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Abstract: A numerical approach to studying
thermally induced optical nonlinearity in
semiconductors i3 presented. A transient finite
difference algorithm 1is applied to solve the
thermal diffusion equation coupled with the
nonlinear absorbance—transmittance of Au/GaSe/
Au samples with an applied electric field. The
presented analysis can deal with any arbitrary
axisymmetric dependence of the input power over
the sample and external electric field, and
provides information about the steady state and
transitory effects in the transmittance.

1 Introduction

GaSe layered crystal and Au/GaSe/Au devices consti-
tute Fabry-Perot resonators filled with a nonlinear
medium (GaSe). When the GaSe is exposed to an
intense laser beam, the refractive index, and then the
optical path length of the resonator, changes as a result
of the heating, the transmission becomes nonlinear and
regions of differential amplification, saturation and
hysteresis arise [, 2]. The Au/GaSe/Au device has also
been shown to behave as an optical modulator with rel-
atively low time response. In particular, Iwamura et al.
[3-5], have reported an anomalously large shift of the
absorption edge of 20nm for an applied electric field of
1kV/em with switching times of the order of 80ns,
which may have an excellent application in the modula-
tion of light [3, 4].

In this paper we propose a mathematical model for
the analysis of nonlinearity in semiconductors, which
takes into account only thermal effects. In our model,
the resulting equations are solved by means of a direct
numerical procedure, i.e. transient finite differences.
The heat diffusion equation is solved in the time
domain in combination with optical absorption, photo-
conductivity and the Joule effect. Numerical results for
the transmitted power and switching time are found to
be in good agreement with experimental measurements,
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which confirms that there is no anomalous effect in the
layered semiconductor GaSe, as was pointed out by
another researchers [6], with exception of the additional
heating because of the Joule effect of photoexcited car-
riers.

2 Heat diffusion equation

Transmittance, reflectance and absorbance of the Au/
GaSe/Au multilayer can be easily calculated through
the matricial model from [7]. The equation governing
heat diffusion is:

2 dq 90
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where 6 is the temperature, k the material thermal con-
ductivity dq/dt = ¢ is the heat generation per unit vol-
ume and time, p the material density, ¢ the specific heat
capacity, and ¢ the time.

The sample shape is assumed to be cylindrical with a
thickness much smaller than the radius. Thus the longi-
tudinal diffusion is omitted in the numerical model as it
is considered to be a very thin layer. The heat genera-
tion and the temperature are also assumed to be uni-
form along the longitudinal axis of the cylindrical thin
slab, and the heat losses by convection with air and
radiation have been considered negligible.

We assume that a Gaussian laser beam impinges per-
pendicularly to the surface of the sample. The sources
of power in the sample ¢, are the light absorption and
the heat that is produced by Joule effect. The applied
electric field is assumed to be uniform over the whole
sample with the value, £ = V/d, where V is an applied
voltage between the metalised faces of the sample and d
is the thickness. The expression for ¢ including these
effects is:
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where the second term in the brackets is due to the
Joule effect of photogenerated carriers, 4,0) is the
absorption in the whole device, the GaSe and the Au
layers, and A(8) is the absorption in the GaSe itself.
Both absorptions are deducted from the matricial
model of [7]. T and w are the lifetime and mobility of
photogenerated carriers, £ is Planck’s constant, J, the
maximum intensity of the laser beam, a is the radius of
the laser spot (see Fig. 3), and o is the conductivity of
the material in the dark.
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The final expression for eqn. 1 with substituting of
eqn. 2 is a nonlinear parabolic equation. Taking into
account the shape of the sample, the profile of the laser
beam is useful to make use of cylindrical co-ordinates;
thus eqn. 1 yields:
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where P; = Jyna® is the incident power.
With the assumption of a very thin sample, we get a

nonlinear differential equation dependent only on the
radial and time dimensions.

+V (3)

3  Numerical approach

In this Section is outlined a numerical approach to
solve eqn. 3 in both time and space dimensions using a
direct transient finite difference algorithm.

The temperature in the position » = jAr at the time ¢
= nAt is represented as 0(iAr, nAf) = 0"(i). In this way,
a system of equations in finite differences is obtained
that can be solved by both explicit or implicit resolu-
tion algorithms [8]. The problem that arises with the
use of an explicit algorithm is the accumulation of
numerical errors and perhaps instability [9]. The time
and space increments must be chosen carefully to avoid
instability in a explicit finite difference scheme. This is
a strong constraint in the choice of Ar and At that leads
to very small time increments. Because of that, we
chose a second way, that is the use of an implicit algo-
rithm. In this case, to obtain the temperature at each
point, we have to solve a system of nonlinear equations
in which the unknowns are the temperature at each
point of the mesh. The advantage of the implicit algo-
rithm is the nonexistence of a constraint over Ar and
Az, and this makes the algorithm faster because we can
choose larger At. The stability is guaranteed but the
accuracy of the numerical results will be dependent on
these parameters.

The use of an implicit scheme results in the following
system of equations:
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for i = [/ to N,, N, = number of points of the spatial
discretisation, where the boundary conditions are,

6n+1(Np> = Tamb (5)
o0
Elr:O =0 (6)

that is, maximum temperature in the centre of the sam-
ple and equilibrium temperature in the edge.

In eqn. 4, we use a two-level implicit finite difference
scheme that is unconditionally stable, independently of
the numerical value of the time and space increments.
The finite difference scheme involves six points and is
an extrapolated Douglas difference scheme [10] involv-
ing the nonlinear term ¢= ¢(6"*!, i), because these are
to be evaluated at the advance level 1 = (n + 1)At. Since
6! = 8" + O(Ar) (first-order accuracy in Ar), we mod-
ify slightly the difference scheme in eqn. 4, thus qis
evaluated at the known level 1 = nAf so that the result-
ing algebraic equations at each time step remain linear
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and can be easily solved by elimination. The error in
the calculation of 87*! is O(At, Ar?).

However, the application of an iterative process can
give a better approach for the nonlinear ¢. The itera-
tive process can be defined by solving the given differ-
ence system eqns. 4-6 in the form,

L™ = A[9"] + F[o™T] (7)
where L and A4 are linear operators in 0**! and 6",
respectively, and F[6"*] is a nonlinear operator involv-
ing ¢. We can make use of the Picard process [10]. We
replace 6! by @*1[s + 1] on the left and by 8""![s] on
the operator F. Thus the next approximation 6*![s +
1] is determined by the current approximation 6"*![s]
by solving the algebraic equations,
Lo s +1]) = AP+ FH ] ()
The ‘s’ parameter in eqn. 8 is the index of iteration in
the correcting process for the temperature 81, 9" I[s +
1] is obtained from 67*[s] using eqn. 8 for a specific
value of ‘7. Thus, the temperature 0""[s = 1] is
obtained from eqn. 8 approaching 6""![s = 0] by 6"
0"*1[1] is substituted again in eqn. 8 to obtain 67! [2],
... 0" [s + 1], until convergence is achieved

Following the above procedure, the temperature at
every point of the grid that defines the sample is
obtained at each time step.
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Fig.1 Experimental arrangement
L, Laser, M, Acousto-optical modulator, Bs, beam splitter; Le, Lens; S, sam-
ple; Dy, D,, photodiodes

Fig.2  Sample holder S, Au/GaSe/Au device; H, heating clement

QJ

Jo

BV 8777 e
%"%///I;;?/I;Il;;"'

i
Fig.3  Sample and laser profile
4 Results

Figs. 1-3 show the experimental arrangement for the
measurement of the transmitted power versus incident
power in an Au/GaSe/Au sample. The temperature
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dependence of 4,(0) and A(8) can be modelled from the
temperature behaviour of the refractive index and
absorption coefficient. We use the numerical expres-
sions from reference [11] that gives a good fit of refrac-
tive index and absorption coefficient to experimental
measurements.

First, to show the validity of the numerical tech-

nique, a simulation for a Au/GaSe/Au device is per-
formed at stationary conditions with the following
parameters and constants corresponding to the laser
beam and the device Au/GaSe/Au:
a = 10um, b = 1.25mm (radius), p = 5030kg/m3, ¢ =
44.66J/mol K + 10 * 73 J K*mol, k = 16 W/Km,
thickness of the GaSe sample d = d(GaSe) = 12.41um,
thickness of the Au deposit d(Au) = 105 A, o = 1.5 x
1023 Q1 em™, eut/iv = 2.0 x 107 A/V2.

The initial temperature is specified on the whole
domain of interest 6(i, t = 0) = T, and the applied
voltage is defined as well. The temperature at every
point of the sample is calculated at each time step nAr
following the above iterative process. In that way, the
transmitted power is calculated against the incident for
a quasistationary slope input power. The obtained
numerical results are compared with the experience for
different applied voltages ¥ = 0, 8, and 10 volts. Both
numerical and experimental results are presented in
Fig. 4, and an excellent agreement is observed between
our modelling and the measurements.
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Fig.4  Transmitted power, P, against incident power, Py, for different
applied electric flelds, E = V/d) and T, = 322K
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Fig.5 Transmitted power against time
Sample thickness = 12.41um; incident power is step in time domain, V = 9
volts

An important feature of the Au/GaSe/Au device is its
behaviour as a light modulator, giving a modulation
very close to 100% of the incident power. The switch-
ing time is also an important parameter which is
desired to be as short as possible. The switching time is
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measured from the time in which the laser impinges the
Au/GaSe/Au sample until the transmitted power
reaches the 90% of its stationary magnitude. The varia-
tion of the switching time with the temperature and the
applied voltage can be obtained both experimental and
numerically with the experimental arrangement of Figs
1-3 and the above numerical procedure. Fig. 5 presents
the measured transmitted power versus time for several
temperatures and a constant voltage of 9 volts, the inci-
dent power is a step in the time of 35SmW. Fig. 6 shows
the measured transmitted power against time for sev-
eral applied voltages and a temperature of 322K, the
incident power is also a step in the time. In both Figs.
5 and 6 a peak in transmittance appears immediately
after turning on the incident light and a later evolution
to a state of constant transmission. The steady state in
the Au/GaSe/Au device is achieved when the absorbed
power equals to the dissipated power. In Fig. 7 is com-
pared the numerically obtained switching time against
the measurements for a temperature of 322K.
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Fig.6  Transmitted power against time
Sample thickness = 12.41 i, incident power is step in time domain, 7y, =
322K
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Fig.7  Switching time against voltage
Tamp = 322K © experimental results m numerical results

The modulation of the transmitted power is possible
by applying a square wave voltage. The switching time
T}, is the time interval from the state of high transmit-
tance until the transmitted power reach the 10% of its
stationary value for low transmittance. This time is
numerically calculated for some values of the amplitude
of a square wave of the applied voltage, the results are
presented in Fig. 8, in which they are compared against
the experimental values. Since the electrical conductiv-
ity o is not a well known parameter, it scatters a lot for
different samples, we think that the difference between
numerical and experimental results is caused by a dis-
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crepancy in o. To check this fact we did some simula-
tions for some different o values to get a better adjust
to the measurements. In Fig. 8 are shown results
obtained for two of these o values. It is difficult to fit
both numerical an experimental results in the whole
voltage range. We can only get a good fit for low
amplitudes with o = 0.0001 Q' eI, or high ampli-
tudes of the applied voltage for o = 0.0015 Q1 cm™!.
We find that the conductivity is sensitive to tempera-
ture in the form o = o, exp(-y/T), where y is an
unknown parameter. Thus in the state of high trans-
mittance we have an applied voltage that by the Joule
effect gives rise to the temperature and consequently
increases o. For that reason we obtain a good fit with
measurements for a higher o for the higher amplitudes
of the voltage. However, for low levels of the applied
voltage we get a better match with a lower o. From
[12] it is seen that the ratio o(T + AT)Yo(T) = 15 is
obtained for 7 = 322K and AT = 25.66K. This agrees
well with the numerical results presented in Fig. 6. In
spite of this, a good agreement for the slope is observed
in Fig. 8 for both values of ©.
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Fig.8 Switching time | against amplitude of square wave voltage
o experimental results; « numerical results with o = 0.0001 Q- e !y A numer-
ical results with o = 0.0015 Q T ecm™!

5 Conclusion
A nonlinear parabolic equation which describes the

operation modes of Au/GaSe/Au devices under the
influence of a nonstationary input power and changes
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in electric applied fields has been presented and numer-
ically solved. This model was used to simulate switch-
ing processes in nonlinear devices Au/GaSe/Au, and
did show the satisfactory operation mode of the device
when it works as an optic modulator of He-Ne laser,
showing a switching time about lms. This model
explains the device optical nonlinear response as a
function of thermal induced effects. We draw the
important conclusion that the phenomenon can be
explained through purely thermal effects. Both the
refraction index and absorption changes with tempera-
ture are contributions to nonlinear behaviour. In con-
clusion, we have shown that the Au/GaSe/Au device
exhibits a switching time in the ms range, which is suit-
able for specific applications to light modulators.
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