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In glassy Ge28.5Pb15S56.5 films, we observed and studied the phenomenon of transient photorefraction—a
change in refractive index during light irradiation, which is not accompanied by metastable photodarkening.
Some possibilities for the explanation of this phenomenon are pointed out, and this phenomenon is claimed to
be typical of films of many chalcogenide glassy semiconductors.
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I. INTRODUCTION

Photoinduced phenomena in films of chalcogenide
glassy semiconductors, especially photoinduced structural
transformations1 and photoinduced optical anisotropy,2 con-
tinue to attract the attention of scientists and engineers.1–9

Photoinduced structural transformations are manifested in re-
versible effects of photodarkening �or photobleaching�, a
change in optical band gap and also in film transparency, and
in photorefraction, a change in the refractive index of a
glassy material.1 “Reversible” means that the initial values of
transparency and refractive index can be restored after heat-
ing the film up to the softening temperature. Several models
of photodarkening effect have been considered. Some of
them are phenomenological, some are purely electronic, and
others involve bond switching and atom movement or in-
creased interaction between lone-pair electrons of the chal-
cogen atoms.1

Photoinduced anisotropy is the emergence of dichroism or
birefringence in an initially optically isotropic film under the
action of linearly polarized light. This effect is explained by
the orientation of interatomic bonds or specific defects of the
glass, leading to the appearance of some optical axis with a
direction determined by the electrical vector of exciting
light.2

In most cases, glassy As-Se and As-S films were used for
both investigations and application of photoinduced pro-
cesses. Binary glassy Ge-Se and Ge-S films or multicompo-
nent As-S-Se-Te and As-Ge-S-Se films are occasionally
utilized. In all these samples, the photodarkening and photo-
refraction are accompanied by photoinduced anisotropy. In-
corporation of metals, for example, of Cu or Pb in chalco-
genide glassy films and bulks, resulted in diminishing and
then in a complete disappearance of photosensitivity.10,11

An unusual situation was reported for glassy three-
component Ge-Pb-S films, in which large photoinduced
anisotropy was observed but photodarkening was not
recorded.12 In the present paper, we attempted to understand
this contradiction, taking into consideration the recent results
of Ganjoo et al.13,14 and Ganjoo and Shimakawa,15 who dem-
onstrated the existence of two components of photodarken-
ing: the well-known metastable one and the transient one,
occurring only during irradiation of the film. In the course of
the investigation of transient photodarkening in the Ge-Pb-S
films, we discovered a phenomenon—transient photorefrac-
tion.

II. EXPERIMENT

Ge-Pb-S films were prepared by thermal evaporation of
crushed bulk Ge28.5Pb15S56.5 glass in vacuum of the order of
10−6 Torr. This composition was selected as the most stable
glassy material in the Ge-Pb-S system,16 having high optical
band gap �1.75–1.8 eV� and bipolar photoconductivity.17

This bulk glass was synthesized using Ge, Pb, and S all of
which had a purity of 99.999%. Sample films were prepared
by evaporation from quartz crucible onto oxide glass sub-
strates and had thickness within the 0.1–1.0 �m range.

First, we attempted to search for photodarkening in the
studied films, using the traditional method, when the trans-
parence of the sample was studied after switching the irra-
diation off. Later, we applied the two-beam method used in
the experiments of Ganjoo et al.14 and also in our earlier
study of photorefraction and photoinduced birefringence in
As-S glassy films.18,19 We used the apparatus shown sche-
matically in Fig. 1. Two He-Ne laser beams �633 nm� were
used to irradiate the same area of the sample. The less
powerful �attenuated by the attenuator� probe beam
�0.4 mW /cm2� passed through an electro-optical modulator
and polarizer, which together permitted the modulation of
light intensity discontinuously between zero and a maximum
value at the frequency of 2 kHz. Then, this laser beam was
passed through the sample and was incident on the Si pho-
todiode, permitting a measurement of photoinduced trans-
mission changes.

The more powerful �2.75 W /cm2� pump beam was used
to produce photodarkening. The kinetics of photodarkening
was studied by exposing the Ge-Pb-S film to the pumping
beam for intervals of �200 s separated by �300 s periods of
rest. Alternating periods of pumping and rest were produced
using a shutter. The intensity of the transmitted probe beam
was measured continuously.

FIG. 1. Experimental installation.
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The study of the refractive index spectra was carried out
using ellipsometer VASE series of J. A. Wollam Co. Mea-
surements were performed with an angle of incidence of 70°
�near the pseudo-Brewster angle of the sample, where the
relative phase between reflections of the s and p polariza-
tions is close to 90°�, and, for the study of photoinduced
change of refractive index, the He-Ne laser beam falling or-
thogonally to the film was used.

III. RESULTS

Applying the traditional method �investigation of the op-
tical properties of a film after the exciting irradiation is
turned off�, we replicated previous findings that the photo-
darkening effect does not exist in the studied Ge28.5Pb15S56.5
films, but using the two-beam installation �Fig. 1� we re-
corded photosensitivity of the samples. The transparency of
the films sufficiently quickly �with relaxation time of several
seconds� decreased after the start of irradiation by the pump
beam and achieved saturation, as shown in Fig. 2 �curve 1�.
When the pump beam was switched off, transparency suffi-
ciently quickly increased until the initial value. Such a situ-
ation was observed for several of the studied films, and we
decided that we observed the transient component of photo-
darkening, similar to that reported in Refs. 13–15. However,
in other films, we observed the opposite picture: The trans-
parency of the film increased at irradiation and decreased
after irradiation stopped �Fig. 2, curve 2�. We noticed that
these opposite pictures were obtained in films of different
thicknesses.

Then, we fabricated wedge-type samples �the thickness
was changed from 500 to 700 nm�, in which we observed,

using scanning of the weak probe beam along the sample, a
periodical change in transparency, demonstrated in Fig. 3.
After that, we investigated, using the two-beam installation,
the photoinduced processes in the areas of the wedge-type
sample showing maximum, minimum, and intermediate
transparencies. The results of these experiments, shown
schematically in Fig. 4, demonstrate diametrically different
transparency changes for different areas; moreover, the
changes in the areas with extreme transparency are much
smaller than those in the areas with intermediate transpar-
ency. Figure 5 shows that relative transparency changes
��T /T0� depend linearly on the pump beam intensity P,
where T0 is the initial transparency.

The obtained results lead to the following conclusions.
The periodical change of transparency �Fig. 3� shows that the
He-Ne laser beams are in the spectral range of interference
for the studied films and that the observed changes of trans-
parency indicate a photoinduced change in the optical range
of the light, H=nd, where n and d are the film’s refractive
index and thickness, respectively. Comparing the observed
transparency changes with the data in Fig. 3, we estimated
the relative H change as 1.5%–2.5%. Previous studies of
metastable photoinduced changes in glassy As- and Ge-
chalcogenide films showed that changes in the refractive in-
dex are always larger than those in film thickness.1 This fact
permits us to assume that in the current study of transient
photoinduced changes, the main role is played by the photo-
refractive effect and that just the relative change of the re-
fractive index is 1.5%–2.5%.

In order to confirm our conclusions, we performed an
ellipsometric study of very thin ��0.1 �m� Ge28.5Pb15S56.5

FIG. 2. Transparency of the films.

FIG. 3. Change of transparency in the wedge-type sample.

FIG. 4. Transparency changes for different areas of the wedge-
type sample.

FIG. 5. Relative transparency changes vs pump beam
intensity.
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films evaporated onto substrates from a BK-7 oxide glass.
On the basis of this study, the refractive index spectra for
both the nonirradiated film and the film when it was irradi-
ated by the He-Ne light beam were built. These spectra are
shown in Fig. 6, together with the spectrum of the relative
change of refractive index ��n /n�. The figure shows that at
the wavelength of the He-Ne laser �632 nm�, the �n /n value
is �1.58%. This value roughly coincides with the data ob-
tained from the evaluation of the photoinduced transparency
changes.

IV. DISCUSSION

The results of this study show that in chalcogenide glassy
Ge-Pb-S films, the transient �reversible� photorefraction can
exist without photodarkening. In order to understand this re-
sult, it is necessary to remember the difference between Ge-
Pb-S glassy films and As-Se and As-S glassy films. In the
As-chalcogenide films, the top of the valence band is known
to be formed by the chalcogenide lone-pair electrons. This
peculiarity explains the monopolar �hole� photoconductivity
of such films. The excitation of these valence band electrons
results in specific structural changes and in the narrowing of
the forbidden gap, that is, in metastable photodarkening and
metastable photorefraction.1 In the Ge-Pb-S films, the p elec-
trons of Pb play an essential role at the top of the valence
band. This fact leads to the better symmetry of permitted
bands and, as a consequence, to the appearance of bipolar
photoconductivity.17 The excitation of these p electrons is
not accompanied by the narrowing of the forbidden gap,
hence the absence of metastable photodarkening and meta-
stable photorefraction.

The transient photorefraction observed in our experiments
must have some other reason, for example, it can be con-
nected with strong photoconductivity, which is typical of the
Ge28.5Pb15S56.5 films. Electron transitions and distortion of
electron clouds that occurred in the studied glassy films can
be the reason for both the photoconductivity and photore-
fraction. In our previous work,20 we already considered the
refractive index change due to photoexcited electrons for the

explanation of the observed structural transformations in-
duced by short laser pulses in the glassy As50Se50 films. The
photoconductivity was also assumed to be the reason for a
nonlinear optical response in some chalcohalide glasses21

Another explanation of transient photorefraction may be
found in the effect of trapping of photocarriers and the cre-
ation of strong electrical fields, leading to a change in refrac-
tive index; these effects are thought to give rise to photore-
fraction in the photoconductive crystals of the sillenite
family �Bi12MO20, where M =Si,Ge,Ti�.22

Photoinduced anisotropy, which was observed in the
Ge28.5Pb15S56.5 films,12 can also be due to photoconductivity.
As shown in Ref. 23, in chalcogenide films under the action
of linearly polarized light, anisotropic photoconductivity was
observed, which in turn can induce anisotropy of refractive
index, that is, birefringence, which was probably observed in
Ref. 12.

In conclusion, we can say that the phenomenon of tran-
sient photorefraction is typical not only for Ge-Pb-S, but also
for many other glassy chalcogenide films. Using wedge-type
samples, we observed thickness-dependent variable-sign
photoinduced transient effects in thin Sb2S3 and a-Se films,
in which metastable photodarkening either was not observed
or had a very small value.12 We observed weak metastable
photorefraction in wedge-type As2S3 and As2Se3 films as
well, where it coexisted with metastable photodarkening. It
is possible that the change of refractive index in such films
plays a certain role in the observations of transient
photodarkening.13–15 The phenomenon of transient photore-
fraction can be interesting for some applications in optical
information recording, holography, and adaptive optics due
to its comparatively short relaxation time.

V. SUMMARY

Earlier, in the works of Ganjoo et al.13,14 and Ganjoo and
Shimakawa,15 two components of photodarkening effect,
a metastable and a transient one, were demonstrated in
the glassy films of As chalcogenides. In the glassy
Ge28.5Pb15S56.5 films, in which the metastable photodarken-
ing was not observed, we discovered and studied transient
photoinduced changes of transparency. Experiments with
wedge-type samples and direct ellipsometric measurements
showed that, in the studied films, the observed transient
photoinduced change of transparency is due to the phenom-
enon of transient photorefraction. In this phenomenon, a
change in the refractive index occurs only under irradiation
of the samples and relaxes quickly after the stopping of irra-
diation.

Some possibilities for the explanation of the transient
photorefraction are considered. A similar photorefraction
phenomenon was also observed in several other chalcogen-
ide glassy films �Sb2S3 and a-Se films�. We concluded that
transient photorefraction is typical for films of many chalco-
genide glassy semiconductors.

FIG. 6. Refractive index spectra for nonirradiated film and film
under irradiation. Inset: relative change of refractive index under
irradiation.
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