2172

J. Opt. Soc. Am. B/Vol. 24, No. 9/September 2007 Khomenko et al.

Optically stimulated electron-hole resonance in

photorefractive CdTe with a low frequency
ac field

A. V. Khomenko,"* A. Lépez Navarro,' M. Garcia-Zarate,' and K. Shcherbin®

1Optics Department, CICESE, Carretera Tijuana-Ensenada, km 107, Ensenada 22860, B.C., México
*Institute of Physics, Prospekt Nauki 46, 03650 Kiev, Ukraine
*Corresponding author: akhom@cicese.mx

Received January 19, 2007; revised May 10, 2007; accepted May 20, 2007;
posted May 21, 2007 (Doc. ID 79157); published August 8, 2007

We report the results of an experimental and theoretical study of electron—hole competition in CdTe:Ge pho-
torefractive crystal with an incoherent auxiliary illumination and alternating low-frequency field. Resonant
two-wave mixing (TWM) gain enhancement is studied that has been found depending on the wavelength and
intensity of the incoherent illumination. We show that a low-frequency ac field can be used for an effective
TWM gain enhancement under conditions appropriate to the electron—hole resonance. A time oscillation of the
photorefractive gain concerned with the ac field is studied experimentally, and self-generation of time subhar-
monics is reported. © 2007 Optical Society of America

OCIS codes: 160.5320, 190.7070.

1. INTRODUCTION

Photorefractive semiconductors (CdTe, GaAs, InP, and
others) are considered the best candidates for many appli-
cations due to high sensitivity in the near infrared and
fast response. The distinctive feature of the photorefrac-
tive effect in semiconductor crystals is the bipolar charge
transport, which involves electrons and holes in the
space-charge formation. The bipolar charge transport re-
sults in many new photorefractive phenomena, which are
not inherent in the crystals with monopolar conductivity.
In particular, it has been shown that temperature or op-
tical control of the ratio between electron and hole ioniza-
tion rates enables strong two-wave mixing (TWM) gain
enhancement, when a dc field is applied to the crystal
[1-4]. This effect known as electron—hole resonance oc-
curs when the photorefractive grating recording meets
two requirements [3]. First, one type of carrier, electrons
or holes, is dominant for the recording light photoexcita-
tion; second, the total excitation of electrons has to be ex-
actly balanced by the hole excitation. These requirements
can be met when unbalance of the recording light excita-
tion is compensated by the thermal generation [2,3] or
photogeneration when the crystal is illuminated by the
auxiliary light at a different wavelength [4]. The
electron—hole resonance allows that the photorefractive
grating shifted by #/2 with respect to the interference
pattern is enhanced giving rise to the maximum TWM
gain, when the dc field is applied to the crystal.

In some cases an impediment of the dc-field approach is
space-charge effects that result in the build up of a high
electric field under negative electrode and reduce the field
in the crystal volume [5-7]. These phenomena caused by a
nonohmic electrode-crystal junction have been observed
with indium-tin—oxide (ITO), silver-paint, and copper—
indium—gold/CdTe contacts [6]. The use of this screening
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effect for two-dimensional spatial light modulation and
one-dimensional optically controlled switching array
based on a CdTe crystal has been proposed [6]. Although
the clear evidence of the importance of the contact behav-
ior for de-field enhancement of the TWM gain in this crys-
tal has not been published. The ac-field technique re-
quires the ac-field period to be much shorter than the
photorefractive grating formation time, which for high
speed photorefractive CdTe imposes some difficult re-
quirements on the ac frequency [5]. A TWM gain of more
than 10cm™! was reported with a 23kV/ecm square-
shaped 230 kHz ac electric field. Unfortunately, so high
an ac frequency makes this method unpractical in many
cases. Several authors have reported that the ac-field fre-
quency dependence of the gain reveals a relatively low-
frequency region (10—100 Hz) in which gain has a pro-
nounced maximum approaching the value measured with
a high-frequency field [8-10]. The authors of [9] explained
this experimental result by considering a two-band two-
level model of the photorefractive effect.

In this paper effects of auxiliary incoherent illumina-
tion of the crystal at different wavelengths on the
electron—hole competition are studied in a CdTe:Ge
sample. We demonstrate experimentally a TWM gain en-
hancement by auxiliary illumination in the presence of a
low-frequency ac field. We explain the experimental re-
sults by a one-level two-band model, which includes
electron—hole effects, supplemented by the model of two-
band adsorption, in which one band is responsible for free
electrons and other for free holes photogeneration. The
study of the TWM gain time modulation reveals that the
frequency spectrum of the modulation contains harmonics
and subharmonics of the ac-field frequency. The condi-
tions that allow the observation of the temporal subhar-
monics are discussed.

© 2007 Optical Society of America
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2. EXPERIMENT

In our experiment we measured the effect of auxiliary in-
coherent illumination on the TWM gain in a CdTe:Ge
crystal. A schematic of the experimental setup is shown in
Fig. 1. Two unexpanded coherent beams from an He—Ne
laser (\=1150nm) enter the crystal through the front
face. These beams record the photorefractive grating that
causes the energy transfer between the beams. The total
recording light intensity is 12 mW/cm?. An auxiliary in-
coherent light from the monochromator illuminates the
crystal through the top side. The monochromator allows
the wavelength scanning in the range of 600—1400 nm
and provides the illumination with the maximum inten-
sity of approximately 4 mW/cm? and spectrum width of
40 nm. The relatively broad spectrum width is selected to
increase the intensity of illumination. The CdTe:Ge crys-
tal used in our experiments was grown by the Bridgman
technique in the Chernovtsy State University (Ukraine)
by Zakharuk and Rarenko. The dimensions of the sample
are 4 mm X5 mm X 10 mm along the crystallographic di-

rections [112], [111], and [110], respectively.

Figure 2 shows the dependence of TWM gain on the
auxiliary illumination wavelength for different intensities
of the auxiliary light. For the gain measurement, a
500 Hz bipolar square-shaped electric field with ampli-
tude E=5.6 kV/cm? is applied along the [111] crystal axis
using silver-paint electrodes, which are deposited on lat-
eral sides (4 mm X 10 mm) of the sample. Two coherent

beams incident upon the (110) face of the crystal produce
interference fringes with approximately 30 um spacing.
As discussed below in detail, in our experiments the pe-
riod of ac field is longer than the crystal response time
that results in an oscillation of the amplified beam inten-
sity following the switching of the applied field polarity. In
measurements of the photorefractive gain we record ex-
perimentally the time dependence of the signal beam in-
tensity using a digital oscilloscope and then calculate its
temporal mean value Ig. The TWM gain is calculated as
g=Ig/Igy, where Ig is the intensity of the transmitted
signal wave in the absence of the pump beam. The ratio
B=Ipy/Igy of input intensities of the pump beam Ip, to the
signal beam Ig is 145. Our experiments show that auxil-
iary illumination at a wavelength shorter than 700 nm
and longer than 1300 nm does not noticeably affect the

Auxiliary light
(A =600- 1400 nm)

y [112]

Coherent beams

(A= 1150 nm) z[110]

4 x5 %10 mm3
x [111]

Fig. 1. Experimental setup.
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Fig. 2. Gain dependence on auxiliary light wavelength for dif-
ferent intensities of auxiliary illumination.

gain. Thus the gain at these wavelengths can be used as a
reference value to estimate the gain enhancement by aux-
iliary light.

When the intensity of auxiliary illumination is low (14
<2mW/cm?), the spectral dependence of the gain is a
one-peak curve with maximum enhancement of the gain
at A, =1000 nm as shown in Fig. 2. The gain at this wave-
length decreases when the intensity of auxiliary illumina-
tion is I, >2 mW/cm?, which yields two-peak curves at
higher intensities. The peak separation increases with
the intensity 14, while their widths diminish. Considering
a relatively broad spectrum of auxiliary light, one can
conclude that real widths of the gain peaks are narrower
than they appear in Fig. 2.

3. THEORY AND DISCUSSION

Our experimental results show that auxiliary homoge-
neous illumination with adequately selected wavelength
noticeably enhances the photorefractive gain. The experi-
ments were conducted by applying a 500 Hz ac field. The
ac-field method requires the period of the field to be much
shorter than the grating formation time. For conditions of
our experiment, we calculated the crystal response time
of 0.7 ms that requires an ac-field frequency well above
1.5kHz. Thus an important requirement of ac-field en-
hancement was not fulfilled that, in particular, resulted
in strong time modulation of the signal beam that will be
discussed below. To the best of our knowledge, the theo-
retical model that describes the formation of the space-
charge field in a photorefractive crystal with an ac field of
arbitrary frequency was developed only for the materials
with only one type of carrier [11]. This model cannot be
used to explain our experimental results. The theory de-
veloped for the ac field, which considered the electron—
hole competition, cannot be used in our case since it pre-
dicts that any uniform illumination additional to the
coherent recording light decreases the space-charge field
amplitude due to contrast decrease keeping optimum
7/2-phase shift between the photorefractive grating and
interference pattern [12]. Here we show that our experi-
mental results can be explained using the two-band one-
level model of the photorefractive crystal with a dc elec-
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tric field, which includes both electron and hole optical
generation. We will show that switching of the field polar-
ity does not affect the space-charge field when the condi-
tion of the electron—hole resonance is fulfilled. In this case
the dc-field model should yield an exact solution. More-
over comparison of the theoretical and experimental re-
sults allows considering the dc-field model as a satisfac-
tory approximation in experimental conditions at any
intensity and wavelength of auxiliary illumination. To
support this approach we have conducted the experi-
ments with a dc field and auxiliary illumination that
yielded the shape of TWM gain dependence on the auxil-
iary illumination wavelength similar to the curves pre-
sented in Fig. 2. The maximum gain measured with the
dc field was approximately five times smaller as com-
pared with the results of the ac-field measurements. We
attribute this gain diminution to the external field screen-
ing associated with the contact-induced phenomenon
similar to what has been observed in [6]. In our modeling
we consider the low-frequency ac field as the dc field with
switching polarity. The polarity switching eliminates or
considerably decreases the screening effects.

To calculate the photorefractive gain we suppose that
the crystal is illuminated simultaneously by the recording
light with sinusoidal intensity, Ip(x)=Iry(1+m sin Kx) at
the 1150 nm wavelength, and by the auxiliary light with
homogeneous intensity I, at variable wavelength. For the
case of [m| <1, the solution of the photorefractive equa-
tions for the steady-state space-charge field is given by
[2,3]

. GRn_GRp
Bse=im—r 1 1 1\
G, —+—.)+Gp —_—t
Eq EDn_I’EO Eq EDp+lE0
(1)
with
e N,N,
E,=——"" R, =Ey,+Ep, Ep,=Ey,+Ep,
q SKNn+Np D M D Dp Mp D
kBT ')’an 'YpNn
EDzK_a EMn=_7 EMp= . (2)
e w, K mK

Here n and p stand for electron and holes, N is the con-
centration of traps containing electrons or holes, w is the
mobility, y is the recombination coefficient, G is the total
rate of free electron or hole photogeneration by the re-
cording and auxiliary light, which also can include ther-
mal excitation, Gy is the space average generation of the
free carriers by recording light. Equation (1) is the simpli-
fied version of the expression for the space-charge field ob-
tained in [2,3], which is valid when a sufficiently strong
external field is applied so that Eo> Ejy, 5.

The spectroscopic study of CdTe:Ge has revealed four
absorption bands at ~920, 1020, 1130, and 1320 nm
[13-15]. It was found that 920 and 1020 nm bands are re-
sponsible for the generation of free electrons, while holes
are dominant photocarriers when the crystal is illumi-
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nated at a longer wavelength. For our qualitative analysis
we approximate these results by two absorption Gaussian
bands given by

an()\) = a0 exp[_ ()\ - )\n)Z/A)\yzl],

a,(\) = g exp[— (N = N,)7AN], (3)

where «,(\) and a,(\) account for the emission of free
electrons and holes, respectively. The total absorption,
which results in free charge photogeneration, is a(\)
=a,(\)+a,(\). Two absorption bands have the same spec-
tral widths AN,=AN,=200nm, different central wave-
lengths, \,=1000nm and \,=1250nm, and the same
maximum absorption ag,=ag,=1cm'. According to our
model the light with a wavelength of A\=1125 nm gener-
ates the same number of electrons and holes. This wave-
length is marked by the dashed line in Fig. 3. The holes
slightly dominate when the crystal is illuminated by the
recording coherent light at \z=1150 nm, which we use in
our experiments. The electron and hole photogeneration
rates can be presented as

1
Gnp= %[“n,p()‘A)XAIA + a, ,(A\p)\plRol, (4)

where the thermal excitation is neglected; A\, and \p are
the wavelengths of the auxiliary and recording light, re-
spectively.

Figure 4 shows the TWM gain, which was calculated
using Egs. (1), (3), and (4) as

1+
£= 1+ Bexp(-TL)’

with

47nlry Im(Egc)

s——70--—, (5)

\,’@)\ RrM

where B is the input beam ratio, 8=145, L is the crystal
thickness, n is the refractive index, r4; is the electro-optic
coefficient, Im(Egc) is the imaginary part of the space-
charge field complex amplitude. For the gain calculation,
the crystal parameters were taken so as to correspond
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Fig. 3. Spectral dependence of the total absorption a(\). Light
absorption in the bands a,(\) and @,(\) results in electrons and
holes generation, respectively.
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Fig. 4. Calculated gain dependences on auxiliary light wave-
length for different intensities of auxiliary illumination.

roughly to values quoted in the literature for CdTe:Ge
[13,14] and for conditions of our experiment, namely, IV,
=N,= 10% em3,  w,=500cm2V-1s~L #p=0.2u,, T4
=45pm/V, y,=%=10%cm3s™!, E;=5.6kV/em, Ig,
=12mW/cm?, and L=10 mm. The results of the gain cal-
culation shown in Fig. 4 are in good agreement with the
experimental data presented in Fig. 2. Note that the cal-
culation was done for the dc external field, while the ex-
periment was conducted with a 500 Hz ac field.

In our experiments with the low-frequency ac field the
intensity of the amplified beam has noticeable oscillation.
This occurs as a result of difference between the phases of
the gratings recorded under positive and negative exter-
nal fields. A switching of the field polarity leads to grating
rerecording, and consequently results in the time modu-
lation of the photorefractive gain. Figure 5 shows a phase
shift between the interference pattern and the photore-
fractive grating, which was calculated using the same pa-
rameters as for the gain calculation presented in Fig. 4.
The curve calculated for positive and negative fields has
the common points, when the intensity of auxiliary light

180
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Fig. 5. Theoretical dependencies of the photorefractive grating
phase on the wavelength of auxiliary illumination. 1 and 1’,
I(A)=4 mW/cm?2; 2 and 2/, I(A)=5.5; 3 and 3, I(A)=6.5; 4 and 4,
I(A)=9.0. Curves 1, 2, 3, and 4 are calculated for positive applied
dc field Ey=5.6 kV/cm; curves 1’, 2’, 3', and 4’ are calculated for
negative field Ey=-5.6 kV/cm.
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is sufficiently high. At these points the grating phase does
not depend on the applied field polarity and therefore the
switching of the field at the first approximation does not
perturb the process of space-charge field formation. Com-
paring Figs. 4 and 5 one can see that the gain has maxima
at the wavelengths, which provide the same 7/2-shift for
the grating recorded under positive and negative fields.
At these wavelengths the condition of the electron—hole
resonance is met, the total generation of electrons is bal-
anced by the holes generation, G,,=G,. When the thermal
generation of free carriers is negligible, from Eq. (4) the
ratio between the intensities of the auxiliary and record-
ing light, which meets the requirement for electro—hole
resonance, is given by

Iy a,(Ng) — ay(\p) Ny
TIp ) - a0 g

Curve 1 in Fig. 6 shows the dependence of R on the
wavelength of auxiliary light A4 calculated using Eq. (6)
with A\p=1150 nm, which allows us to explain the shape of
the curves in Figs. 2 and 4. Indeed the effect of the gain
enhancement due to electron—hole competition is reso-
nant in intensity with a too high intensity, the enhance-
ment is reduced. This explains the dip in the wavelength
curves and also the increase in the distance between the
peaks at larger auxiliary light intensity. The photocon-
ductivity is lower when the wavelength is moved away
from the optimum wavelength A, =975 nm, thus a higher
intensity is required to reach the resonance. In compli-
ance with our model, the auxiliary light cannot enhance
the gain, when N\4>1125nm and so R<0. Holes are
dominant photocarriers at these wavelengths, the same
as for recording light, which makes the electron—hole
resonance stimulation by auxiliary light impossible. Note
that this is valid only when the thermal generation of free
carriers is negligible. Curve 2 in Fig. 6 is calculated as-
suming the thermal generation of electrons with a rate of
2x10%ecm 35! and the recording light intensity Iy
=12 mW. Obviously, this curve predicts the enhancement
effect in a wider wavelength range. We suppose that ther-
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Fig. 6. Intensity ratio between the auxiliary and recording light
intensities that yields the electron—hole resonance as a function
of auxiliary light wavelength. Curve 1 is calculated without tak-
ing into account the thermal generation of free carriers using Eq.
(6), while curve 2 is calculated assuming the thermal generation
of electrons with a rate of 2x 10¢cm=3s~1.
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mal generation is responsible for some minor discrepancy
between calculated and experimental curves. Unfortu-
nately, for experimental investigation of the combined ef-
fect of thermal generation and auxiliary light one needs a
tunable light source for auxiliary illumination with nar-
rower spectrum than was at our disposal.

4. SUBHARMONICS OF THE GAIN
OSCILLATION

We found experimentally that amplitude and frequency of
the amplified beam oscillation depend on the intensity
and wavelength of auxiliary illumination. Typical time
dependences of the intensity are presented in Fig. 7. Here
we show the signal beam intensity deviation from the
mean level for different intensities of the auxiliary illumi-
nation together with the applied voltage. For convenience
of curve comparison, the amplitudes of the intensity de-
viations were normalized. In this experiment the square-
wave applied field has the frequency f,=500 and ampli-
tude Ey=5.6kV/cm calculated as the applied voltage
divided by the distance between the electrodes. At the
spectrum of oscillation (Fig. 8) we found at least four har-
monics and three subharmonics of fundamental fre-
quency fj. Taking this result into account, the time depen-
dence of the gain can be given by

8
27ka0t
g=go[1+zck/2 Sin( 2 +<Pk/2>i|, (7

k=1

where g, is the temporal average gain, ¢,/ and ¢, are
the modulation coefficient and phase of respective har-
monic or subharmonic. Note that the experimental gain
presented in Fig. 2 is calculated also as the temporal
mean value, which corresponds to gy,. The measured gain
g9 for different auxiliary light intensities and My
=1000 nm is shown in Fig. 9 along with modulation coef-

o
o

V [kV]

-16

Al [arb.units] Al [arb.units] Al [arb.units]

Time [ms]

Fig. 7. Time dependences of the applied voltage and temporal
modulation of the amplified beam intensity recorded with differ-
ent intensities of the auxiliary light. (a) Applied voltage; (b)
modulation of intensity, [,=2.6 mW/cm?; (c) I,=3.2 mW/cm?; (d)
I,=4.0mW/cm?2.
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Fig. 8. Time-frequency spectra of the TWM gain modulation for
different intensities of the auxiliary light 1,.

ficients for the first and second harmonic, ¢; and cy. The
modulation coefficients were calculated as the ratios be-
tween the amplitudes of the gain modulations at corre-
sponding frequencies and the mean gain g,. The mean
gain has maximum, when I, =3.2 mW/cm?. At this inten-
sity the first harmonic has a value close to zero, while the
second harmonic reaches its maximum. As our theoretical
analysis has shown, the electron—hole resonance takes
place at this intensity of auxiliary light, and the grating
has the same w/2-phase shift when the positive as the
well as the negative fields are applied to the crystal. The
zero value of the fundamental harmonic observed experi-
mentally at this intensity means that the gain dynamic is
the same at the positive and negative half-cycle of the ap-
plied field, which indirectly confirms the correctness of
our analysis.

The gain modulation spectra are shown in Fig. 8, where
the zero-component, which corresponds to gj, is sup-
pressed to emphasize harmonics and subharmonics. The
subharmonics f,/2 and 3f,/2 are strong, when the inten-
sity I, <3.2 mW/cm?2. As shown by theoretical analysis, at
these intensities the holes generated by the recording
light dominate in photocurrent. When auxiliary illumina-
tion is stronger and dominant carriers in photocurrent
are electrons generated by the uniform incoherent light,

T T T v T T T T T T 1.0
14~
o gain
12+ o 1-st harmonic -10.8
A 2-d harmonic °
10 =
M —06 2
c L ©
w 8 3
o 2
6+ <04 =
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F -40.2
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0 1 1 " 1 1 1 e I 0

1.0 15 20 25 3.0 35 4.0
Auxiliary light intensity [mW/cm?]

Fig. 9. Temporal average gain g, and modulation coefficients of
the first and second harmonics as a function of auxiliary light
wavelength.
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the gain modulation is almost sinusoidal with the funda-
mental frequency f}. To the best of our knowledge, there is
no adequate theoretical description of the appearance of
time subharmonics of the photorefractive gain. We can
only speculate that the physical mechanism of this phe-
nomenon should be a time domain analog to what has
been proposed for the space subharmonic generation
[12,16,17].

5. CONCLUSIONS

We have shown that incoherent illumination is an effec-
tive and easy implemented method for electron—hole reso-
nance control in CdTe, which allows strong enhancement
of the photorefractive response in the presence of a low-
frequency ac field. Our experiments show more than a
tenfold increase of the two-wave mixing (TWM) gain as a
result of the auxiliary illumination. The enhancement has
been characterized as a function of the wavelength and
intensity of the auxiliary light. We have proposed the
simple model of two-band absorption that explains quali-
tatively the rather complicated spectrum and intensity
dependences of the TWM gain on auxiliary light. Prob-
ably, the same simple model should be used for qualita-
tive analysis of spectral dependences of the photorefrac-
tive effect in other semiconductors with bipolar
photoconductivity. We have revealed experimentally that
the low frequency ac field, which has a period longer than
the response time of the crystal, results in the photore-
fractive gain modulation with complicated time-frequency
spectrum. This spectrum contains harmonics and subhar-
monics of the ac-field frequency. The amplitudes of the
modulation spectrum components depend on the balance
between the rates of electrons and holes photogeneration.
The fundamental harmonic of the modulation disappear
when the electron—hole resonance takes place. We believe
that a further study of time harmonics and subharmonics
generation should result in deeper insides into the mecha-
nism of the photorefractive nonlinearity of semiconduc-
tors.
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