absorb photons become negatively charged,
giving rise to a repulsive Coulomb interaction between layers which produces a weakening of the
van der Waals forces, and hence the interlayer distance increases (PVE).

This process is indicated by the arrow E (process E) in Fig. 8. The experimentally observed
widening of the vadence angle subtended at sulphur atoms within a layer and hence subsequent
increase in the distance between two arsenic atoms bridged by a chalcogen atom on illumination
[19] can be explained by the repulsive force involved in the process E (dashed arrow); the reaction
of repulsive force between layers acts as a compressive force for each layer. Note, however, that the
third coordination sphere (As-S-As-S) remains unchanged, which suggests that the dihedral angle
between the two adjacent AsS; pyramids changes simultaneously with the increase in the valence
angle at the bridging chalcogen atom. It is expected, however, that no change in the LP-LP
interaction occurs in this process and hence the PD is hot induced at this stage

'\ Layer
,0\/'()’\":().3

_/2 Layer 2
@ As S(Se)

Fig. 8. The repulsion and dlip motion of layered cluster model (after [14]). The arrows E and S
indicate the expansion (due to repulsion) and the slip motions, respectively. The difference in loca
enviroments (and hence LPinteractions) between chalcogen atoms isindicated by the broken lines.

A dip motion along the layers should also take place with the occurrence of the E process
between neighboring clusters. This dip motion is shown by the arrow S (process S). As the energy
required for a slip motion along layers is expected to be greater than that for expansion normal to
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layers, the rate of S may be lower than process E. This can be supported by the fact that cleaving is
very easy for layered materids, for example graphite.

Both the processes E and S occur owing to the same repulsion force between the layers, but
only process S is expected to be directly related to PD. If the neighboring layer slips away from the
equilibrium position, an increase in the energy of the highest occupied states (VB) is expected
owing to an increase in the total LP-L Pinteractions. This leads to a widening of the VB, but the CB
remains almost unchanged [20], resulting in PD.

All the above modds deal mainly with the metastable PD and let us now consider the
mechanism to understand the dynamics of changes during illumination. The dynamics of PD and
PVE can be described wdl in terms of configurational-coordinate (CC) diagram for all three
mode s mentioned above, since a quasi-thermal equilibrium between the ground and photoinduced
states can be established. A double-wdl potential with a barrier separating these states (i.e.
two-leve systems) can be simply assumed. A CC configuration as shown in Fig. 9is used to study
the time evolution of changes in PD for the repulsion and slip motion mode. To explain the
behavior of the variation of the total absorption coefficient (a=ay + 4a) with total absorbed
photons (np), we consider the films to contain clusters that act as potential sites for PD. On
illumination, these clusters undergo photon-assisted site switching (PASS) forming photodarkened
sites (PDS), which are associated with higher energy () than the origina state (X).

Let us consider that, before illumination, there exist Ny clusters in the ground state. “Clusters’ may
be considered as equivalent to the “layers’ in the RS model. The rate of the growth of the number
(N) of the PDS with the number of dJSO(IjRFd photons (n,) can be expressed as:
=k, (N; =N)-k N, )

wherek; is the promotion rate and k. tﬁg‘mecovery rate. Assuming atl me-dispersive reaction for the
PASS, the forward and backward reactions can be expressed as k,=An/" and k=Bn,"’,
respectively, where A and B are constants that depend on temperature and illumination intensity,
and S is a dispersion parameter (0<f<1). The dispersjve nature in the reaction rates, k, and k,
should originate from cooperative motions of layerd then given as

N =N 1-exps— ()]
where Ns= ANt/(A+ B) and N,=[ 5/(A+B)] vg e the sgur H}b b of photodarkened sites and the
effective number of photons, respectivey. The fraction of PD occurrence C(n,) at any n, is defined
as C(ny)=N/Ns. C(ny) lies between 0 and 1 (O for the intid state, i.e., before illumination when no
sites are converted, and 1 when all the potentialy available sites are converted to photodarkened
sites).

The effective medium approximation (EMA) can be used to cal cul ate the optical absorption
coefficient of a random medium [16, 21]. Note that originally the EMA was used to cal culate the dc
conductivity of a random mixture of particles under the assumption that the inhomogeneous
surroundings of a particle can be replaced by an effective medium [22]. The totd network
conductivity g, in D dimensionis given as

<L> “o -
oc+(D-Yo,,/,

where o is a random vaue of conductivity. Springett [23] extended the idea of EMA for the
evaluation of the ac behavior of a random system by replacdi ng the conductivity by a complex form
(o*=0i+i ). Asthe optical constants are closdy related to o, i.e. the complex did ectric constants,
&=g-i&=0l wiola the optica absorption coefficient a(a) can be also calculated through the
reation of a(w=0 (w/cn&, wherecisthelight velocity and n the refracti ve index.

Using the derived C(n,) (from Eq.(2)) along with Eq.(3), we can evaluate a as a function of
np. Thefitting to o as derived from Eq.(3) is reasonably good at all temperatures and is shown by
the solid linesin Fig. 3. The description of the symbols is given in the figure caption. Details of the
fitting parameters, N, and S, are given esewhere [16]. It is expected that a percolative growth of
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photon-assisted site switching of “cluster” to PD sites takes place

The RS modd may further be supported by the foll owing experimenta results. As already
stated, the PD effect disappears in metal-doped chalcogenides [10, 11]. This can be explained as
follows. atoms of an introduced metads, such as copper, may act as bridging atoms between the
layers and hence reduce the flexibility of the layer network. Such bridging will then reduce the
ability of both PVE as wel as the dlip motion. Furthermore, the introduction of such a strong
constraint aso induces dangling bonds which act as recombination centers [24] and which reduce
the number of photoexcited free carriers considerably. We now know that constraint of structura
network reduces PD.

As aready suggested, one more important factor for structural changes to occur is the
charge separation during illumination [14, 18]. The RS modd predicts aso that no PVE and PD
can occur in very thin films, because then the photoexcited holes cannot diffuse away from the
illuminated region and hence the layer surface area will remain eectrically neutral. It was reported,
in fact, that no PD can be induced in As,;S; films thinner than 50 nm [25]. Application of an dectric
fidd may assist charge separation if the field is properly applied and may enhance PD. It is of
interest to examine whether thiskind of field effect is found or not.

From the similar spectral dependence between the PD and the photoconductivity in As,S;
[18], and the similar behaviors between PVE and photoconductivity during and after stopping the
illumination [15], free-carrier generation but not geminate (excitonic) pairs is suggested to be
responsible for the structura changes, which seems to be consistent with the RS modd .

We now discuss the transient changes of photodarkening observed in aAs,Se; as shown in
Fig. 4. During illumination the total changes are composed of atransient part and a metastable part
with the transient part decaying on stopping the illumination and the changes in 4a becoming the
usually observed metastable photodarkening. Even for short-time illuminations (Fig. 6), transient
and metastabl e parts of photodarkening are observed. The mechanism can be understood as follows
from the CC diagram shown in Fig. 9(b). During illumination, the dusters in the ground state, on
absorbing photons, undergo site switching and switch over to an excited state which may be the
transient state (T), a state higher in energy than the metastable state. The clusters may switch from
the ground state to metastable state via the transient state. On switching off the illumination, the
clusters rdax to the metastable state and some of the clusters rdax back to the ground state. The
part which relaxes back to the ground state is the transient part of PD and the remaining part which
relaxes to the metastabl e state (a new equilibrium state) is the metastable part of the changes.

Energy (E
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Fig. 9. Configurationa-coordinate potentia-energy diagram illustrating schematically (a) the
relaive energies of the ground-state (X) and the photo-excited state (Y) and (b) the excitation viaa
transient state (T).
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Next, we discuss the decay of the transient part at 50 and 300 K as shown in Fig. 5. The
logarithmic sca e is adjusted to show the starting time as the time when the Ar-laser illumination is
switched off. The decay is faster at 300 K as compared to 50 K. The decay can be described by a

stretched exponential function: )2
Aa = Cexztl'—dl } +Aa,, 4
where t is the time after the illumination i ifched) off, 7 is the effective decay time, Sis a

dispersion parameer (0 < S <1) and Ags isthe saturated val ue of Aa (i.e the metastable part of the
changes). C is a temperature-dependent quantity (equal to the total amount of transient
photodarkening) and its value is obtained by fitting to the experimental data. The solid linein Fig. 5
shows the fitting of Eq. (4) to the experimenta results. The fitting seems to be reasonable
and gives values of fand ras 0.7 and 20 s at 50 K and 0.85 and 5 s a 300 K, respectively. The
effective decay time 1 decreases and the dispersion parameter £ increases with increasing
temperature.

4. Conclusions

A review was given on the topics through the recently obtained interesting results on the
reversible photinduced volume changes (PVC) and photodarkening (PD) for amorphous
chalcogenides, in particular for As-based chal cogenides. We paid attention for the time evol ution of
these changes (in situ measurements etc) and discussed the origin of PVE and PD in terms of the
mode of repulson and slip motion of clustered layers. Recently obtained results of in-situ
measurements of photodarkening in aAsSe; were also presented. During illumination, the total
changes congtitute transient and metastable effects. The transient changes decay when the
illumination is switched off to give the usualy observed metastable photodarkening or expans on.
Further illumination, after the metastable state is reached, induces only transient changes. The
results can be interpreted in terms of photoinduced structural changes, which involve the charging
and movement of layer- or chain-like clusters of atoms.

In the end, we wish Dr. Ovshinsky a happy 80" birthday and wish him good health in the
years to come.

* Presently with: R & D Group, YM Systems Inc., Kyoto, Japan.
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