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Photorefractive recording in ac-biased cadmium telluride
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Abstract

We report effect of external ac-field on photorefractive properties of CdTe:Ge gLinOBhenomena related to excitation of the space-charge
waves (SCW) of traps recharging, such as spatial subharmonics generation and resonant two-beam coupling, are studied. Dramatic enhancemel
of the photorefractive response is achieved in ac-biased crystal by adjustment of recording conditions (field and grating spacing) to eigen
resonance related to excitation of the space charge waves.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction sessing smallest dispersion and minimum losses just in this
region of spectrum.

Photorefractive effect is the light-induced change of  CdTe exhibits the largest electro-optic cons{dhtamong
refractive index in electro-optic materials when the space- all known semiconductors and therefore has a grate poten-
charge field is formed under nonuniform illumination. tial for practical applications. Several dopants are known at
High sensitivity of this phenomenon makes it attractive present that form in cadmium telluride impurity levels in-
for many optical holographic processing applications. Tra- volved in photoinduced charge redistribution and enhance in
ditional photorefractive materials are ferroelectric oxides such a way photorefractive sensitivity. These are vanadium
like BaTiOz and LiNbG;. These crystals exhibit large [2], vanadium co-doped with mangane$®, germanium
electro-optic constants and therefore ensure high photore-4] and tin[5]. It was shown that some germanium-doped
fractive nonlinearity. However, response of these materials samples ensure the largest photorefractive coupling
is usually slow and therefore ferroelectrics exhibit relatively strength among all semiconductors without applied electric
low sensitivity, defined as refractive index change per ab- field [6].
sorbed photon density. Photorefractive semiconductors like Being the largest among all semiconductors electro-optic
CdTe, InP and GaAs possess the shortest response timeonstant of CdTe is still not sufficiently high for many ap-
and the best photorefractive sensitivity as compare to otherplications. The photorefractive response can be improved
photorefractive materials. That is why they are promising by the external electric field. Two techniques are used
for fast image processing, real-time interferometry, optical now: in the first one a moving grating is recorded in the
information processing, etc. An additional advantage of crystal with the applied dc field7]; in the second ap-
photorefractive semiconductors is sensitivity in the near proach the ac field is applied when a stationary grating
infrared and as a result compatibility with low cost light is recorded8]. Symmetric square-shaped ac field ensures
sources and existing telecommunication components pos-larger optical nonlinearity. It was shown to be effective

with CdTe [9]. In present work, we report enhancement
mspondmg author. Tels 380-44-265-0818: of ph_otorefrgctive response in germanium doped cadmium
fax: +380-44-265-2359. telluride achieved at 1.06m by means of square-shaped ac
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Fig. 1. Schematic sketch of the two-beam coupling experiment in CdTe.

2. Experimental set-up

CdTe:Ge crystal was grown by Bridgman technique in
Chernovtsy National University, Ukraine. It is deliberately
germanium-doped and exhibits dark conductivity of order
of 10-° Q@ cm~L. Single crystal sample studied with dimen-
sions 4mm x 5mm x 10 mm was cut from the ingot along
[112],[111] and [110] directions, respectively. The input
and output faces parallel to (110) crystalographic plane
are opticaly finished while the side faces parallel to (111)
plane are painted with silver paste. Nearly square-shaped ac
voltage with frequency 700Hz is applied to these faces.

Schematic sketch of optical wavesintersection in the sam-
ple is shown in Fig. 1. The output beam of a single-mode
single-frequency diode-pumped Nd®+:YAG laser operating
at A = 1.06um is split into two recording beams Is and
Ip with total intensity about 24mW/cm? and intensity ra-
tio B ~ 1:1000. These beams impinge upon the sample at
an angle 26 ~ 1.4° and form inside the crystal interference
pattern with fringe spacing A ~ 42 um. The interference
fringes create periodically modulated space-charge field; the
field results in refractive index change through the linear
electro-optic effect. The recording beams are polarized in
the plane of incidence, so the grating vector and the light po-
larization vectors are kept nearly parallel to[11 1] direction.

Photorefractive grating recorded in the presence of ac
field is w/2-shifted with respect to the interference pattern
[8]. This asymmetry |leads to directional energy transfer be-
tween two coupling beams: one beam is amplified at the ex-
pense of the other beam. We study temporal variation and
steady state amplification of the weak signal beam Is/lsp,
where Is and lgy are intensities of the weak signal beam in
the presence and without pump beam, respectively. Also, in
some experiments, a screen is placed behind the crystal and
intensity pattern behind the sample is recorded by a CCD
camera.

3. Experimental results and discussion

Temporal dynamics of the signal after switching on the
pump beam are shown in Fig. 2 for different amplitudes of
the applied field. For relatively low field, steady state sig-
nal amplification increases with field, as it is expected, and
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Fig. 2. Dynamics of the signal beam amplification for different amplitudes
of the applied field; pump beam is switched on at ¢ = O; labels indicates
external ac field in kV/cm.

nearly 60 times signal gain is reached at E ~ 4.2kV/cm.
Typical smooth growth of the signal is observed until steady
state value is reached. However, with further field increase
temporal behavior of the signal changes dramatically: tran-
sient peak is observed after which signal decreases and
steady-state gain becomes smaller even than at lower field.
The steady state and maximum gain are plotted in Fig. 3 as
a function of the field. While transient gain increases with
field and reachesnearly 120timesat E = 8kV/cm the steady
state amplification decreases for E > 4.4kV/cm. Such be-
havior can not be explained within traditional photorefrac-
tive model [8], which predicts growth of the gain until traps
saturation is reached.

To make clear the origin of unusua behavior of amplified
beam we study intensity distribution behind the crystal. Pic-
tures taken from screen placed at a distance of 1 m behind
the sample are presented in Fig. 4. Upper picture shows
transmitted beams when no field is applied. Middle picture
correspondsto E = 4.2kV/cm; large signal beam amplifica-
tion is obvious. Bottom picture shows intensity distribution
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Fig. 3. The signal gain in the steady state and in maximum as a function
of the applied field.



K. Shcherbin et al./Journal of Alloys and Compounds 371 (2004) 191-194 193

Fig. 4. Intensity patterns taken from screen behind the sample at different
external field E; upper picture: E = 0, middle picture: E = 4.2kV/cm;
bottom picture: E = 8kV/cm.

when 8kV/cm is applied to the crystal. Apart from two
transmitted beams, an additional beam is observed which
propagate exactly in-between recording beams. This beam
corresponds to diffraction from grating with grating vector
fractional to the principal grating vector K, i.e. K/2. That is
why such phenomenon is called generation of spatial sub-
harmonics. In our case higher orders of diffraction are also
visible in addition to zero order of K/2 subharmonic beam.

First spatial subharmonics where observed in Bi12SiOy
crystal [10], then their generation was achieved in al sillen-
ites and recently in CdTe [11]. The origin of spatial subhar-
monicsisrelated to excitation of space-charge waves (SCW)
[12]. The SCW are the waves of traps recharging which can
be excited in a material with large mobility-lifetime product
in the presence of electric field [13]. The spatial frequency
of the SCW is determined by crystal parameters and field
amplitude [12]. The larger isfield the smaller is spatia fre-
guency of the SCW (larger is wavelength of the SCW) and
the stronger are SCW. If spatial frequency of the grating is
close to the spatial frequency of the SCW the resonant exci-
tation of the SCW takes place and grating is increased con-
siderably. Subharmonics generation occurs when the spatial
frequency of the grating is integer fractional of the SCW
spatial frequency.

Generation of K/2 subharmonics occurs in our sample
when field exceeds 4.4 kV/cm. The SCW becomes stronger
with field growth and intensity of the subharmonic beam in-
creases. We measure temporal dynamicsof theamplified sig-
nal and subharmonic beam, which are shown in Fig. 5. Data
of this figure demonstrate that intensity of the signal beam
decreases when subharmonic beam is developing. Such re-
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Fig. 5. Tempora dynamics of the amplified signal and subharmonic beam
measured at E = 7kV/cm.

duction of two-wave mixing gain wasreported for Bi12SiOy
[14] previously. The origin of the phenomenon is obvious.
It is related to competition between signal and subharmonic
beam. When part of the pump light is diffracted from the
subharmonic grating signal amplification decreases.

Thus, the field, which effectively increases signal gain,
is limited by the threshold field of the subharmonics gen-
eration. The steady state two-beam coupling amplification
even decreases at larger field. However, spatial frequency of
the grating can be optimized to match the SCW spatial fre-
quency at higher field. In our sample the wavelength of the
SCW is about 85um at E = 8kV/cm. To agree the record-
ing grating with the SCW at this field the grating spacing is
changed to A ~ 85pum (free space angle between record-
ing beams 26 ~ 0.7°). There is no transient peak in signal
amplification dynamics and 120-times steady state gain is
measured at this grating spacing with E = 8kV/cm. For our
1-cm thick samplethisvalue correspondsto exponential gain
factor I ~ 4.8cm~1. This gain factor is eight-times larger
than the absorption constant of the crystal o ~ 0.6cm=1, so
amplification considerably overcoming losses is achieved.

In conclusion, we have demonstrated that two-beam
coupling gain in ac-biased CdTe:Ge depends strongly on
phenomena related to the SCW excitation. In wide range
of grating spacings the field at which amplification of the
signal beam isthe largest is limited by threshold field of the
spatial subharmonics generation. To achieve large gain spa-
tial frequency of the recording grating should correspond
to eigen spatia frequency of the SCW at given field. Up
to 120-times steady state signal gain is reached in studied
CdTe sample with such correspondence.
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