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1. INTRODUCTION

The increased utilization of various optoelectronic systems has gener-
ated interests in thin film PC-El systems — a series connection of a
photoconductive element (PC) with an electroluminescent cell (EL).
They are frequently applied as logical gates, amplifiers of weak light
signals, and because of the optical feedback in such system, they can
work as bi-stable ones.

In this study a PC-EL thin film system with optical feedback,
excited with a sinusoidal voltage was investigated. A cadmium sul-
phide thin film photoconductive element and a zinc sulphide thin
film electroluminescent cell were prepared by vacuum evaporation.
The input signal was in the shape of rectangular light pulses il-
luminating the PC element. The output signal was in the form of the
light emitted from the electroluminescent cell; a part of this signal
was directed to the input. For various values of system exciting
voltage and for its various frequencies, the time functions of the
output signal in dependence on the input signal were measured.
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FIGURE 1 Equivalent circuit of a PC-EL system.

2. THEORETICAL CONSIDERATIONS

A mathematical model suitable for analyzing the dynamic properties
of PC-EL system with optical feedback is proposed using the equi-
valuent circuit shown in Figure 1.

The instantaneous value of the current ipc through the photo-
conductive element is given by the formula':

. d
ipc = Cpc @ Upc + (G, + g1 An)Upc (1

where Upc is the instantaneous value of the voltage on the photo-
conductive element, G, is the dark conductance of the photoconduc-
tive element, Cpc is the capacitance of the photoconductive element,
An is the density of excess carriers, and g; is a constant parameter.

The total change in the number of excess carriers in a given time
interval can be expressed as the sum of the rates of their formation
and recombination?:

d%An=Gn+Rn=an(L+ﬁB)—% @)

where G, is the rate of carrier formation, R, is the recombination
rate, 7 is the quantum yield, a is the light absorption coefficient, L is
the external illumination, 8 is the feedback coefficient determined
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by geometry and by the degree of spectral overlap of the electro-
luminescent cell and the photoconductive element, B is the lumin-
ance of the light emitted by an electroluminescent cell, and 7 is
the photoconductivity rise time.

The instantaneous value of the current ig; through the electro-
luminescent cell is given by

. d
gL = CELEEUEL + GeLUgL (3)

where Ugy is the instantaneous value of the voltage in the electro-
luminescent cell, Ggp is the leakage conductance of the electro-
luminescent cell, and Cg; is the capacitance of the cell.

Since ipC = iEL and UPC = Ue - UE[n where Ue is the
instantaneous value of the exciting voltage of the PC-EL system, the
equation

d
(CeL + CPC)aUEL + UgL(GerL + G, + giAn)
= CPcd%Ue + (G, + g1An) U, 4)

is obtained. The instantaneous value of the luminance B of the light
emitted by an electroluminescent cell (B is the output signal of the
light amplifier) is given by the approximate formula®:

B = B,exp(—yt)exp(—b[Ug|™"?) (5)

where B,, ¥ and b are parameters which are constant for a given
electroluminescent cell.

The dependence of the luminance B on the time t can be
calculated by using equations (2), (4) and (5).

For a calculation of the average value of the luminance B, for
sinusoidal excitation voltage Alfrey and Taylor’s formula® was used:

B, = Boexp<—4lf) exp(— Vﬁ%m) 6)

where f is the frequency of the exciting sinusoidal voltage, Ug =
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Yrc
YeL + Yec
Ygo is the admittance of an electroluminescent cell:

U,, and U, is the amplitude of the exciting voltage,

YeL = GeL + 127fCgy, (7
Ypc is the admittance of a photoconductive element?:
YPC = Go + go(L + IBB)(I + 4.7[2f2‘[%)_1 + lzﬂprC (8)
and g, and 7, are constant parameters for a given layer.

For a real PC-EL system, three additional simplifying assumptions
are usually fulfilled:
CpC < CEL; ZﬂfCEL > Go; ZMCEL > GEL'

Then the dependence of the average value of the luminance B, on the
external intensity L of illumination can be expressed as follows:

Log B

LogL

FIGURE 2 B vs. L theoretical characteristics of a PC-EL system.
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- —b
B, = Boexp (—4—%/) exp {_VTJ—:

1
27fCgy :|2>3}
x (1 + [Go oL+ BB + 42| ) | ©)

Equation (9) is true for Gg < g,L(1 + 47*f%z?)~!. The characteris-
tics calculated from equ. (9), the dependence of the luminance B, on
the external illumination L, are shown in Figure 2 for several values
of 8. It can be seen that for values of § greater than f; 1y the thin film
PC-EL systems with optical feedback has a negative slope and a bi-
stable nature.

3. EXPERIMENTAL DETAILS AND RESULTS

The photoconductive element (Figure 3) was prepared as a sandwich-
type system on a glass substrate. The first layer was a transparent
electrode of tin-doped In,0;, obtained by the reactive cathode
sputtering of 90%In-10%Sn alloy. The second layer was a photo-
conductive CdS film® doped with copper and chlorine and evaporated
under vacuum at a pressure of 6.7 X 107> Pa. The thickness of the
layer was 8.3 um and its recrystallization was carried out for 30 min
at 550°C in air. The third layer, acting as an electrode, was produced
by the vacuum evaporation of indium.

Iny03(Sn)—1 S1In,0,(Sn)
CdS (Cu,CL) 5. b ZnS (Cu,CL,Mn)
In—"Y} — Al
glass (

FIGURE 3 The arrangement of the thin film PC-EL system with optical feedback.
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The second component of PC-EL system, the electroluminescent
cell (Figure 3), was a thin film capacitor with an average thickness of
1.08 um produced by the vacuum evaporation of copper-, chlorine-
and manganese-doped ZnS. The lower transparent conducting elec-
trode was tin-doped In,O; on a glass substrate, while the upper
electrode was a vacuum-evaporated thin aluminium film.

A sinusoidal voltage of fixed amplitude and frequency was applied
to the PC-EL system. The luminance B of the electroluminescent cell
was measured for various intensities L of illumination of the
photoconductive layer and for values of § less than Sy . The results
were compared with values computed using the above theoretical
model. The experimental values of the parameters of the photo-
conductive element and the electroluminescent cell were found to be
as follows: G, = 8 X 107 Q71; g, =238 x 1077 Ix7'Q 7} 7 =
3.1 X 107 s; Cpe = 6.5 X 10711 F; b = 16.09 V¥2; y = 951 s71;
B, =104 cd.m™2; Cg. = 2.8 X 107° F; Gg;. = 7.4 x 1078 Q~!; and
B = 0.78 Ix.m?cd .

Figure 4 shows the spectral distribution of the electroluminescence
for the ZnS(Cu,Cl,Mn) layer and the spectral response of the
CdS(Cu,Cl) photoconductive layer.

I(%) '
100f

50

500 600 700
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FIGURE 4 The spectral distribution I(%) vs. A(nm) of the sensitivity of the
CdS(Cu,Cl) photoconductive layer (curve a) and of the electroluminescence of the
ZnS(Cu,Cl,Mn) layer (curve b).
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Rectangular pulses of the light illuminating the photoconductive
element were applied to the input of the PC-EL system and the
output signal was the luminance B(t) of the light emitted from the
electroluminescent cell. The frequency of the light pulses at the input
was 140 Hz.

Figure 5 shows the time-dependence of luminance for an applied
voltage of amplitude 280 V at a frequency of 500 Hz, at illumination
of the photoconductive element with light pulses of 0.5 Ix for a PC-
EL system of feedback coefficient 8 = 2.0 Ix.m?.cd™". The illumina-
tion intensity was lower than the limiting illumination (Ly 1ny = 0.76 Ix).

Above Ly, the system acted as a bi-stable system, and the
dependence of the luminance B on time is shown in Figure 6 at fixed
remaining parameters. As can be seen, the investigated PC-EL sys-
tem has two stable work points — for the illumination L = 0.8 Ix,
B, = 0.4 cdm 2 and B, = 23 cd.m™2.

From a theoretical analysis, the limiting value of the optical feed-
back coefficient (S 1) depends on the frequency as shown in Figure
7. The limiting value of illumination intensity above which the system
acts as a bi-stable one (if O < L < Ly, the system is mono-stable,
when L > L\ — bi-stable), appears to be a significant parameter
from the point of view of applications. The dependence of this value
of input signal L; 1y on the frequency is given in Figure 8.
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FIGURE 5 Luminance vs. time for a frequency of 500 Hz and an amplitude of 280 V
(—— experimental results, ------ values calculated using the theoretical model).
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FIGURE 6 Dependence of the luminance B on time for illuminations 0.8 Ix and 1.5

Ix (—— experimental results, ------ values calculated using the theoretical model).
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FIGURE 7 Dependence of the coefficient 3, on the frequency.
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FIGURE 8 Dependence of the limiting value of illumination intensity on the
frequency.

4. CONCLUSIONS

Both the measurements and the analysis of the proposed theoretical
model show that the output signal, i.e. the luminance B(t) of the light
emitted by the electroluminescent cell, exhibited a periodic function.
For a PC-EL system excited by a sinusoidal voltage, the frequency fg
of the output signal was 2f,, where f, is the frequency of the exciting
voltage.

For low frequencies of the exciting voltage (50 Hz < f, < 200 Hz)
the shape of the curves of time dependences of the luminance B(t)
varied with the frequency f,, while for high frequencies (f, > 500 Hz)
the shape of the curves of luminance versus time showed almost no
change.

A thin film PC-EL system can be of bi-stable nature only when its
optical feedback coefficient exceeds the limiting value fyv. The
value of the coefficient § 1\ varied with frequency and for the in-
vestigated system attained the lowest value (0.8 Ix.m?.cd™") for the
frequency of 300 Hz. The investigated PC-EL system has two stable
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work points, on condition that input signal L exceeds limiting value of
luminance Ly p.

All the obtained experimental results showed a good agreement
with the characteristics derived from the proposed theoretical model.
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