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The governed kinetics describing in-situ photodarkening in amorphous As100−xSex films of different compo-
sitions (x=40, 50, 60) and thicknesses (0.54–2.04 μm) were analyzed within stretched exponential param-
eterization algorithm. It was found that this kinetics strongly depended on penetration depth of pumping
light. In case of films thicker than penetration depth, the governed kinetics attained a character stretched
exponential behavior, while in thinner films (with thickness less than penetration depth) the stretched expo-
nential relaxation tented towards single exponential one. These peculiarities were described in terms of
photon-assisted site switching facilitating percolative growth of atomic clusters in the ground state activated
under the influence of absorbed pumping light.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Photoinduced optical phenomena in amorphous chalcogenides
(ACh) extensively studied since the earliest 1970-s [1] have been in
a sphere of tight interests because of numerous attractive applications
of these materials in photonics and optoelectronics [2,3]. Neverthe-
less, despite the achieved progress in phenomenological description,
some peculiarities of these effects need deeper understanding. This
concerns, in part, the kinetics behavior describing change in the optical
properties of ACh film caused by activated light of different penetration
abilities. Thus, the films of arsenic selenide As–Se family usually become
darkened under action of pumping light from the region of fundamental
optical absorption with photon energy hν greater than optical bandgap
Eg demonstrating a so-called photodarkening effect [1–3]. In depen-
dence on film composition and illumination conditions, two different
components can be revealed, the transient occurring under in-situ
photoexposure along with metastable remaining unchangeable for a
long time after illumination stopping [4]. This increase in the absorption
associated with red shift of fundamental optical absorption edge is
accompanied by a respective increase in the refractive index of illumi-
nated film. It is suggested that principal in-situ photodarkening is rather
non-dispersive in nature, being governed by single exponential relaxa-
tion kinetics corresponding to elementary activation acts initiated by
over-band-gap transitions, provided absorbed pumping light pene-
trates film body through a whole thickness [5,6]. In contrast, the just-
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relaxing transient photodarkening (a so-called dynamic component)
forming long-lived metastable changes is more dispersive, being de-
pendent probably on the basic relaxation interaction in the system, in
particular, on the relation between short- and long-range relaxation-
driven forces [7,8]. However, under short penetration depth of pumping
light, in-situ photodarkening attains amore dispersive character, tending
the overall kinetics towards a known stretched exponential low [5,6].

Sowith the changing in the optical absorbance due to AChfilm com-
position and thickness in respect to the penetration depth of pumping
light, the governed kinetics describing in-situ photodarkening can be
modified from a single exponential to non-exponential (stretched ex-
ponential) one. The question on strict measure where this single expo-
nential low becomes governed in the photodarkening kinetics remains
open, despite numerous attempts to do this for different films [4,6].

In this paper, the influence of absorbed light on the transmission spec-
tra of amorphous As100−xSex films is studied. In this research, we deal
with both thickness and compositional trends in the photodarkening ki-
netics by testing films of different thicknesses (from 0.54 to 2.04 μm)
and chemical compositions (As40Se60, As50Se50 and As60Se40).

2. Experimental

The studied As100−xSex (x=60, 50, 40) filmswere prepared by con-
ventional flash thermal evaporation in a vacuum onto transparent glass
substrates held at 370 K [9]. Optical transmission spectra of these films
were recorded in 0.3÷0.9 μm range with UV/VIS Specord spectropho-
tometer (CARLZEISS Jena). Film thicknesses (d=0.54÷2.04 μm) were
determined from interference fridges in the range of optical transmit-
tance and independent measurements using Dektak Profilometer. To
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initiate photostructural transformations in the studied films, we used
He–Ne laser (λ=633 nm, W=10 mW) operated in CW irradiation
mode. Experimental set-up allowed automatic in-situ optical transmis-
sionmeasurementswith simultaneous photodarkening detection at the
same wavelength of λ=633 nm [9].

The kinetics of in-situ photodarkening determined by relative
transmission decrease T/T0 (T0 is value of initial optical transmission at
λ=633 nm before illumination) was fitted by generalized stretched
exponential relaxation function:

T=T0 ¼ ae −t=τð Þβ þ b; ð1Þ

where a reflects absolute magnitude of photodarkening, τ is effective
response time and β is the so-called non-exponentionality index or dis-
persion parameter.

It should be noted that normalized measure of photodarkening
magnitude A can be conveniently calculated as a ratio of a and (a+b)
coefficients from the above Eq. (1):

A ¼ a
aþ b

: ð2Þ

All numerical comparisons for in-situ photodarkening were per-
formed in respect to the penetration depth of absorbed pumping light
for as-prepared films taken before illumination

d� ¼ 1

�α; ð3Þ

where α is initial optical absorption coefficient of film, which, in turn,
was estimated from known optical transmission T and reflection R coef-
ficients accordingly to the expression:

α ¼ −1
d
ln

1−Rð Þ2
T

: ð4Þ

In the visible region, the reflection R of the studied films was only
slightly affected by photoexposure. So we accept it conditionally
being close to R≈0.2 for simplified calculations whichever film com-
position. Under accuracy in optical transmittance measurements, the
error-bar in dispersion parameter β did not exceed ±0.01.

3. Results and discussion

The kinetics peculiarities of photodarkening in ACh films are known
to be satisfactorily described in terms of photon-assisted site switching
(PASS) facilitating percolative growth of atomic clusters located at the
ground state [4]. Within this formalism, the final photodarkened sites
(independently on their origin), having higher energy, are supposed to
be formed from original (start) sites, giving a dynamic inter-site balance
owing to straightforward (production) and backward (relaxation) reac-
tions. So the overall set of photoinduced defect production–relaxation
processes can be conveniently presented via a scheme:

Start →
kp

Final
state ←

kr
state;

where kp and kr are the rate for promotion (trapping) and recovery to
start state (detrapping), respectively (the necessary condition for exper-
imental observation of photoinduced changes in the optical properties
of thin films, of course, corresponds to kp>kr).

The general differential equation, which governs population of
structural sites responsible for photodarkening N in an arbitrary time
moment t can be presented as:

dN
dt

¼ kp N0−Nð Þ−krN; ð5Þ
where N0 denotes concentration of atomic sites available for relaxa-
tion (t=0).

By suggesting that overall concentration of atomic sites evolved in
photoinduced structural transformations does not change during illumi-
nation, being nearly constant N0, the above Eq. (5) can be transformed
to:

dN
dt

¼ kpN0−kpN−krN ¼ kpN0−N kp þ kr
� �

: ð6Þ

This Eq. (6) has a simple solution, which can be presented in a sin-
gle exponential form:

N ¼ a 1−e −t=τð Þ� �
; ð7Þ

where a ¼ kp
kpþkr

N0 corresponds to maximum value of normalized
changes.

In the case of dispersive nature of underlying photostructural
transformations [10], the following change of variables should be un-
dertaken in Eq. (6):

ktð Þ→ ktð Þβ ¼ ξ ð8Þ

with non-exponentionality index 0≤β≤1 and k=kp+kr.
This allows us to introduce new rate equation relative to this

variable ξ:

dN
dξ

¼ kp
k
N0−

kp þ kr
k

N ¼ kp
k
N0−N ¼ kpN0−kN

k
ð9Þ

with solution giving growing-like kinetics in a stretched exponential
form:

N ¼ a 1−e −t=τð Þβ
� �

: ð10Þ

This solution can be easily transformed to Eq. (1), provided that an
opposite decaying behavior is responsible for the photoexcited site
growth in the ACh film.

The same conclusion on transition to stretched exponential
photodarkening kinetics can be numerically justified for thicker films
composed of a few thinner layers, each of them having non-dispersive
single-exponential response [6]. The non-exponentionality in this case
appears as a result of inverse proportionality between response times
and pumping light intensity within each layer obeying simple Beer–
Lambert–Bouguer law.

The kinetics dependencies of normalized optical transmittance
for He–Ne laser beam for studied films of different compositions
(As40Se60, As50Se50, As60Se40) nearly of the same thickness (1.3 μm)
and As60Se40 films of different thicknesses (0.54, 0.76, 1.30 and
2.04 μm) are shown in Figs. 1 and 2, respectively.

With a purpose of adequate phenomenological description of
the observed in-situ photodarkening kinetics, the numerical values
of fitting parameters in Eq. (10), e.g. effective time constant τ, non-
exponentionality index β and normalized photodarkening magnitude
A, were calculated in such a way to minimize the mean-square devia-
tions of experimentally measured points from stretched exponential
low (10). The obtained results of modeling are given in Tables 1 and 2.

It is obvious that in-situ photodarkening kinetics are quite similar
in As40Se60 and As50Se50 films, revealing a strong tendency to non-
exponentionality (the β values are slightly deviated around 0.6),
while photodarkening in As60Se40 films corresponds mainly to a sin-
gle exponential rule with β value close to 1.0 (Table 1). The process
of photodarkening can be accelerated (transition to smaller effective
time constant τ) attaining a more stretched nature (decrease in
non-exponentionality index β) in annealed films of all compositions,
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Fig. 1. Time evolution of relative optical transmittance for He–Ne laser beam (632 nm) in
the studied As40Se60 (1), As50Se50 (2) and As60Se40 (3) films of the same 1.3 μm thickness.

Table 1
Fitting parameters τ and β in Eq. (9) describing in-situ photodarkening kinetics in
As100-xSex thin films nearly of the same thickness (1.3 μm).

Thin film τ (s) β A

As40Se60 1000 0.64 0.76
As50Se50 300 0.74 0.83
As60Se40 1100 0.99 0.76

Table 2
Fitting parameters τ and β in Eq. (9) describing in-situ photodarkening kinetics in
As60Se40 films of different thicknesses.

d, μm d⁎/d β A

2.04 1.8 0.97 0.82
1.30 2.9 0.99 0.76
0.76 4.9 1.00 0.66
0.54 6.9 1.00 0.51
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which have smaller optical band-gaps. In general, all the above ten-
dencies in the studied thin films agreed well with the penetration
depth dependence so that the greater penetration depth of pumping
light is associated with the smaller non-dispersivity in the resulting
photodarkening kinetics (and, correspondingly, the greater β index).

To justify this conclusion on a decisive role of penetration depth for
in-situ photodarkening kinetics in ACh films, we changed the general
direction of our experiments by selecting thin films of the same
As60Se40 composition of different thicknesses (Table 2, Fig. 2). The
penetration depth d⁎ of He–Ne-laser beam for these films calculated
as the inverse of the absorption coefficient in respect to Eq. (2) was es-
timated to be 3.7 μm before photoexposure and only near 0.5 μm in
after-illuminated state corresponding to photodarkening saturation.
So we suppose that in initial under-illuminated state, these films
behave as non-dispersive ones, revealing overall photodarkening ki-
netics close to single exponential one. With further photoexposure,
this kinetics attains non-exponentionality with reduced β values be-
cause of strong decrease in the penetration depth of pumping light
d⁎. It means that β parameter is defined mainly by modulation deep-
ness of photoinduced changes in the studied thin films. As it follows
from Table 2, when film thickness d is smaller than penetration
depth d*, the dispersion parameter β is close to 1, indicating that
0 1000 2000 3000 4000
0,0

0,2

0,4

0,6

0,8

1,0

T
ra

ns
m

ita
nc

e,
 a

.u
.

t, s

- 2.04 µm
- 0.76 µm
- 0.54 µm

Fig. 2. Time evolution of relative optical transmittance for He–Ne laser beam in the
studied As60Se40 films of different thickness.
in-situ photodarkening can be described by single exponential function.
Under the condition of d>d*, the above dynamic response attainsmore
dispersive nature being described by stretched exponential relaxation
function with βb1. It is clear that the dispersive photodarkening ki-
netics obeying stretched exponential low (10) is observed in relatively
thicker films, while it corresponds to single exponential behavior in
thinner films, justifying non-dispersive nature of photostructural trans-
formation itself.

It is well known that penetration depth d⁎ is material-related pa-
rameter for a given pumping light of the same type (wavelength,
power density, exposure). It means that d⁎ is defined only by AChma-
terial under exposure (its molecular and chemical compositions, struc-
tural state, prehistory, etc.). So the dispersivity of photodarkening can
be effectively guided with changing in the material thickness d (due
to interrelation between d and d⁎). This process is limited by film thick-
ness, since during illumination the film undergoes significantmodifica-
tion because of photostructural transformations, which changes the
penetration depth of pumping light d⁎ (the photodarkening is associat-
ed with decrease in d⁎).

4. Conclusions

The primary in-situ photodarkening in amorphous arsenic selenide
As–Se thin films is non-dispersive in nature, its kinetics description
in dependence on film thickness, thermal pre-history and chemical
composition being governed by penetration depth of pumping light.
The greater penetration depth of pumping light, the smaller non-
dispersivity in the resulting photodarkening kinetics is observed. With
illumination by over-bandgap light effectively absorbed by film, more
photostructural processes proceed simultaneously giving stretched ex-
ponential kinetics, while low-absorbed light causes nearly single expo-
nential kinetics.
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