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Abstract The kinetics of photodarkening (PD) in

amorphous selenium has been studied experimentally at

different intensities of optical excitation. Comparison

between the experimental results and a proposed phe-

nomenological model reveals the characteristic rates for

conversion of structural units into reversible and irrevers-

ible states. Our results show that the relaxation of the

irreversible PD states occurs over a barrier of about 0.9 eV

and is described by much longer characteristic times (more

that one order of magnitude) than that for the reversible

states.

1 Introduction

It is well known that many chalcogenide glasses may

undergo photostructural transformations as a result of

exposure to light. One manifestation of such transforma-

tions is the photodarkening (PD) effect [1–5]. PD is traced

to the increase in the level of disorder as a result of the

photostructural transformations which lead to the broad-

ening of the band tails and hence, to the red shift in the

absorption. Phenomenologically the PD effect is described

as the photoinduced conversion of some structural units

from the ground state configuration X (which is optically

transparent) into some upper metastable state Y (which

causes photodarkening) (Fig. 1a) [1, 6, 7]. Previously the

PD effect in a-Se films has been observed under cooling

only and was not found at room temperature (RT). [8–10]

For high-quality a-Se films the PD effect is usually

reversible: the original transmission of the a-Se layer is

restored after the relaxation or annealing at glass transition

temperature Tg [11]. This reversibility is assigned to the

metastable nature of the state Y which can be easily

annealed out restoring the original structural configuration

and thus eliminating PD. However, it was recently shown,

that prolonged exposure to light may cause stable structural

transformations in high-quality a-Se layers even at RT [12,

13]. Once appear this structural modification cannot be

annealed out. To get better insight into the physics of the

photo-induced defects formation and into the effect of

temperature on it, we performed recently a comparative

study of PD effects at RT and at 35 �C (i.e. slightly below

Tg) [7]. The results suggest that the relaxation of PD

behaves differently at these temperatures: while at 35 �C

PD exhibits reversible recovery, at RT the relaxation has

both, reversible and irreversible components. This indi-

cates that at RT there is at least one further structural unit

(let us call it Z state) responsible for the irreversible

component of the PD (Fig. 1b). In contrast, at 35 �C the

creation of Z states is suppressed resulting in complete

recovery of the transmission. In our previous work [7] we

have demonstrated that the reversible component of the PD

effect could be explained by the existence of the photo-

induced defect with the relaxation time of *8 s. The

experimental results at that time however, allowed us just

to speculate about the nature of the irreversible component
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of PD. The subject of this paper is to extend our knowledge

on the mechanism of the irreversible PD effect in a-Se. To

do this we investigate PD effect at different light intensities

and compare experimental results obtained at RT (21 �C)

and at 35 �C. We show that the magnitude of the reversible

PD component depends linearly on light intensity proving

the validity of the model of the reversible photo-induced

transformation used in [7]. In contrast, the irreversible PD

effect appears to be strongly non-linear although measured

exactly at the same range of light intensities as a reversible

one. The quantitative analysis of the observed effects

provides estimates for the generation rates of Y and Z

states responsible for the reversible and irreversible com-

ponents of the PD effect as well as for the energy barrier

EB
0 which separates the metastable Z state of structural

units responsible for the irreversible component of the PD

effect from their ground state X.

2 Results and discussion

High quality 5–10 lm thick a-Se layers were used in this

study. The kinetics of the irreversible PD effect was

investigated with two laser beams, where the pump beam

was causing PD while the probe beam was monitoring the

simultaneous changes in transmission of light T caused by

the pump beam. The details of the experimental apparatus

can be found in [7]. Different intensities of the pump beam

in the range from 0.36 to 2.75 W/cm2 were used. The

intensity of the probe beam was kept at low value of

0.4 mW/cm2. The kinetics of the PD was studied by

alternating exposing the a-Se to the pumping beam for

cycles of 100 s separated by 100-s periods of rest. The

intensity of the transmitted probe beam was measured

continuously and relative changes T/T0 were calculated,

where T0 is the initial transmission. The results of the PD

measurements at RT for 10 pumping/rest cycles and for

different intensities of optical excitation I are shown in

Fig. 2. Both, reversible and irreversible PD components are

present at this temperature (Fig. 2). The irreversible com-

ponent in the PD effect is evidenced by the gradual

reduction in the magnitude of T/T0 at the end of each

subsequent pumping/rest cycle (i.e. in the gradual deep-

ening of the level Dir(T/T0), to which the sample

transparency can be restored).

To investigate the effect of light intensity on the mag-

nitude of the reversible PD the a-Se sample was kept at

35 �C and the changes in T over the longer pump periods of

500 s were monitored for I = 0.17 - 2.75 W/cm2 (Fig. 3).

As expected, at 35 �C only the reversible component of the

PD is observed that is reflected in complete restoration in T

during rest periods. As it is seen from Fig. 3 the magnitude

of the photodarkening measured as the drop in T/T0 during

the pump periods of each cycle depends significantly on I.

2.1 Reversible PD effect (35 �C)

In order to interpret the experimental data, we use a model

of photodarkening suggested in [1, 2, 6] and developed

further in [7]. According to this model the appearance of

structural units in Y configuration causes the reversible PD

effect (Fig. 1a) and the changes in T/T0 are assumed to be

proportional to the density of Y units. As it is proposed in

[7] the relaxation occurs by thermal activation over the

X

Y

E

q

EB

X Z

E

q

a)

b)

EB’

Fig. 1 Energy-configuration diagram for the proposed photoinduced

‘‘reversible’’ (a) and ‘‘irreversible (b) structural changes
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Fig. 2 Photodarkening measurements at RT for five different light

intensities. Changes in T/T0 are seen during alternating 100 s periods

of pump and rest
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energy barrier EB = 0.8 eV shown in the configuration

diagram in Fig. 1a.

Let the concentration of structural units which are

photo-induced to transform from their ground state con-

figuration X into a state Y be N0, the rate of the conversion

from X into Y under continuous pumping be GXY and the

relaxation time for a transition from Y back into X be s0r.

Then, the time dependence of the concentration of units in

the metastable Y state under continuous pumping nY(t) can

be described as:

dnYðtÞ
dt
¼ GXY ½N0 � nYðtÞ� �

nYðtÞ
s0r

ð1Þ

with the solution:

n
Y
ðtÞ ¼ GXY � sr � N0½1� expð�t=srÞ� ð2Þ

where the characteristic darkening time constant sr for the

reversible PD process is:

sr ¼
s0r

GXY � s0r
þ 1

: ð3Þ

At 35 �C s0r % 8 s [7]. This allows us to estimate

quantitatively the generation rate GXY for different

pumping light intensities I. Consider, for instance, the data

at I = 0.74 W/cm2 (Fig. 3). During the pumping periods the

average changes in the transmission Dr(T/T0) % 0.1.

According to our model, the change in Dr(T/T0) is equal to
nY=N0

; i.e. to the fraction of the structural units in the state Y

of the total amount N0. On the other hand, according to

Eqs. 2 and 3 under stationary pumping

nY

N0

¼ GXY � sr ¼ GXY
s0r

GXY � s0r þ 1
ffi 0:1 ð4Þ

giving GXY�s0r % 0.111. Since s0r % 8 s [7], GXY %
0.014 s-1 at I = 0.74 W/cm2. GXY for different pump

beam intensities I were derived in a similar manner and are

plotted in Fig. 4 together with the corresponding values for

Dr(T/T0) in the steady-state conditions. As it is seen from

the Fig. 4, both Dr(T/T0) and GXY are linearly proportional

to I. This is consistent with the previously observed simi-

larity in s0r and sr [7]. Indeed, according to the Eq. 3

s0r & sr imposes the condition of GXY�s0r � 1 which in its

turn requires Dr(T/T0) to depend linearly on the conversion

rate GXY. As it is seen from the Fig. 4 this condition is met

proving the validity of the proposed model for the revers-

ible PD effect observed at 35 �C.

2.2 Irreversible PR effect (RT)

Let us now turn to the analysis of the irreversible PD.

Assuming that a certain metastable state Z of the structural

units responsible for the PD causes the irreversible com-

ponent of the PD effect as shown in Fig. 1b, we can

suppose that the magnitude of the irreversible PD effect is

proportional to the number nZ(t) of structural units in Z

states. By analogy with Eq. 1–3 we can write:

dnZðtÞ
dt
¼ GXZ ½N0Z � nZðtÞ� �

nZðtÞ
s0ir

ð5Þ

nZðtÞ ¼ GXZ � sir � N0Z ½1� expð�t=sirÞ� ð6Þ

sir ¼
s0ir

G
XZ
� s0ir þ 1

; ð7Þ

where N0Z is the concentration of structural units, which

can be converted into states Z and provide the irreversible

PD effect; GXZ is the conversion rate from state X into state

Z, s0ir is the relaxation time for transitions from Z state

back into the ground X states, sir is the characteristic
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Fig. 3 Photodarkening measurements at 35 �C for eight different

light intensities. The light intensity was kept constant at the level

indicated for each cycle consisted of 500 s of pumping followed by

500 s of rest
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Fig. 4 The magnitude of the reversible PD effect (filled squares) and

the conversion rate from the ground state configuration X into the

configuration Y responsible for reversible PD component (open

squares) as function of the light intensity
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darkening time constant for the irreversible PD effect. In

contrast to the reversible PD component whose magnitude

gradually increases with increase in I, the behaviour of the

irreversible PD is strongly non-linear. As it is seen from

Fig. 2, the change in intensity by two (from I = 0.36 to

0.74 W/cm2) results just in slight changes in the overall

decrease in T/T0. With further increase in I irreversible PD

saturates rapidly, as is reflected in the same level to

which T can be restored after six pump/rest cycles:

Dir(T/T0) =
n

Z

NoZ
ffi 0:35 for all I C 0.74 W/cm2 (see

Fig. 5). The saturation in the magnitude of the irreversible

PD component suggests that the number of units in Z state

does not change anymore after six successive cycles

meaning that for this range of exposure X-to-Z conversion

process is limited by the total number of units N0Z which

can be potentially converted. Thus, in the last four cycles

the drop in T during the pump period is accounted for by

the reversible PD component only.

The saturation in Dir(T/T0) allows us to quantify the

irreversible PD process. Fitting of the experimental Dir(T/T0)

to the Eq. 6 gives sir % 400 s at I = 0.74 W/cm2 and

sir % 200 s for I C 1.53 W/cm2 (Fig. 5). Using these

values for sir we can estimate the conversion rate GXZ.

Indeed, saturation in the changes of the magnitude of the PD

with time corresponds to the steady-state condition:

nZ

N0Z
¼ GXZ � sirðGXZÞ ð8Þ

Equating (8) to the final Dir(T/T0) of 0.35 gives

GXZ % 9 9 10-4 s-1 for I = 0.74 W/cm2 and GXZ %
2 9 10-3 s-1 for I C 1.53 W/cm2. This in turn permits

for the estimation of the relaxation time s0ir (Eq. 7) which

appears to be *600 and *300 s, respectively. A decrease

in s0ir with increase in the rate of X-to-Z conversion is

attributable to the fact that the height EB
0 of the potential

barrier which separates X ground state and Z metastable

state (Fig. 1b) slightly decreases with the gradual

accumulation of structural units in Z configuration. Using

the final value of the relaxation time s0ir & 300 s, EB
0 can

be estimated:

s0ir ¼ m�1
0 expðE0B=kBHÞ; ð9Þ

where kB is Boltzmann constant, H is the temperature and

m0 is the attempt-to-escape frequency of the order of pho-

non frequency *5 9 1012 s-1. This estimation suggests

that the relaxation from Z state responsible for the irre-

versible PD effect back to initial X state occurs by thermal

activation over the energy barrier EB
0 & 0.9 eV.

3 Conclusions

We have studied the PD phenomena in a-Se films at room

temperature (RT = 21 �C) and at temperature close to the

glass transition temperature Tg = 35 �C under different

light intensities between I = 0.17 W/cm2 and I = 2.75 W/

cm2. The PD effect is described as the photoinduced con-

version of some structural units from the initial states X

(which are optically transparent) into the metastable states

Y and Z (which cause reversible and irreversible PD

components, respectively). Our quantitative analysis shows

that the generation rate of the reversible PD effect, i.e. the

rate of transitions from X into Y states, increases linearly

with the intensity of light. In contrast, the generation rate

for the irreversible component (from X to Z) is almost

independent of light intensity for the same exposure range

and is more than an order of magnitude smaller. Further-

more, the relaxation of the irreversible PD component is

characterized by a much longer time constant and appears

to occur over the barrier of about 0.9 eV which separates X

and Z states.
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