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Abstract

We suggest visualizing space-charge waves (SCW) in the near field in homogeneously
illuminated photorefractive crystal, using modulation of optical polarization induced by the
SCW due to the Pockels effect. Spatial distribution of SCW is obtained in the near field for
a photorefractive semiconductor placed between polarizers. It is shown that the internal
field in the crystal is not homogeneous, the SCW at different points are excited with
different amplitudes and their structure is not perfectly regular. Qualitative agreement of
existing theoretical model with our experimental data is demonstrated. Using the model, the
mobility-lifetime product for the free carriers and the effective trap concentration are
estimated.
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Introduction

Space-charge waves (SCW) are a subject of
extensive studies in different fields of physics,
including physics  of

plasma  physics,

semiconductors and  photorefraction. In
photorefractive crystals, SCW are associated
with the waves of spatial recharging of traps,
which can be excited in the presence of electric
field [1-3]. They are considered as eigen modes
of a space-charge field with a certain spatial
frequency (wavelength), eigen frequency and
dumping constant determined by the crystal
parameters and the field amplitude [2,3]. The
stronger the external field, the lower the spatial
frequency of the SCW (i.e., the larger the SCW
wavelength) and the larger the amplitude of the
SCW is. If the spatial frequency of the grating is
close to that of the SCW, resonant excitation of
the SCW takes place and the grating is increased
considerably. Besides, if the spatial frequency of
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the grating is an integer fraction of that of the
SCW, an exciting phenomenon of generation of
spatial subharmonics occurs.

Optical excitation of SCW is used in
experimental investigations that deal with
recording of moving gratings in photorefractive
crystals in the presence of dc field [3,4] or when
stationary gratings are recorded in ac-biased
[3,5]. An
oscillating interference pattern has also provided

crystals elegant technique of
many interesting results [6]. All of these
methods allow a selective excitation of SCW
with the parameters depending on characteristics
of recording light-induced grating. However, the
SCW could be also excited in homogeneously
illuminated crystals. Then they are excited with
optimal spatial frequency and their spatial
frequency spectrum may be relatively broad.
When being excited, the SCW result in
refractive index grating, like any regular spatial
charge redistribution in a photorefractive crystal.
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That is why the SCW in photorefractive crystals
are studied mainly by diffractive techniques, i.e.,
the diffraction from the SCW-related gratings is
studied. These techniques enable one to measure
overall characteristics of the SCW averaged
over the cross-section of crystal.

In the present paper we propose and
demonstrate a practical use of polarimetric
technique for studies of spatial structure of the
SCW. As with any electro-optic crystal, the
space-charge field in a photorefractive crystal
refractive  index

transforms into  spatial

modulation. This modulation results in
diffraction from the space-charge grating, which
is usually studied. On the other hand, this
modulation may also give a spatial modulation
of polarization of the light transmitted through
the crystal. Similar effect has been widely used
in spatial light modulators 'PROM' and 'PRIZ'
[7]. Here we suggest utilization of the spatial
polarization modulation for direct visualization
of SCW structure in the near field. The
technique has allowed us visualizing
successfully the SCW in CdTe, to study its
spatial structure and estimate some crystal
parameters such as the mobility-lifetime product
for the majority charge carriers and the density

of effective traps.

Experiment

Germanium-doped CdTe crystal was used in our
experiments. Generation of spatial subharmonics
reported for this particular sample (see [8])
confirms that the SCW are excited under
definite conditions. The crystal was grown by
Bridgman technique in Chernivtsy National
University, Ukraine. It was deliberately doped
with germanium and exhibited dark conductivity
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of the order of 10® (Q cm)’. The single-crystal
sample was cut along [112], [111] and [110]
crystallographic axes. It had the dimensions
4x4.4x9.6 mm’, whose sequence corresponds to
that of the
directions. The input and output faces parallel to

mentioned  crystallographic
crystallographic plane (110) were optically
polished. The electrodes were deposited with a
silver paste on the side faces parallel to (111)
plane. Nearly square-shaped ac voltage, with the
frequency /= 700 Hz and the amplitude up to 4
kV, was applied to these faces, thus forming an
internal field E;, along [111] axis. We mark this
axis as z further on. The slew rate of the high-
voltage generator was greater than 200 V/us, so
that quite good square waveform could be
obtained at the frequency of 700 Hz.

Schematic representation of  our
experimental set-up is shown in Fig. 1. The
expanded output beam of a single-mode single-
frequency diode-pumped Nd*":YAG laser (the
wavelength 1.064 um) illuminated CdTe crystal
through (110) plane. The crystal was placed

which
transmitted light with parallel polarizations. In

between polarizer and analyser,
case of our sample, this orientation of polarizer
and analyzer ensured better contrast of the
pictures on CCD-camera, when compare to the
crossed arrangement. The angle between the
light polarization vector and [111] axis of the
crystal was 45°. The intensity of the input beam
I, on the input sample face was about 20
mW/cm?, with less than 10%-variation over the
whole cross-section. The image of the back
sample face was transferred to CCD camera
SONY CV-235 by a lens with 12.5 c¢cm focal

length. A diaphragm D was placed just in front

CcCD

camera Fig. 1. Schematic representation of

experimental setup. D is a
diaphragm and Ls a lens with focal
distance F.
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of the lens, in order to transmit the entire
transmitted beam though reduce the amount of
the scattered light and the light diffracted from
the SCW that might fall onto the CCD camera.

The system polarizer-crystal-analyzer is
nothing but a simple amplitude electro-optic
modulator. If there are no screening effects in
crystal, the negative and positive half-periods
produce similar intensity changes for the output
beam. Since the frequency of the applied field is
much higher than the sampling frequency of the
CCD camera, the CCD records the time-
averaged intensity distribution, which should be
the same, though for the negative and positive
half-periods of the external voltage.

The pictures recorded by the CCD camera
at different amplitudes of the applied voltage are
shown in Fig. 2. The intensity is maximal if no
field is applied (Fig. 2a), since CdTe has a cubic
symmetry and does not rotate polarization of
light. The sample image is nearly homogeneous.
The horizontal fringes observed over the whole
sample are caused by multiple reflections from
the output and input surfaces, which are not
parallel. Besides, a few defects of surface
polishing are visible. However, no vertical
structure is observed.

The transmitted light intensity changes
when the voltage is applied, since the electric
field introduces some ellipticity to the light
These
along

polarization. changes are  not
[111] direction (see

Fig. 2b). A large-scale inhomogeneity is caused

homogeneous

by spatial inhomogeneity of the resistance of
crystal and, as a result, nonuniformity of the
electric field inside the crystal. This effect will
be discussed further on. When the external
voltage V,c exceeds 1.8 kV, nearly regular
fringes with the spatial period of about 100 um
become visible in the middle part of the sample
(see Fig. 2¢). These fringes occupy nearly the
whole backside of the crystal when the voltage
increases still more, the contrast of the fringes
gets higher, while the spatial period increases
(see Fig. 2d). When the analyzer is removed
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Fig. 2. The intensity distribution behind the
crystal observed at different amplitudes of the
applied ac voltage: a - 0, b — 1.2, ¢ — 2.8 and
d-3.6kV.

from the set-up, the picture of the backside is

always homogeneous and similar to that
presented in Fig. 2a, irrespective of the applied
voltage. The intensity modulation is therefore
caused by the modulation of light polarization
behind the crystal. The internal field in the crys-

tal includes the component due to SCW, which
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introduces spatial modulation of the light po-
larization. The intensity modulation observed
behind the polarizer (with the spatial period of
the order of 100 pm) repeats this modulation
and demonstrates the structure and redistribution
of the SCW occurring in the CdTe crystal under
study.

Discussion

The proposed polarimetric technique allows one
to visualize in the near field the SCW excited in
photorefractive CdTe. The structure of the SCW
becomes visible, which can be never reached
with traditional diffractive methods used before
for the studies of SCW. With our optical
polarization technique, it becomes immediately
evident that the SCW are not excited over the
whole cross-section of crystal and the amplitude
is different at different points. The structure of
the SCW is not perfectly regular and manifests
the edge points and dislocations.

Apart of the SCW structure, the
polarimetric technique also enables studying
some their properties. The data of Fig. 2 can be
presented as optical transmittance of the set-up
at any point of the sample cross-section:

T:ITR/[7QR’ (D
where Irz and I, are the light intensities

transmitted at the same point of sample backside
behind the
respectively to the applied voltage V,¢ and no

analyzer, which are related
voltage. The transmittance of the optical system
for a middle section of the backside along [111]
direction, which is marked as A in Fig. 2, is
presented in Fig. 3 for different applied voltages.
We can easily estimate from Fig. 2 the
wavelength of the SCW at different points of
crystal under different applied voltages.

On the other hand, the transmittance of the
optical system with polarizers oriented so as to
transmit the light with the same polarizations
can be written as

T =c052%, (2)
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Fig. 3. Transmittance distribution of the system
polarizer-crystal-analyzer along z axis for dif-
ferent amplitudes of the applied ac voltage:
a—-12 b-28andc-36kV.

where
27(n, —n, )L

e o

P 3)

is the phase difference between the light

@:

components polarized extraordinarily (along
[111] axis) and ordinarily (perpendicular to this
axis) upon passing the crystal, n, and 7, are the
refractive indices for these components in the
presence of external voltage, L is the sample
length and A the light wavelength. The refractive
index is isotropic for cubic crystals with no
external field, i.e., n, = n, if E;,;=0. When the
external field is applied to crystals of 43m
symmetry group along [111] direction, like in
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our case, the refractive indices », and n, are the
main ones and are defined as (see, e.g., [9])

1
_ 3
n,=n——=nryk,

5B , “

1
_ 3
n,=n+——=nrykE,

e 5 \/g

with 74 being the electro-optic constant well
known from handbooks. Using Egs. (2)—(4) and
the transmittance distribution, one can easily
find the electric field in the crystal along z axis:

E (2) 2Aarccos,/T(z)
in z)= .
\/5717’131”41[,

Indeed, the electric field may be then found

(6))

as a function of both coordinates measured
[111] and [112]

directions.

along crystallographic

The electric field profile in our crystal is
shown in Fig. 4 for different applied voltages.
There is a large data scattering in the literature
concerning the electro-optic constant of CdTe.
When estimating the electric field, we have used
rq = 6.1 pm/V [10], which is the most reliable,
according to our rough experimental estimations
performed on different crystals at 4 = 1.06 um.
The spatial modulation of the internal field is
clearly seen in Fig. 4. The amplitude of the
SCW increases with increasing field and reaches
the amplitude of about 800 V/cm if the voltage
~4 kV/em is applied. The wavelength of the
SCW also increases with increasing field and
exceeds 200 um under large fields. It is also
seen that the mean field E), is not uniform in the
crystal. Let us discuss this difference now.

When a dc voltage is applied to the crystal,
the internal electric field follows after the
resistivity distribution. However, the field would
remain homogeneous, if the ac voltage of high
frequency is applied, at which the imaginary
impedance is much smaller than the resistive
impedance:

1
27 C

where C is the capacity and R the resistance of

<< R, (6)

crystal.
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Fig. 4. Distribution of the internal field in crystal
that occurs along z axis for different amplitudes
of the applied ac voltage: a — 1.2, b — 2.8 and
c—3.6 kV.

Nonuniformity of the mean field indicates
that the active resistance is still important at the
frequency f'= 700 Hz used in the experiments.
We have made the experimental estimation R =
40 MQ and have calculated that C = 0.7 pF,
using the dimensions of our sample. With these
quantities, the reactance of crystal would
become equal to the resistive impedance only at
the frequency ~5.7 kHz. It is very difficult
technical task to provide such high-frequency
high voltage. The power supply we utilize in the
present studies cannot produce the fields of this
kind. It is known, however, that the response
time of photorefractive gratings is larger than
the dielectric time constant of the material at
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finite grating spacing and it increases in the
[5,7].
Therefore, even a relatively low frequency we
use may be sufficiently high for the SCW
grating and the field may be regarded as ac one.
So, the technique of excitation of the SCW
should be considered as quasi-ac technique.

presence of external electric field

However, the excitation method is not
crucially important if we deal with
demonstration of the visualization technique for
the SCW. Moreover, the proposed technique has
enabled one to show that the mean electric field
is not homogeneous in the crystal. This nonuni-
formity is caused by inhomogeneity of the active
resistance, which is inherent to the crystals
under test. Unfortunately, nonuniformity of the
properties is habitual for CdTe, because of
difficulties with the synthesis techniques for
single crystals. Further improvement of the
crystal growth technique is necessary, which can
really yield breakthrough in the industrial
applications of CdTe.

Let us also notice that, for large enough
applied voltage exceeding 2.5 kV, the internal
field in the crystal evaluated on the basis of the
technique suggested here does not reach the
value that should be true for the case of the
homogeneous distribution (E = V/d, where d is
the distance between electrodes). Most probably,
this is caused by the contact effect known for
CdTe [11].

In homogeneously illuminated crystal, the
SCW are excited at optimal spatial frequency,
for which the quality factor of SCW is maximal.
This optimal frequency is determined as [3]

1 _ utk,T 1+E§7 &g, ’ )
K e NpkpT

where w7 is the mobility-lifetime product for

free carriers, kz the Boltzmann constant, 7 the
absolute temperature, e the electron charge, Ng
the effective trap density and ¢ and & are
respectively the dielectric constants of the
material and vacuum. We can measure in the
experiment the SCW wavelength A =27/K. It is
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therefore convenient to rewrite Eq.(7) as a
function of A:

A=2rx ,ur—kBT 1+E; o =
e Npk,T
)

&8,

=21, 1+E}
Npk,T

where [, =, |ur kT is the diffusion length of
e

free carriers.

Since the crystal is inhomogeneous and the
internal field nonuniform, we have selected the
area in the crystal located between z = 0.25 cm
and z = 0.32 mm and studied the dependence of
SCW wavelength on the field in this area. The
experimental dependence is represented in Fig. 5
by full squares as a function of mean field £;, in
the selected interval of z (it is assumed that E;,
= const in this interval). The theoretical model
predicts that the SCW wavelength increases
linearly at large fields, when we can neglect the
unity appearing in the brackets in Eq. (8). The
ratio 47/Ng ~ 5x10”° m’/V is estimated from the
slope of the experimental dependence in Fig. 5.
For low fields, the component in the brackets
containing £, can be ignored. Then the SCW
wavelength would be defined mainly by the
diffusion length. A rough estimate could be
made that the diffusion length is definitely 27
times smaller than the lowest detected SCW
13 um. Of
course, one should note that the SCW are not

wavelength, i.e., Ip < A,.27 =

excited under a zero field. Taking into account
the estimates made above, we can ascertain that
17 < 6.5x10° m*V and Ny < 1.3x10*' m”. The
dashed curve in Fig. 5 is calculated using Eq. (8)
these
characteristics. The solid line represents the

and  involving limiting  crystal
dependence calculated with uzr = 2x10™"° m*/V
and Ny = 4.5x10” m™. Though a set of the
fitting parameters may be modified, a perfect
qualitative agreement of our experimental data

with the theory is obvious.
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Conclusions References
In the present paper we demonstrate that the 1. Kazarinov R. F., Suris R. A. and Fuks B. L.

changes in the light polarization induced by the
SCW field can be used for direct visualisation of
field. Excellent
qualitative agreement between the theoretical

its structure in the near
model for SCW excitation and the experimental
data is reached. Using this model, we have
evaluated the ratio of the mobility-lifetime
product for the free carriers and the effective
trap The
product and the effective trap concentration

concentration. mobility-lifetime
themselves are also estimated.

Certainly, the technique of lens transfer
may be used for visualization in the near field of
spatial structure of any grating recorded in any
media. For this aim, all the diffracted orders
should be transposed on a recording medium
like a CCD camera. The interference of all the
diffracted orders would reconstruct a spatial
structure of the diffraction grating.
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