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ABSTRACT

The optical propertios of amorphous self-supporting GeSe, films show strong
non-linear behaviour under the influence of rolatively low-intensity c.w. laser
irradiation. Discontinuities, bistability and, in special circumstances, oscillation
in the optical propertios have been found. The importance of thermal effects
is experimentally proved. A theorstical model is constructed which explaing some
of the experimental findings. Evidence is presented, however, that, as well as
thermal effects, photostructural changes also play an important role in the bistability
and oscillatory phenomena,

§ 1. InTRODUCTION

In recent years there has been great interest in optical bistability, which
may have potential applications in integrated optics. The effect was first
discussed by Szoke, Daneu, Goldhar and Kurnit {1969}, and first observed in
vapour by Gibbs, McCall and Venkatesan (1976). More recently optical
bistability has been found in different crystalline semiconductors {Gibbs,
McCall, Venkatesan, Gossard, Passner and Wiegmann 1979, Miller, Smith and
Johnston 1979%). A review of the present experimental and theoretical situation
is given by Abraham and Smith (1982},

Recently we reported that transmission oscillations oecur in amorphous
semiconductors under the influence of a ¢.w. laser beam of fixed intensity. This
phenomenon was observed both in a-GeSe, films (Hajté, Zentai and Kdsa
Somogyi 1977} and in bulk samples of As,S; (Hajté and Ewen 1978).  The aimin
this paper is to report a comprehensive study of non-linear optical phenomena in
amorphous self-supporting GeSe, films.  The oscillation of the optical properties
in self-supporting films occurs only in very restricted cirenmstances. On the
other hand, optical bistability and hysteresis was found. The experiments
summarized in this paper help to clarify the underlying mechanism which
causes hon-linear optical phenomena.

Previously suggested mechanisms for crystalline semiconductors {Gibbs
et al. 1979, Miller, Seaton, Prise and Smith 1981} cannot operate in our case.
This is evident from the fact that if the film is crystallized (e.g. by an intense
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laser. beam) the observed non-linearities disappear. Therefore we confine our
attention to other types of non-linear interaction between the laser field and the
amorphous material,

Recently Fazekas (1981} has proposed a theoretical model in order to explain
this peculiar non-linear behaviour of semiconductor films. The model is based
on the cooperative mechanism of charge disproportionation of defect centres in
an amorphous network. In this model electronic processes are dominant and
thermal effects are neglected,

In the present paper we consider an alternative explanation in which laser
heating produces the observed optical anomalies. In our model the laser
beam is considered as a source of Jocal heating only, and the direct non-linear
coupling between the laser field and the electronic and atomie structure of the
medium is neglected. This is the opposite limit to that considered by Fazekas
(1981) but, as we shall demonstrate, our model is also able to explain the
observed anomalies in the optical properties of the films.

We emphasize, however, that we do not think that thermal effects are the
only source of the observed phenomena. We present in this paper experi-
mental evidence that another effect, namely laser-induced photostructural
changes, also plays an important role. It is probable that all three of the
effects described above (electronic, thermal and photostructural) are acting
simultaneously under the influence of illumination.

The paper is organized as follows: in §2 we describe the experimental
arrangement, § 8 contains the experimental results on self-supporting GeSe,
films, the theoretical considerations are presented in § 4, and § 5 contains some
final conclusions.

§ 2. EXPERIMENTAL ARRANGEMENT

The a-GeSe, films were prepared by vacuum evaporation from a Ta boat
at a pressure of 2 x 107% Torr (2-7 x 10-4 Pa) onto glass substrates using poly-
crystalline GeSe, ingots as an evaporation source. For the measurements the
films were removed from the glass substrates using an ultrasonic bath in order
to reduce the effects of multiple light reflections and of mechanical stresses
occurring at the GeSe,—substrate interface.

For the measurements the films were placed in a sample holder, as shown in
the inset of fig. 1. This arrangement allowed us to carry out optical measure-
ments and regulate the temperature of the films. In the following, by the
‘ film temperature ’, 7'y, we mean the temperature of the sample holder. We
note that, because of absorption of the laser light, the temperature of the

illuminated spot (spot temperature T'y) may differ from the °{iilm tem-

perature * T'g.

For illumination we used a linearly polarized c.w. HeNe laser beam
which was focused on a Gaussian optical spot between 35 and 200 pm in
diameter. The intensity of the incident laser beam was regulated using a
combination of a Spectr&—PhySics polarization rotator (Model 310-21) and a
sheet polarizer plane (2 and 3 in fig. 1).

The intensity of the incident, reflected and transmitted light was measured
using Si photodetectors (4, 5 and 7 in fig. 1) and their signals were displayed on a
Hewlett-Packard (Model 7046-A) X—Y recorder.
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Experimental arrangement. The inset shows the specimen in the sample holder.

§ 3. REsuras

3.1. Temperature dependence of absorption coefficient o of amorphous
FeSe, films ‘

In this section we present measurements of the temperature dependence of
the optical properties carried out ab a low measuring light intensity where non-
linear effects are negligible. 'The absorption coefficient « was determined from
the reflected and transmitted intensity of a He Ne laser beam (), =63284)
at a power density of 101 W em—2,

The photon energy of the He-Ne laser light (hv=1-96eV at A,=06328 A)
used to induce the non-linear optical phenomena is less.than the value of the
optical energy gap of GeSe, films (F,=2-16V; Hajté and Fistoss-Wégner
1980). In this energy range (below the band-gap energy) the optical absorption
coefficient (102 em—! < o < 10% em—?) varies exponentially with the photon energy
(Hajto 1980), which is the typical Urbach behaviour of chalcogenide glasses
(Mott and Davis 1979). At a fixed wavelength in the Urbach region, « is
strongly temperature-dependent above room temperature {Mott and Davis
1979). In this temperature region « can be described by the Urbach

rule,
B, —hv .
=0, €XpP | — LT > {1 a)
B
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The temperature dependence of the absorption coefficient «,

this rule was also obeyed in our experiments. A 6 pm thick amorphous GeSe,
film was used for measuring «. Figure 2 shows that « is a strongly non-linear
function of temperature. As shown in the inset, the Urbach rule is satisfied
with oy =2 x 104 em—" (at A, =6328 A) and £, — kv =0-138 ¢V in the temperature
range 300-500 K. From the measurements the refractive index n could also
be determined. We found, for temperatures of 300-500 K, that

n=ng+ BT, (1b)

with n,=2-50 and B=2-56x 104 K-1, ie. the refractive index is a linear
funcetion of temperature. This is in accordance with other experimental
results (Kastner 1973). We emphasize that both « and n are conlinuous
functions of temperature and that no discontinuity was found in the optical
constants when the measuring light intensity was kept at a very low value.
However, on increasing the incident light intensity, other types of optical
effect started to develop ; these are described in the sections below.

3.2. Laser-induced optical discontinuity and oplical bistability in amorphous
GeSe, filims

We have measured the actual transmission of a c.w. Ile-Ne laser beam
focused onto a self supporting amorphous GeSe, film as a function of the
incident laser intensity. Our optical system (air-sample-air configuration) is
a very simple one, no external mirrors being used to form a Fabry—Perot system.
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In this section we present the experimental results on the transmitied light
intensity to demonstrate the non-linear nature of the optical phenomena.
The simultaneous ftransmission and reflection measurements (necessary for
calculating the optical constants) will be presented in § 4.8, where the experi-
mental results are compared with our model.  All measurements presented in
this section were carried out by changing the incident lager infensity at a
constant rate (~0-1 mW s 1), The recorded values of the transmitted lLight
intensity (I;,) as a function of the incident laser intensity are shown in fig. 3
for Ty =298 I,

Fig. 3
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Transmitted light intensity as a function of the incident laser intensity in a-GeSe,
film (I,=6 pm, laser spot diameter =207 pm).

A first discontinuity was observed at 14-4 mW incident laser power (P,1),
characterized by a sharp increase and subsequent discontinuous decrease in the
transmitted signal. On increasing further the incident laser power, a switch to
the dark state was observed, i.e. a large decrease in the transmitted signal at
[8:6 mW (P.3).

Starting from the dark state and decreasing the laser power, the trans-
mitted light showed a hysteresis, e.g. the transition to the bright state {(higher
transmitted values) occurs at 142 mW (P_Y), which is lower than P,®. Asa
consequence the transmitted light intensity has two different stable values
ab a fixed laser power between I, 2 and P_%, ie. optical bistability was found.
On further decreasing the laser power, a second discontinuity was observed at
12-3 mW (P _2), where the hysteresis disappeared.
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Transmitted light intensity as a function of the laser intensity at different film
temperatures Ty.

We found that the shape of the recorded curves varied somewhat with
experimental conditions such as the temperature of the films, lager spot dia-
meter and the rate of increase of the intensity. The last of these effects is
discussed in §3.3. The effect of the film temperature is shown in fig. 4.
Increasing the film temperature Ty by using the sample heater, as described
in §2, the critical laser powers for preducing the optical discontinuities de-
creased. Similarly, the amplitudes of the optical discontinuities decreased with
inereasing film temperature. A decrease in the hysteresis (P,%*— P_1} with
increasing film temperature was also observed. The optical discontinuities
and the optical bistability disappeared when the film temperature was increased
above 600 K.

We have measured the critical laser power P_! (at which the first switching
from the dark to the bright state occurs) as a function of the incident laser beam
diameter. We chose this discontinuity (P_1) because it seemed to be the most
reproducible one ; i.e. it does not depend strongly on the rate of decrease of the
intensity. The eritical laser flux density (P_! divided by the area of the laser
spotb) as a function of the laser spot diameter is shown in fig. 5.
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Critical laser flux density as a function of incident laser beam diameter.

Assuming a pure electronic excitation effect for producing optical bistability
(Fazekas 1981}, one would expect the switch to the dark state to occur at a
constant electric field produced by the laser, i.e. at constant laser flux density
independent of the laser beam diameter. PFigure 5 shows that this is not the
case for the a-GeSe, films. The laser flux density necessary for producing the
optical switching effect increases with decreasing laser beam diameter. Thig
experimental observation indicates the importance of thermal effects in con-
nection with the laser-induced non-linear phenomena in a-GeSe, films. The
increase in the spot temperature T's at a given laser flux density is less when the
beam diameter is decreased because of greater heat conduction. Consequently,
the laser flux density must be higher to produce a given spot temperature.

3.3. Photostructural changes

As mentioned in the previous section, the shape of the transmission curves
depends on the rate of increase of the intensity. We established that this
dependence can be traced back to another effect, namely that the transmission
changes, even under the influence of a constant laser power. The details of
this effect are shown in fig. 6. In this experiment we récorded the transmitted
light intensity at a fixed laser power, which was lower than the critical intensity
at which the optical switching occurs to the dark state. In the first period of
illumination a continuous decrease in the transmission was observed. This
decrease cannot be attributed simply to the increase in the spot temperature,
becanse it possesses a ‘ memory ~ behaviour. Switching off the light (points
2 and 4 in fig. 6) and keeping the sample in the dark for a while does not restore
the initial transmission value. On switching the light on again (points 3 and 5
in fig. 6), the transmission continues to decrease from the same value as before.
This is a memory state, which must be connected with photostructural changes
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Fig. 6
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Time dependence of the transmitied light intensity at a fixed laser power {P=11 mW,
laser beam diameter=207 pm).

(de Neufville 1976). Different aspects of the laser-induced structural changes in
a-GeSe, were studied recently by Griffiths, Espinosa, Remeika and Phillips
(1982) and by Hajtd, Janossy and Forgdes {1982).

When the transmission decreases to a eritical value (point 6 in fig., 6), a
discontinuous switching to the dark state occurs. We observed that switching
off the light in the dark state (point 7 in fig. 6) causes the ‘ memory ’ fo be
erased ; the initial transmission value is restored (point 8 in fig, 8) and the
whole cycle recommences.  This fact indicates that in the dark state a different
type of photostructural change takes place which erases the structure of the
amorphous network developed in the bright period {above the dashed line
in fig. 6).

3.4. Laser-induced oscillatory phenomena

We found experimentally that, for an appropriate laser power, the dark
state is unstable and it switches back spontaneously to the bright.one. In
this case periodic oscillation of the optical properties occurs (see fig. 7). Such
oscillations had already been found and reported {Hajté ef al, 1977) in GeSe,
films on a silica substrate. The differences between self-supporting samples
and samples on a substrate are the following. In the latter cage a much higher
laser intensity { ~ 2 kW cm—2) was necessary to produce oscillations, but above a
crifical laser field oscillations always occur. In the present case oscillation was
found only in a rather narrow intensity range which corresponds more or less
to the observed hysteresis (see fig. 3).  In this range the intensity is of the order
of 40 W em~2, i.e. smaller by a Iactor of 50 than the intensity for samples on a
substrate. As can be seen from fig. 7, the frequency of the oscillation is of the
order of few seconds, while for samples on a substrate it iz of the order of
hundredths of a second (Hajté 1980).
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Oscillation of the transmitted and reflected light intensity at a fixed laser power
(P=14-5 mW, laser beam diameter =207 pm),

§ 4. THEORETICAL CONSIDERATIONS
4.1, General remarks
To explain the experimental observations described in the previous section,
one has to consider the possible non-linear interactions between the laser field

and the amorphous film. We suggest that there are three types of such inter-
actions that may play an important role in the present phenomena.

Thermal effects

As the chalcogenide glasses are poor thermal conductors, the laser beam may
produce & significant local temperature rise in the illuminated spot. In turn,
the absorption coefficient «, the value of which determines the dissipation of the
light field in the sample—and thus the temperature rise, is strongly temperature-
dependent (see § 3.1). A simple quantifafive treatment of the thermal effects
Is given in § 4.2, where it is shown that this feedback between the value of «
and the temperature rise can give rise to a highly non-linear behaviour of the
optical characteristics of the film and may produce discontinuities and bista-
bility in the transmitted light intensity. The dependence of the critical laser
intengities as a function of the spot size (see § 3.2) suggests the importance of
thermal effects. '

Photostructural changes

As is well known from the literature (de Neufville 1976, Tanaka 1980}, and
also as shown by our observations, laser irradiation eauses structural changes in
the amorphous network (see §3.3). These structural changes, which are con-
nected with displacements of atoms, modify the optical constants of the
substance. As a result, the absorption coefficient at a given spot depends not
only on the local temperature, but also on the history of the amorphous network
within that spot.
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The * memory effect ’ described in § 3.3 indicates that the photostructural
changes in a-GeSe, are not restricted to a short initial period of the illumination.
The observations can be interpreted by assuming that the stationary con-
figuration of the structure is a function of the illuminating laser intensity and the
temperature. The stationary configuration, obtained by a long illumination at
a fixed lager intensity and at a fized spot temperature, can be altered by chang-

ing one or both of these parameters. We note that in the experiments the spot -

temperature is not fixed. In this case it is not necessary, at a constant laser
intensity, for a stationary state to be established, i.e. oscillation can occur.
_ This point is discussed further in §4.4.

¢ Conventional * non-linearity

There may also be a  conventional * non-linearity in the system, arising from
the interaction of the laser field with the electronic structure of the amorphous
material. Such an interaction was investigated by Fazekas (1981), who con-
sidered the effect to be due to echarged and neutral defect centres and demon-
strated that the interaction between these centres may lead fo a discontinuous
change in the electronic structure at a eritical laser intensity.

Even if this laser-induced ‘ phase transition’ was not the origin of the
observed discontinuities, one has to consider the possibility that the absorption
coefficieny may depend explicitly (i.e. not through thermal effects) on the laser
intensity.

1n our opinion all three effects described above are important in the observed
phenomena. However, the measurements carried out up to now are not
sufficient to enable their relative importance to be properly estimated. In the
following section we consider quantitatively the effect of the thermal component
only. This is the opposite limit to that considered by Fazekas (1981) but, as we
shall demonstrate, our model is also able to explain some of the observed optical
anomalies. '

4.2. Quantitative treatment of the thermal effects
Let us consider a plane parallel, self-supporting film of thickness L of a given
substance. The substance can be characterized by a complex refractive index
# =n+1ix, where « is related to the absorption coefficient by «={4w/Aj)x. In
this treatment n and « are considered to be single-valued, continuous functions
of the temperature, We investigate the case of normal incidence of the light
beam and, for simplicity, replace the Gaussian intensity profile of the laser
beam by a uniform intensity, I, which is cut off at a radius r,.
The transmission and reflection coefficients of the film can be caleulated by
Abelés’ method (Born and Wolf 1968). In the limit x €n, the transmission and
reflection coefficients are respectively

r=1/{(n? '+ 04" - Znyn, cos 28), (2)

R=nmy(T'+ 1/ -2 cos 28}, 3
where
ny=(n+17dn, ny={(n—1)*/4n

2
I=exp («l), 8 =)TW nL.

0
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The energy dissipated per unit time and unit area, W, can be determined
from the energy conservation law :

W=ID, D=1—(R+q). (4)

To determine the temperature distribution in the sample, it is necessary to
know how the dissipated heat is conducted away from the spot. We consider
two limiting cases.

(1) The heat is conducted away in the direction normal to the surfaces by
the surrounding air. The heat flow can be taken to be proportional to
Tg—Tg The time dependence of the spot temperature 7'y is then
governed by the equation

oy 1

S — - -7 5

S == D(Ts)~ k(T Ty), (®)
where ¢ is the specifie heat of the substance and % is a constant.

(2) In the opposite limit we assume that heat conduection takes place only
in the plane of the sample. The temperature is assumed to be fixed (T'y)
at a radius B. The heat conduction equation in this case is

I 2T 187

il DY e il .

D(T(r)) ( 5 + e ), T,y
== (6)
Wl e T N
D i il PR
o2 ror ) o
where r, is the radius of the laser beam and A the heat conductivity.
At r =7, we require 7' and oT[or to be continuous.

For r > r, the solution can be written as
T=Aln(Blr)+ Ty (7

For r <1y, eqn. (6) can be solved, for example by expanding T' and D in powers
of r. This gives

Try=T,— Brt+ ... 3
oD
=D —_— —T e
DTN =D top | (T=To+ o | )
8D
- " 2
=D(Ty)— B 3T T:Tow + ...,

where Ty=T(0). Taking into account that R 7, it can be assumed that the
temperature drop within the spot is not too large, so that fourth-and higher-
order terms in 7 can be neglected. In this case

Tl =Ty— Br2 Ty~ —2Br,
and the continuity conditions give

. To—Tr
142 In (Rfrg)]
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Equations (6) and {8) yield
oy _1 A
o cl o) 72142 1n (Bfry)]

(Ty—Tg).

Tdentifying 7, with the ‘ spot temperature ’ 7'y, we have the same equation as
in ecagse (1), eqn. (5}, with
. A
v 1+ 21n (Rfrg)]

)

In a real experiment both types of heat conduction oceur simultaneously.
However, as we have seen, in both limits the same mathematical equation
describes the problem. We now investigate the properties of this equation,
writing it in the form

oT

70 e =l DT~ (T = T'y) (10)

(from now on we omit the subscript 8 from T'g). 7 is a constant determined
by the geometry.
We are interested in stationary solutions, when

I D(T) =T — Ty (11}

To solve eqn. {11) explicitly, the temperature dependences of « and » have to be
known. As discussed in § 3.1, for amorphous semiconductors these can be
given as {(see eqns. (1 ) and (1 5))

(1) =y exp (— (B — v}k T],
w{T) =ny+ BT.

To demonstrate how discontinuities and bistability can ccecur, let us first
neglect the temperature dependence of the refractive index. A schematic
eurve representing D{T) for this case is given in fig. 8. At low temperatures,
where exp (el)—1<1, D(T) is proportional to «(7T). At high temperatures
where exp («L)>»1, I{T) tends to a saturation value, 1-—[(n—L1)/(n+1)]°
(i.e. all light entering the sample is absorbed). Kquation (11) can be solved
oraphically by determining the intercepts of IXT) and the straight line
(T — T'y)nI. As can be seen from fig. 8, if [ </_or I>1,, there is only one
solution for 7. However, in the range I < I < I there are three solutions.

To decide whether a given solution is stable or not, one has to consider what
happens if the temperature deviates slightly from its equilibrium value. If
the sign of 27'/ot is such that the temperature approaches the equilibrium
value, the solution is stable ; in the opposite case it is unstable. From eqn. (10)
we deduce the condition of stability to be '

? T— Ty
ﬁ(D(T)_ 7 )<0. (12)

This inequality is satisfied for the solutions denoted by T, and 7' in fig. 8.
Consequently, in the intensity range I_<I <1, there are two stable solutions.
The first solution, T, corresponds to a cold and transparent state of the film ;
this happens when the laser intensity is increased from 0. The state becomes
unstable at 7 =7 ,, where a discontinuous transition takes place to a warm and
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Fig. 8
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Determination of the spot temperature at different laser intensities ; » is considered
to be constant.

strongly absorbing state. When the intensity is decreased from a value larger
than I, the film remaing in this ‘ warm '’ state down to a second critical
intensity, I_ (I_<I,). At this intensity the film transforms back to the
‘cold’ state. -

The behaviour described above is typical of optical bistability (Abraham
and Smith 1982). Note, however, that in the present mechanism the reflection
at the boundaries does not play an important role, and that the switching is
from the transparent to the dark state when the intensity is increased. These
features are the opposite of what is found in conventional optical bistability.

In the above considerations the variation of the refractive index with
temperature has been neglected. In fig. 9 we demonstrate that this variation,
although weak, may itself also lead to bistability. Keeping « a non-zero
constant, D oscillates with increasing T' because of the temperature dependence
of the term cos 28 in eqns. (2) and (3). As shown in fig. 9, in this case there is
again an intensity range in which two stable spot temperatures belong to a
given 1. {At higher intensities further bistable ranges exist.) In this second
mechanism of bistability the reflections of the light beam at the boundaries
play an important role. However, we emphasize that the bistability is again
caused by the feedback between the temperature rise of the spot and the
temperature dependence of the optical constants.

In fig. 10 we present schematically the transmission coefficient + as a
function of laser intensity when only « (fig. 10 (2)) and only = (fig. 10 (b)) depends
on the temperature. In both cases the * dynamical transmission coefficient ’,




360 J. Hajté and 1. Janossy

defined as /oI, becomes infinite at the critical intensities. It can be shown
that near the critical intensities
o

s~ =TT (13)

However, the direction of the jump of 7 in one case is the opposite of that in
the other.

Fig. 9
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Determination of the spot temperature at different laser intensities ; o is considered
to be constant.
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Transmission coefficient as a function of laser intensity; (e} n=constant,
{b) a=constant.
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In a real situation, when both « and » are temperature dependent, inter-
ference between the two effects leads to different complicated shapes and
singularities in the curves of transmission versus incident intensity (see the
nexf gection).

4.3. Application of the model to a-(FeSe, films

In this section we present some calculated transmission and reflection
curves as a funetion of light intensity in which we utilized the experimentally
determined «{T') and n(T) values of a-GeSe, films (see § 3.1). The shape of the
curves also depends on the thickness of the films. The problem arises that the
term cos 24 {see eqns. (2) and (3} in § 4.2) is very sensitive to the exact value
of the thickness. Therefore in the calculation we wused the relation
8=238y+ 2(m/Ag)LAT and 8, was considered to be an independent parameter.
The caleulation showed that the shape of the curves is very sensitive to the
value of 8, This may explain the experimental finding that in samples with
glightly different thicknesses the detailed shapes of the curves of transmission
versus intensity were rather diverse.

In fig. 11 the experimentally determined transmission (7) and reflection (&)
coefficients are plotted against incident laser power. For comparison, the
curves of 7 and R versus laser power calculated according to the thermal model
(see § 4.2} are shown in fig. 12. The value of §; was chosen such that the
calculated and measured 7 and R should be the same at zero intensity. Al-
though there is no quantitative agreement between the curves in figs. 11 and 12,
the model refleets the non-linear behaviour and, in particular, the discontinuities
both in transmission and reflection.

In fig, 13 the experimentally determined values of the absorption coefficient
« are compared with the theoretically calculated values. There are two sharp
increases in « at the observed optical discontinuities, both in the experimental

Fig. 11
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Fig. 12
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and theoretical curves. However, the model predicts a higher increase in «
than was found experimentally.

The model predicts that the critical laser intensity I, at which the optical
switching occurs depends strongly on the spot size. Considering heat con-
duction to oceur only in the plane of the film (see §4.2, case (2)), we would
expect from equn. (9) that I, ~1/r}[1421n (Bfry)]. Thisis in accordance with
the experimental observation that I, increases with decreasing laser spot size
{see § 3.2).

The model allows us also to investigate the influence of the film tem-
perature. Figure 14 shows the calculated transmitted light intensity Iy, a8
a function of laser intensity at different film temperatures 7' In these calcu-
lations 8, was chosen such that the room-temperature curve should resemble
the experimental curve presented in fig. 3.  One can see the same tendencies in

Tig. 14
I-|-r
TF=500 K
171
It 4
Te=450 K
7l
IT,
! § Te=400 K
.'_—-—-—‘—-'h
7l
[1—'J
! \ T.=350 K
7l
ITr

Calculated transmitted light intensity as a function of film temperature using
3,=2-85,
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fig. 14 as in the experimentally recorded curves (fig. 4) : that both the amplitude
of the discontinuities and the hysteresis decrease with increasing film tem-
perature. We made no attempt to determine the absolute value of the incident
laser intensity in the theoretical calculations described above; this would
require knowledge of the value of the term » introduced in egn. {10).

Considering only the thermal effect, the model is able to reproduce the
general trends of the observed phenomena. Iowever, the influence of the
increase in film temperature iz more pronounced in the experiments than is
predicted by our thermal model.

It is clear that we cannot obtain quantitative agreement between experi-
ment and theory without taking into account other effects produced by the
irradiation (see, for example, points (2) and (3) in § 4.1). This is particularly
true for oscillatory phenomena (see § 3.4) which could not be explained by a
purely thermal model.

4.4. Considerations concerning the oscillatory phenomena

We suggest that the occurrence of oscillation under certain experimental
conditions (see § 3.4) at a fixed laser intensity can be explained by a combination
of thermal effects and photostructural changes. To see more precisely how the
oscillation oceurs, we calculated the oscillation of the absorption coefficient «
trom the recorded transmission and reflection curves in fig. 7. The result is
shown in fig, 15. In the bright state of oscillation (lower « values), « is in-
creasing. The phenomenon has already been discussed (see § 3.3) and has turned
out to be connected with photostructural changes. As « increases due to the
photostructural change, the spot temperature also increases due to the higher
dissipation. ‘This can lead to a discontinuity in the same way as for increasing
laser intensity.

In the dark state (higher « values), where the spot temperature is supposed
to be higher, the laser irradiation causes a continuous decrease in the absorption

Fig. 15
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Calculated oscillation of the absorption coefficient using the experimental data
presented in fig, 7,
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coefficient. At the elevated temperature the direction of the slow photo-
structural change is reversed, and the spot temperature decreases continuously.
This decrease can lead to a discontinuous switch to the bright state (lower «
values).

A model for photostructural changes in chalcogenide glasses was presented
by Kolobov, Kolomiets, Konstantinov and Lyubin (1981}, based on the double
well potential description proposed by Tanaka (1980). The model predicts
that, on raising the spot temperature, the direction of the photostructural
change may reverse. A quantitative treatment of this problem will be given by
usg in a forthcoming paper.

As mentioned above, there are marked differences in the oscillatory pheno-
mena in samples with and without substrates (self-supporting). The role of the
substrate may be that it enables the heat produced by the laser to be conducted
away more efficiently. Consequently, thermal effects are reduced and the
material can tolerate a much higher laser field without crystallizing. The
higher laser field enhances the photostructural effects rather than the thermal
effects,

§ 5. Concrusion

We have shown that amorphous semiconductor films display a rich variety
‘of non-linear optical phenomena. We have observed a new type of optical
bistability in amorphous GeSe, films which cannot be explained by the same
mechanism (Miller et «l. 1981, Gibbs ef al. 1979) used for crystalline semi-
conductors.

The non-linear behaviour in the present case may be attributed to at least
three different mechanisms, namely thermal effects, photostructural changes
and electronic non-linearity. Considering only electronic non-linearity, as did
Fazekas (1981), one can explain the discontinuity in the optical properties but
cannot account for the memory effect and hysteresis. The purely thermal
model presented in this paper explains the discontinuity, the hysteresis and the
fact that the critical laser power densities depend on the laser beam diameter,
On the other hand, the memory effect and the corresponding oscillations cannot
be explained.

In order to explain quantitatively all the observations, a model is needed
which combines the three mechanisms (thermal, photostructural andel ectronic)
acting simultaneously during the illumination. TIn view of this, further optical
measurements are planned in order to separate the photostructural changes and
electronic non-linearity from the thermal effect.

Finally, we emphasize that amorphous semiconductor films eould provide
simple and easily accessible elements in some optical applications. Because of
the optical singularities (see, for example, fig. 3 and eqn. {13))}, the films can be
used as a new type of optical transistor.

ACEKNOWLEDGMENT

The authors are indebted to Dr. N. Krod for valuable discussions and con-
tinuous encouragement connected with this work and to Mr, . Pesti for his
kind assistance, ’




s

366 Optical bistability in amorphous semiconductor films

REFERENCES

Asranam, K., and Smrry, S, D., 1982, Rep. Prog. Phys., 45, 815,

Borw, M., and Worr, E., 1968, Principles of Optics, fourth edition (Oxford : Per-
gamon Press), Chap. 1.

pE NEUFVILLE, J. P., 1976, Optical Properties of Solids : New Developments, edited by
B. 0. Beraphin- (Amsterdam : North-Holland), p. 437.

Fazuras, P., 1981, Phil. Mag. B, 44, 435.

Giees, H. M., McCaix, 8. L., and Vewkaresaw, T. N. C,, 1976, Phys, Rev. Lett.,
36, 1135.

Giees, H. M., McCarx, 8. L., Vexxaresaw, T. N. C,, Gossarp, A. C,, PassNer, A,
and Wizemany, W., 1979, Appl. Phys. Leit., 35, 451.

Grrrrirus, J. E., Espvosa, &, P., Remsira, J. P., and Parvres, J. C., 1982, Phys,
Rev, B, 25, 1272.

Harro, J., 1980, J. Phys., 41, C4-63,

Harrd, J., and BEwexw, P, J. 8., 1979, Phys. Stat. Sol. (a), b4, 385.

Hagrd, J., and FisToss- WhcNER, M., 1980, Proceedings of the Conference Amorphous
Semiconductors '80, Kishinev, U.8.8 R., p. 189.

Haard, J., Jainossy, 1, and Foredos, G., 1982, J. Phys. C 15, 6293,

Hasro, J., Zentar, G., and Koésa Somoavr, 1., 1977, Solid St. Commun,, 23, 401.

Kagrwen, M., 1973, Phys. Rev. B, T, 5237.

Kovrosov, A. V., KorLomiets, B. T., KonstawTivov, 0. V., and Lyvseix, V. M,

- 1981, J. non-crystalline Solids, 45, 335.

Mmrer, D. A, B, Sgavow, C, T., Prise, M. E., and Swyorr, 5. D, 1981, Phys. Rev.
Lett., 47, 197, |

Mirier, D. A. B, Surrm, S. D., and Jounstox, A., 1979, Appl. Phys. Leti., 35, 658.

Morr, N. F., and Davis, E. A., 1979, Electronic Processes in Non-crystalline Materials,
second edition (Oxford : Clarendon Press), Chap. 6,

Sziug, A., Dansv, V., GoroHAR, J., and Kurnrr, N. A, 1969, 4ppl. Phys. Leti.,
15, 376.

Tanara, K., 1980, J. non-crystalline Solids, 35-36, 1023.



