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Percolative growth of photodarkening in amorphous As2S3 films
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The time evolution of changes in the optical absorption coefficient with illumination has been studied for
a-As2S3 films at 50, 100, 200, and 300 K in order to characterize the dynamics of photodarkening. The
magnitude of the changes is larger at the lower temperatures. A model of photon-assisted site switching is
proposed for the variation of photodarkening with time, in which the fractional growth in the concentration of
photodarkened sites is expressed by a stretched exponential function.
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The study of changes in the band gap and volume
amorphous chalcogenides induced by illumination has
ceived renewed interest recently and attempts have b
made to understand these changes~see, for example, Refs.
and 2!. However, most measurements have been made a
rather than during, illumination. Tanaka2 has suggested, in
his detailed study of photo-induced volume and band
changes ina-As2S3, after illumination, that the rate of pho
todarkening~PD! is slower than that of the volume change
Kuzukawaet al.3,4 in their studies of photo-induced volum
changes~PVC! and PD in obliquely deposited As-base
chalcogenide films, have suggested a correlation betwee
changes in volume and band gap by illumination and ann
ing ~band gap decreases when the volume expands and
versa!. However, the above conclusions were based on m
surements of PVC and PDafter illumination. The behavior
and dynamics of PDduring illumination remain unclear.

Recently, we have reportedin situ measurements o
photo-induced volume changes~PVC! in obliquely deposited
a-As2S3 films and found transient and metastable change
thickness during illumination.5 Ducharmeet al.,6 in their
work on photodarkening of bulka-As2S3, observed a con-
tinuous increase in the average photodarkening~PD! with
PRB 620163-1829/2000/62~22!/14601~4!/$15.00
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illumination and no saturation was observed. Since the
sponse time is long for thick samples, it is not easy to ch
acterize the time dependence of the changes in bulk mate
Other workers have also reported preliminary studies onin
situ photo-induced changes in the optical transmission
amorphous chalcogenides.7–9 The effect of metal additives
on the time dependence of the optical transmission
a-As2Se3 films has also been reported.10

In the present work, we reportin situ measurements of PD
by measuring the changes in the optical absorption coe
cient with time for obliquely depositeda-As2S3 films at 50,
100, 200, and 300 K. The results can be explained using
idea of a percolative growth of photodarkened sites with
lumination by photon-assisted site switching~PASS!. The
fraction of photodarkened sites is expressed by a stretc
exponential function.

Thin films of a-As2S3 ~thickness,d;0.5mm! were ob-
liquely deposited by thermal evaporation onto glass~Corning
7059! substrates. The angle between the normal to the s
strates and the direction of incident molecules was fixed
80°. Note that the density of films deposited at this angle
nearly half to that of films deposited at normal incidenc
The lower density is considered to be responsible for
R14 601 ©2000 The American Physical Society
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giant changes that occur in volume and band gap.4 Obliquely
deposited films were used in the present work as illumina
induces giant changes in band gap.5 These giant change
make it easier to measure the changes in absorption co
cient more precisely. The films were annealed at 443 K fo
h before making the measurements. They were then pla
in an evacuated cryostat for the measurement of opt
transmission at various temperatures. The samples were
minated with an argon ion laser~hv52.42 eV, power
520 mW/cm2! with a light spot diameter of 5 mm. Th
change in optical transmission,DT ~hereDT5T0 /T, T0 is
the transmission when the illumination is put on andT is the
transmission at any time,t! of the films was monitored by the
voltage drop across a photodiode and the illumination c
tinued until DT saturated~approximately 30 min under th
present experimental conditions!. The changes in the optica
absorption coefficient of the film,Da, were calculated as
Da5(21/d) ln(DT), whered is the film thickness and de
termined as a function of the number of absorbed photo
The number of absorbed photons was estimated asnp
5Ninca(12R)2t, wherea is the absorption coefficient,~a
5a01Da; a0 is the initial absorption coefficient andDa is
the change in absorption coefficient!, R is the reflection co-
efficient andt is the time of illumination.Ninc is the number
of incident photons. Note that the conditions,ad!1 and
ad,1, are satisfied at low and high temperatures, resp
tively. It should be noted that the illumination causes
increase in the thickness of the films, butd is assumed to be
constant in the present work asd changes by around 5% a
300 K,5 which is very small compared to the changes in
absorption coefficient,Da. Also, if d increases, it will result
in a decrease inDa, which is opposite to that observed in P
~Da increases in PD!.

The variation of the changes in absorption coefficie
~Da! with the number of absorbed photons (np), at different
temperatures, is shown in Fig. 1. Initially,Da increases
slowly with np , followed by a large increase and then almo

FIG. 1. In situ variation of changes in absorption coefficie
~Da! as a function of number of absorbed photons (np) at various
temperatures.3, n, h, ands show the changes at 50, 100, 20
and 300 K, respectively. Illumination is by an Ar1 laser ~20
mW/cm2!.
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saturation. The magnitude of the changes decreases wit
creasing temperature withDa being a maximum at 50 K~in
spite of a slow initial variation with time! and smallest at 300
K. At 50 and 100 K, the changes are very slow to start w
and increase rapidly asnp increases, while at 200 and 300 K
there is a more continuous growth ofDa. The slow initial-
ization at low temperatures is attributed to a smaller num
of absorbed photons, as the initial absorption coefficien
small at lower temperatures~a05150 cm21 at 50 K!. With
increasing time of illumination, the number of absorbed ph
tons rises owing to an increase in the absorption coeffic
resulting in a large PD at low temperatures.

To explain the behavior ofDa during illumination, and to
understand the dynamics of PD, we consider the films
contain clusters of atoms that act as potential sites for p
todarkening. On illumination, these clusters undergophoton-
assisted site switching~PASS! forming photodarkened site
~PDS!, which are associated with higher energy than
original state. Let us consider that, before illumination, the
exist NT clusters in the ground state. The rate of the grow
of the number~N! of PDS with the number of absorbed ph
tons (np) can be expressed as

dN

dnp
5kp~NT2N!2krN, ~1!

where kp is the promotion rate andkr the recovery rate.
Assuming a time-dispersive reaction for the PASS, the f
ward and backward reactions can be expressed askp

5Anp
b21 and kr5Bnp

b21, respectively, whereA and B are
constants that depend on temperature and illumination in
sity, andb is a dispersion parameter (0,b,1). The disper-
sion parameterb is assumed for simplicity to be the same f
both the forward and backward reactions.N is then given as

N5NSH 12expF2S np

Np
D bG J , ~2!

where NS5ANT /(A1B) and Np5@b/(A1B)#1/b are the
saturated number of photodarkened sites and the effec
number of photons, respectively. BothNS andNp will have a
temperature variation~due to the temperature-dependentb,
A, andB!. This type of stretched exponential growth has a
been suggested for the light-induced creation of defects
for thermal crystallization.11,12 The fraction of PD occur-
renceC(np) at anynp is defined asC(np)5N/NS @see Eq.
~2!#. C(np) lies between 0 and 1~0 for the initial state, i.e.,
before illumination when no sites are converted, and 1 wh
all the potentially available sites are converted to PDS!.

We now recall the effective medium theory.13,14 The ef-
fective medium approximation~EMA! can be used to calcu
late the conductivity of a random mixture of particles und
the assumption that the inhomogeneous surroundings
particle can be replaced by an effective medium. Assumin
random mixture of particles of two different conductivitie
i.e., a volume fractionC having a conductivitys1 and the
remainder parts2 , substantially smaller thans1 , simple ex-
pressions for dc conductivity have been obtained.13,14

Springett15 extended the idea of EMA for the evaluation
the ac behavior of a random system by replacing the cond
tivity by a complex admittance. As the optical constants
closely related to the complex dielectric constants, the
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sorption coefficient in a two-phase system can be calcula
using the idea of EMA.16 Note that EMA has been used t
interpret optical properties inmc-Si,16 and composite
media.17 Sheng17 has concluded that EMA can yield realist
results of optical properties if the microstructure is prope
taken into account. In our work, we assume the clusters
atoms that undergo PASS are roughly spherical in shape
the number of these clusters increases with the numbe
absorbed photons. We now extend EMA to explain
photo-induced structural changes observed in the pre
work.

Following Springett,15 the set of equations for the condu
tivity sm of a two-phase system are

S sm

s1
2

s

s1
D 2

5~X21Y2!1/21X,

where

2X5S s

s1
D 2

1
1

2

s2

s1
2F S «

«1
D 2

1
1

2

«2

«1
G~ tand1!22,

Y5S 1

4

s2

s1
1

«s

«1s1
1

1

4

«2

«1
D ~ tand1!21,

s5 1
4 $3C~np!21%s11 1

4 $223C~np!%s2 ,

«5 1
4 $3C~np!21%«11 1

4 $223C~np!%«2 ,

and tand15
s1

v«0«1
. ~3!

Here,s1 ands2 are the real parts of the conductivity and«1
and «2 are the background dielectric constants of the t
phases. In this paper, we takes1 («1) ands2 («2) to corre-
spond toC51 and 0, respectively. For simplicity,«1 and«2
are assumed to be equal.sm is the real part of the conduc
tivity of the volume fractionC(np). v (53.6831015s21! is
the frequency of light~Ar1 laser!. The absorption coefficient
a, is connected to the real part of the conductivity by t
relation

FIG. 2. Variation of absorption coefficient (a5a01Da) as a
function of number of absorbed photons (np) at various tempera-
tures. Description of symbols is the same as in Fig. 1. Solid lin
the fitting obtained using Eq.~4! in the text.
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a5
s i

nc«0
, ~4!

where the subscripti is 0, 1, orm to represents0 , s1 , or
sm , respectively.s1 ands0 are estimated from the saturate
and initial absorption coefficient, respectively.n is the long-
wavelength refractive index (n5A«15A«2), c is the veloc-
ity of light, and e0 is the permittivity of the vacuum. Ou
main assumption is that the optical absorption of a two-ph
system can be treated by the effective medium approach
for the ac conductivity. It has already been suggested
this approach yields realistic results.16,17

Using the derivedC(np) @from Eq. ~2!# along with Eqs.
~3! and ~4!, we can evaluatea as a function ofnp . Taking
into account the initial absorption coefficienta0 ,18 we replot
Fig. 1 as Fig. 2, where we show the variation of the to
absorption coefficient (a5a01Da) with total absorbed
photons (np) and fit Eq.~4! to the experimental data, whic
is shown by the solid lines. The fitting toa, as derived from
Eq. ~4!, is reasonably good at all temperatures. The desc
tion of the symbols is given in the figure caption. The fittin
gives us the dispersion parameterb and the effective photon
number for site switchingNp , and these are listed in Table
along with the initial absorption coefficienta0 . The varia-
tion of fitting parametersb and Np with temperature is
shown in Fig. 3. BothNp andb decrease with temperature
As Np is inversely proportional to the sum ofA andB, it is
expected from the observed temperature variation that
reactions will be faster at higher temperatures as compare

is

TABLE I. Initial absorption coefficient (a0), ~Ref. 18! disper-
sion parameter~b!, and effective number of photons (Np) at various
temperatures.

Temperature
~K!

a0

~cm21! b
Np

~cm23!

50 150 0.85 2.831021

100 200 0.80 1.831021

200 700 0.70 3.531020

300 2000 0.60 8.031019

FIG. 3. Variation of dispersion parameter~b! and effective
number of photons for site switching (Np) as a function of tempera
ture.
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lower temperatures. The variation of dispersion parame
b, with temperature, is opposite to that observed in transp
related studies,19 where it is found to increase with increa
ing temperature. As the physical meaning of the dispers
parameter is not fully understood at present11 the reason for
this discrepancy is not clear.

Based on the above results and the discussion, the dyn
ics of PD during illumination can be understood in deta
Before illumination, all the potential sites are in the grou
state, which by PASS switches over to the photodarke
state by illumination in a random way. A proposed mech
nism for PASS has been proposed earlier.20 It involves
charging and slip motion of clusterlike sites. Here it is pr
posed that the site switching may lead to a percola
growth of PD with time during illumination.

In order to clarify whether the observed change in
absorption coefficient is an outcome of photoelectronic
thermal mechanisms, we have estimated the temperature
during illumination for the present experimental condition
The temperature rise~DTemp! of a sample can be estimate
as21,22 DTemp5I abs/kr , wherek is the thermal conductiv-
ity of the substrate~12.6 mW/cm K for glass23!, r is the ra-
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dius of the light spot~0.25 cm! andI abs is the absorbed light
intensity, i.e.,Iad. Hered, a, and I are the film thickness,
absorption coefficient, and incident power, respectively. T
ing the maximum absorption coefficient measured in
present work,I abs is estimated to be;1.6 mW which gives
a temperature rise of;0.6 K. This is negligibly small for
such a large PD to occur. Thus, it can be concluded that
observed PD is purely due to photoelectronic effects.

In summary, we have studied the time~absorbed photon
number! variation of changes in the optical absorptionco
ficient for obliquely depositeda-As2S3 films at various tem-
peratures. The magnitude of changes in the absorption c
ficient is largest at the lowest temperature~50 K! and
becomes smaller as the temperature goes up to 300 K
percolative growth of photon-assisted site switching
atomic sites in clusters to photodarkened sites is propose
which the fraction of PD occurrence is expressed by
stretched exponential function.
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