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Abstract

The restoration of an image is demonstrated using phase conjugation (PC) in amorphous GexSe1�x thin films. An

unconventional degenerate four-wave mixing scheme is used, where no external counter propagating pump beam is

required. Various film configurations are reported that support the proposal that this wave is generated near the front

surface of the nonlinear material. The PC signal behavior as a function of time is presented and described in terms of a

simple model.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Optical memory effects in amorphous semi-

conductors films were demonstrated a few decades

ago [1]. In particular amorphous chalcogenide thin

films have been actively investigated as holo-

graphic recording media [2–4]. An important fea-
ture is that in many cases the physical processes

involved in the writing procedure are reversible [5].

Diffraction gratings formation mechanisms have

also been discussed in these materials [4,6]. Light-

induced modifications of bonding defects have

been proposed in order to understand the under-

lying processes occurring under laser irradiation in

chalcogenide glasses [7]. Several types of defects

have been suggested, some of them producing

states below the absorption edge. In addition

chalcogenide glasses in thin film and bulk forms
exhibit other interesting nonlinear optical proper-

ties. Photodarkening and photobleaching effects

have been reported in the past [8]. More recently

optical bistability and optical phase conjugation

(PC) in these materials have been investigated [9–

12]. These effects generally occur at low irradiation

intensities with sub-band gap photons making

these materials interesting for technological ap-
plications in opto-electronics.

The chalcogenide glasses are by definition those

including Se, Te, S, as one of their constituents at

least. Examples in which one or more of the above-

mentioned nonlinear effects have been observed
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are Se, As2S3, GexSe1�x, Se, SexTe1�x as well as

ternary and quaternary compounds such as As–

Ge–Te, Te–Ge–Sb–S, and As–Se–S–Ge [2,3,5,10].

The observed properties involve photo-induced

structural effects occurring through bond breaking

or bond reorientation [7,13]. Purely phenomeno-
logical models have also been proposed [12].

In previous work we have analyzed grating

formation in different systems and in particular in

pure selenium [10,11]. It was first supposed that

the formation of the fringes in pure amorphous

selenium was due to a chemical reaction process or

to the sublimation of Se in the interfringes. In

order to exclude these possibilities a layer of GeO2

was deposited covering the selenium thin film. A

diffraction grating was equally formed in the Se

film despite this protective layer thus excluding a

sublimation process [10,11]. Therefore, the photo-

induced structural effects seem to be directly re-

sponsible for the formation of the diffraction

grating.

The capability of image correction via PC in
amorphous As2S3 has been previously reported

using a simple mask [12]. In the case of selenium

films, we have investigated the PC signal behavior

as a function of the thickness of the sample [14].

PC was observed even in very thick samples, where

reflection at the back surface is negligible due to

the strong absorption of the material. Further-

more, preliminary experiments in a bulk sample of
amorphous GeSe2, with 1.5 mm thickness con-

firmed these observations. The main result is that

in order to explain this behavior with a degenerate

four-wave mixing scheme (D4WM) a counter

propagating pump beam generated near the sur-

face of the film has to be assumed leading to a new

D4WM configuration.

In the present work we investigate the recon-
struction of an image via PC in amorphous chal-

cogenide GexSe1�x thin films. Concerning the

structural reorientation and pumping scheme, the

PC signal has been obtained for different film–

substrate configurations. On the one hand, these

experiments support the light-induced reordering

mechanism as responsible for the grating forma-

tion. On the other hand, they sustain the proposal
that a novel D4WM process occurs, where the

counter propagating pump is generated at the

surface of the nonlinear material.

2. Experimental setup

The setup was placed on a stable holographic
table due to the slow response time of the non-

linear recording materials. Different GexSe100�x

and TexSe100�x chalcogenide films with constant

‘‘x’’ between 1.5 and 20 were used as recording

media. Thin films with 2.5 lm thickness were

evaporated onto Corning 7059 glass substrates.

The films were exposed in air at room temperature.

A 35 mW HeNe laser beam was split into a
pump and probe beams with relative intensities of

10:1.7 as shown in Fig. 1. The films were posi-

Fig. 1. Experimental setup used to observe phase conjugation in amorphous chalcogenide thin films.
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tioned perpendicularly to the pump beam. The

pump beam diameter at the film was 120 lm. In
order to illuminate an object slide of 5.5� 1.8 cm,
the probe beam was expanded with a bi-convex

lens. The slide was adequately illuminated when

placed at 35 cm from the lens. The object to be
conjugated was the word ‘‘Saasil’’ which means

light in Mayan language. It was imprinted in a

microscope slide with auto-adhesive letters. The

diverging beam containing the object information

was then focused back on the film insuring an

adequate overlap with the pump beam. The angle

between pump and probe beam was 10�. The
probe beam converging onto the recording mate-
rial was distorted by an aberrating element placed

at 15 cm before reaching the recording plane. Two

Petri dishes were used for this purpose. The angle

of acceptance of the phase conjugate mirror was

limited by the area covered by the pump beam.

The image was permanently recorded onto the

nonlinear film after a few minutes exposure. Once

the image was recorded, photographs of the object
reconstructed by a PCM and a conventional mir-

ror were taken with a reflex camera without its lens

attached. The reference image produced by the

object was photographed just after the object

plane under the illumination of the probe beam.

The conjugated image was reconstructed with the

pump beam and photographed at the object plane;

i.e., the photographic film was at the same position
of the original object but facing towards the con-

jugated beam now containing the recorded image.

The image reflected on a conventional mirror was

taken with the probe beam illuminating the object

and then falling onto a mirror placed at the phase

conjugator plane but perpendicular to the probe

beam. The reflected image was deviated via a beam

splitter and photographed at a distance equal to
the object to mirror path.

Phase conjugate signals with efficiencies

ðIpc=IprobeÞ � 100 between 0.17% and 0.74% were

obtained for films with selenium content ‘‘x’’ be-

tween 20 and 1.5. These efficiencies are much lower

than the 18% reported before [11], due to the lower

power density incident on the film. However, in

these series of experiments a compromise was
adopted in order to cover a large film area while

achieving efficiencies that allowed comfortable

recording of the images. The typical power of the

phase conjugate signal was between 5.8 and

25� 10�6 W. The temporal behavior of the PC
signal was monitored with a beam splitter placed

in the optical path of the retro propagated beam

and steered into a photo detector. A polished bulk
GeSe2 glass of 1.5 mm thickness was also used as a

PC mirror.

3. Results and discussion

Comparison of the original object (Fig. 2(a))

and the phase conjugate image after passing
through the aberrator (Fig. 2(b)) reveals that the

lettering is legible in the latter image. The image

reflected on the conventional mirror is shown in

Fig. 2(c). The severe obliteration produced in this

image makes the original object completely un-

recognizable. These results unambiguously show

that GexSe100�x thin films with the above-men-

tioned pumping scheme act as PC mirrors with the
corresponding aberration correction properties.

Nonetheless, the corrected image presents im-

perfections, in particular, vertical fuzzy lines

stemming from the aberrator. These lines are

clearly observed in the glass of the Petri dishes.

One of them was rotated by 90� to confirm that

this was the origin of the pattern as shown in Fig.

2(d), where a set of perpendicular fuzzy lines are
observed in the background. Zones of the dishes

with severe deformation deviate part of the probe

beam into regions of the nonlinear film where the

pump is not present or even move them away from

the film. These high-spatial frequency components

are obviously no longer conjugated and limit the

quality of the image reconstruction.

The recording material was usually placed with
the film facing towards the pump and probe beams.

However, in order to investigate the role of the

film–air and film–substrate interfaces, the substrate

was placed facing towards the incident beams. The

PC signal intensity was unaltered in either config-

uration. Since in the film–substrate interface sub-

limation of selenium cannot occur this mechanism

has to be ruled out, thus strengthening the view
that the photostructural transformation is respon-

sible for the grating formation [11].
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The pump beam experiences strong absorption

as it propagates through the GexSe100�x film.

Placing a high-reflectivity mirror after the sub-

strate in order to provide an externally counter

propagating pump had no effect on the PC signal

intensity. In order to evaluate the contribution of

the film–substrate interface to the counter propa-

gating pump, a GeSe2 ðx ¼ 33Þ bulk sample was
used as a recording medium. The bulk was pol-

ished so that specular reflection was obtained from

the front surface. The back surface was left un-

polished and no specular reflection could arise

from it. Furthermore, an absorption coefficient of

the order of 103 cm�1 insures that any reflection

coming from the back surface is at least 1000 times

less intense. A phase conjugate signal was never-
theless detected albeit less intense than in the film

case. It is therefore reasonable to consider that the

counter propagating pump must be generated in

the vicinity of the front interface in either the film

or the bulk material. In the latter case, this claim is

reinforced by the fact that there is no other inter-

face, where the counter pump could be generated.

The lower PC efficiency in the bulk compared with

the thin film is most likely due to the low selenium
content of the bulk sample. On the other hand,

when the film or the bulk was rotated so that the

pump was no longer incident at normal incidence

no PC signal was detected. This experience is in

accordance with a reflected pump wave that is no

longer conjugate of the incident one. Further evi-

dence in support of the front surface pump re-

flection comes from previous experiments, where
the PC intensity was monitored as a function of

Fig. 2. (a) Original probe beam image; (b) phase conjugate corrected image; (c) distorted image obtained from conventional reflection

and (d) phase conjugate image with crossed Petri dishes as aberration element.
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the thickness of the film [14]. In those results, the

PC intensity reached a maximum intensity at ap-

proximately 15,000 �AA and no longer increased for

thicker samples. The penetration of the reflected

wave into the second medium may be explained in

terms of the extinction theorem. According to this
approach, the Ewald Oseen dipole field oscillates

coherently in order to produce the transmitted and

reflected wave. The penetration depth where the

dipole field contributes to the reflected wave is in

this case limited by the absorption coefficient of

the material. Analytical solutions to this problem

are in good agreement with the variable thickness

experimental results [14]. Therefore, the proposal
that the counter propagating pump is generated in

the vicinity of the front surface air–film interface is

consistent with the experimental results as well as

with the theoretical notions provided by the ex-

tinction theorem.

The typical temporal behavior of the PC signal

is shown in Fig. 3. The intensity increases drasti-

cally during the first 2 min of exposure and reaches
a saturation value thereafter. Let us recall the PC

and spatial grating formation in amorphous chal-

cogenide thin films reported in a previous work

[11]. The main result was that the surface relief of

the grating alone does not seem enough to explain

the experimental results and volume effects have to

be considered. Volume refractive index changes

can occur in chalcogenide glasses through struc-
tural reordering at irradiation energies near or

below the absorption edge [7]. Therefore, in addi-

tion to the relief present at the surface, structural

rearrangements may be induced within the film at

high-intensity regions. A second grating is then

generated that consists of stripes of film with dif-

ferent refractive index. This second grating is
mainly responsible for the observed PC signal

[10,11]. The material that is transformed by light

irradiation can be described analogously to a

photo-crystallization process [15] by an expression

of the type [16]

I ¼ Is 1ð � e�atÞ:
The smooth curve shown in Fig. 3 shows an

attempt to fit the experimental data with

Is ¼ 0:41� 10�6 W and a ¼ 0:68 s�1; Is represents
the saturation intensity level and a is a measure of
the growth rate. The agreement between this sim-
ple model and the experimental curve suggests that

the intensity of the PC signal is proportional to the

photo-transformed volume of material.

4. Conclusions

The capability of image restoration via D4WM
in germanium selenium amorphous thin films has

been experimentally demonstrated. These results

are likely to be reproduced in other chalcogenide

systems and are consistent with a photostructural

transformation model. The counter propagating

pump beam need not be externally injected and it

seems plausible that it is generated at the air–film

interface.
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