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Abstract. The generation of spatial subharmonics is reported
in a photorefractive semiconductor (CdTe:Ge) for the first
time to our knowledge. Space charge waves with a nar-
row spatial spectrum are detected in homogeneously illumi-
nated ac-biasedCdTe:Ge sample by observation of a well
developed low divergent self-diffracted beam. The mobility-
lifetime product of the free carriers and the effective trap
concentration are estimated from the threshold ac-field meas-
ured for different subharmonics at different grating vectors of
the generated grating.

PACS: 42.65.Hw; 42.70.Nq; 52.35.Mw; 72.80.Ey

Subharmonics generation has been found experimentally in
a photorefractiveBi12SiO20 crystal [1] when two plane waves
with a small frequency detuning intersect inside the sample
in the presence of a dc electric field with an appropriate am-
plitude. The spontaneous beams propagate in the directions
corresponding to the diffraction from the gratings with the
grating vectorsKN = K/N, K being the grating vector of the
principal grating recorded by the two incident light beams,
with integer N. That is why the phenomenon was called
spatial subharmonic generation. The subharmonics were ob-
served further inBi12TiO20 [2] and Bi12GeO20 [3] using the
same moving-grating technique with a dc electric field. It was
shown also that subharmonics may be generated with an ac
electric field applied to the sample illuminated by a stationary
interference pattern [4].

The goal of the present paper is to show that subharmonics
generation is inherent not only to sillenite-type crystals, but
that the phenomenon is general for photorefractive materials
of different classes. The first experimental observation of spa-
tial subharmonics in a photorefractive semiconductor is re-
ported for an ac-biased germanium-doped cadmium telluride.
The range where subharmonics exist is studied by chang-
ing the spatial frequencyK of the principal grating and/or
the amplitude of the ac-field. It is known that subharmon-
ics generation may result from the excitation and parametric
instability of space charge waves (SCW) [5–7]. The self exci-
tation of the SCW is detected in a homogeneously illuminated

ac-biasedCdTe:Gesample via observation of a strong beam
diffracted from these waves.

This paper has a following structure. At first the experi-
mental set-up is presented in Sect. 1. Then the experiments
are described, demonstrating the spatial subharmonics gener-
ation and self-excitation of the SCW. The range of subhar-
monics existence is studied and the threshold amplitudes of
the ac field are measured for different subharmonic gratings at
different spatial frequencies of the primary grating. In Sect. 2
the experimental results are compared with the theoretical
model and good agreement is stated. The crystal parame-
ters are estimated from the dependences of the threshold ac
field amplitude on spatial frequency of the principal grating.
Plausible reasons why subharmonics generation has not been
revealed earlier in semiconductors are discussed.

1 Experiment

A CdTe:Ge sample N90 (notation of the producer) is cut
from the ingot grown by the Bridgman technique in Cher-
novtsy State University, Ukraine. It is a rectangular in shape
with the dimensions4 mm×5 mm×10 mmalong the[112],
[111], and[110] directions, respectively. The input and output
faces parallel to the(110) crystallographic plane are opti-
cally finished while the side faces parallel to the(111) plane
are painted with silver paste. These electrodes are connected
to an electric field generator that ensures a square-shaped ac
field in the sample up to8 kV/cm. The slew rate of the gen-
erator is greater than200 V/µs, so that a rather good square
waveform can be obtained up to frequencies of a fewkHz.

A schematic sketch of the optical waves intersection for
subharmonics excitation in the sample is shown in Fig. 1.
The output beam of a single-mode single-frequency diode-
pumpedNd3+:YAG laser emitting at1.064µm is expanded
and split into two recording beams with the wave vectorsk1
andk2. These beams polarised in the plane of incidence im-
pinge upon the sample at an angle 2θ. In such a manner the
grating vectorK = k1−k2 and the light polarisation vector
are kept nearly parallel to the[111] direction that optimises
the co-directional beam coupling in cubic crystals [8] and in
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Fig. 1. Schematic representation of the wave intersection in the crystal.k1,
k2 are the wave vectors of the recording beams,kK/2 is the wave vector of
the K/2 subharmonic beam

CdTein particular [9]. The intensities of the recording beams
I1 and I2 are12.8 mW/cm2 and5.5 mW/cm2, respectively,
with less than10% intensity variation over the whole sample
cross section.

The screen is placed behind the crystal at a distance of
1 m. The intensity distribution on the screen is close to the far-
field distribution even with no lenses between the sample and
the screen; it is recorded by a CCD camera.

Only one of the two recording beams is used in additional
experiments with SCW excitation. The SCW are detected by
the appearance of the diffracted spots in the far-field.

In the first experiment the principal grating with the
grating spacingΛ= 2π/K ≈ 21µm (spatial frequencyK ≈
300 mm−1, free space angle 2θ ≈ 2.8◦) is recorded. The ac
field frequency is set to700 Hz. For the field amplitudeE0 ex-
ceeding2.2 kV/cm the diffuse spot corresponding to theK/2
subharmonic becomes visible on the screen. The far-field pat-
terns for different amplitudes of the square-wave field are
shown in Fig. 2. With the ac field increasing theK/2 subhar-
monic beam becomes stronger and sharper until a new beam
corresponding to theK/3 grating appears atE0> 3.2 kV/cm.
The maximum intensity of theK/2 beam reaches10% of
the total intensity. It should be mentioned thatK/2 subhar-
monic does not disappear immediately when theK/3 grating
arises. These two gratings coexist simultaneously in a cer-
tain range of the applied voltage. However the intensity of the
K/3 spot increases with the electric field while theK/2 spot
blurs and its intensity decreases until this spot vanishes. Fi-
nally the light beam corresponding to the grating vectorK/4
appears atE0 ≈ 5.2 kV/cm and becomes stronger when the
ac field increases. TheK/3 andK/4 beams coexist within
a certain voltage range in a similar way as it was described for
theK/2 andK/3 beams.

The threshold ac field amplitudes necessary for the ex-
citation of different subharmonic gratings are measured as
a function of grating spacing of the principal gratingΛ to find
the region where the light-induced grating is unstable against
subharmonics. The obtained dependences are shown in Fig. 3
by squares, triangles, and diamonds for theK/2, K/3, and
K/4 gratings, respectively. The area of subharmonics exis-
tence covers a wide region of the grating spacings fromΛ≈
4.5µm (K ≈ 1400 mm−1) toΛ≈ 45µm (K ≈ 140 mm−1).

The subharmonics considered in the present paper result
from the parametric excitation of the SCW [5–7]. Accord-
ing to the theory weakly damped SCW may be generated in

Fig. 2. Intensity distribution of the recording (I1 and I2) and subharmonic
beams observed at different amplitudes of the ac field. The free space angle
between the recording beams is 2θ ≈ 2.8◦ (grating spacingΛ≈ 21µm)

a photorefractive crystal with a large mobility-lifetime prod-
uctµτ in the presence of an electric field [6, 10] without any
primary grating. A spontaneous beam with a relatively small
divergence that is self-developing because of the diffraction
from the SCW has been reported forBi12SiO20 [11, 12].
To check the possibility of SCW self-excitation inCdTe:Ge
the following experiment is performed. The ac-biased sam-
ple is illuminated by only one beamI1 with the intensity
kept 12.8 mW/cm2. The presence of the spontaneous self-
diffracted beams is checked at different amplitudes of the
applied voltage. The diffraction patterns recorded by the CCD
camera are shown in Fig. 4. The diffuse spot that consists
of relatively large speckles becomes visible starting from
the field 3 kV/cm. Note that the tone balance has been ad-
justed in the two upper pictures of Fig. 4 to visualise the
weak diffracted spot. Because of the photorefractive self-
amplification the diffracted beam first appears from the side
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Fig. 3. Threshold values of the ac field amplitudeEth
0 for different sub-

harmonic gratings as a function of the fringe spacingΛ of the light-
induced grating measured experimentally (dots) and calculated (lines) with
µτ = 10−10 m2/V, NE = 4×1020 m−3, and Q = 2.7, 3, and 3.2 for the
K/2, K/3, andK/4 subharmonics, respectively

of the transmitted beam defined by the direction of the en-
ergy coupling. With the increasing ac field the self-excited
beam becomes stronger and more confined and the angle
between the transmitted and diffracted beams decreases. At
E0 = 8 kV/cm a well defined small divergent beam with an
intensity about10% of the input light intensity propagates at
an angle of about0.64◦ to the transmitted beam, thus confirm-
ing the presence of a clearly distinct SCW with a wavelength
ΛSCW around95µm (spatial frequencyKSCW≈ 66 mm−1).
The symmetrically diffracted beam is also observed at high
voltages, as well as the high order diffracted beams.

In the first study of subharmonics generation with ac
field [4] the different subharmonics were generated in
a Bi12SiO20 crystal at different frequencies of the applied
field. Such a pronounced switching behaviour is not observed
in the studiedCdTe sample. At the specified intensity of
the recording light the subharmonic beams appear if the fre-
quency of the ac field exceeds80 Hz. Then the intensity of
the generated beams becomes stronger with the frequency
increasing until saturation is reached at about500 Hz. At
frequencies higher than1000 Hzthe amplitude of the subhar-
monic grating diminishes slowly since the square waveform
of the electric field becomes imperfect because of the band-
width limitation of the power supply. This is why the ac field
frequency of700 Hzis chosen in all experiments.

It has been reported earlier [13] that the subharmonic
regimes may be controlled by changing the contrastm of the
interference pattern. Subharmonics switching is not achieved
in the present experiments when the contrast is changed
within m= 0.5 . . .1. However, the variation in intensity mod-
ulation could result in another kind of switching. The in-
tensity of the subharmonic beams becomes smaller with the
fringe visibility reduction until they disappear completely at
a certain contrast, while the self-diffracted beam occurs if the
ac field amplitude is large enough for effective SCW self-
excitation.

To summarise, the subharmonics are excited in the studied
CdTe:Gesample at certain threshold ac field amplitudes. This

Fig. 4. Intensity distribution of the transmitted (I1) and self-excited beam
observed at different amplitudes of the ac field

threshold field depends on the spatial frequency of the record-
ing grating; it is different for different secondary gratings.
Self-excitation of the SCW may also affect subharmonics
generation.

2 Discussion

Two origins of subharmonic self-excitation are known at
present. The first is related to optical parametric wave mix-
ing [14], while the second one is concerned with parametric
excitation of the SCW withK/2, K/3, etc., steming from the
nonlinearity of the material equations [5, 7]. We believe that
the subharmonics considered in the present paper result from
SCW excitation [6].

The excitation of SCW occurs at any amplitude of the
external field (see, for example, [15]) while subharmonic gen-
eration is a threshold phenomenon. We recall below how the
theory [6] defines the threshold of subharmonic oscillation,
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fit the experimental data to the calculated threshold depen-
dences and extract from this the SCW characteristics and
material parameters (mobility-lifetime product and effective
trap density).

An important parameter characterising SCW is the quality
factor Q which is introduced as the ratio of the eigenfre-
quency and the dumping constant of SCW [6]. It determines
how far the eigenwaves propagate without a driving force.
The quality factor depends on the crystal characteristics, the
electric field amplitudeE0, and the SCW spatial frequency
KSCW, which should be close to the spatial frequency of the
subharmonic gratingKN:

Q=
(

E0

Eq
+ EM

E0
+ ED

EM

)−1

, (1)

whereEq, ED, andEM are the characteristic fields:

Eq= eNE

εε0KN
, ED = KN

kBT

e
, EM = 1

KNµτ
, (2)

e is the electron charge,NE is the effective trap density,ε and
ε0 are the dielectric constants of the material and vacuum, re-
spectively,kB is the Bolzmann constant, andT is the absolute
temperature. The larger theQ the stronger are SCW. For any
particular spatial frequency of the primary gratingK = NKN
there exists a certain threshold valueEth

0 for which Q reaches
its threshold valueQth:

Eth
0 =

1

2Qth

(
Eq±

√
E2

q−4Q2
thEq (ED+ EM)

)
, (3)

For largeΛ, where Eq� ED, EM and EM > ED, the
threshold field depends linearly on the grating spacing:

Eth
0 ≈ QthEM = QthN

2πµτ
Λ . (4)

The linearity of the experimental dependences of Fig. 3
at large grating spacing confirms the validity of the approx-
imation given by (4). From the slope of the threshold de-
pendences a factorµτ/Q= (3.3±0.6)×10−11m2/V can be
evaluated. The assumption that the threshold quality factor
in the present experiments is close to that estimated in [6]
for Bi12SiO20 Qth ≈ 3 gives quite a reasonable value for
the mobility-lifetime product of the studiedCdTe sample
µτ ≈ 10−10 m2/V.

The relation connectingµτ, NE, andQth may be obtained
also from the smallest grating spacingΛmin at which the
subharmonics are observed.Λmin is the smallest spacing for
which Eth

0 given by (3) is the real value. Taking the expres-
sion under the square root in (3) equal to zero it is possible to
estimate the effective trap density:

NE = 4Q2
thεε0

e

[
1

µτ
+ kBT

e

(
2π

NΛmin

)2
]
, (5)

With Qth= 3,µτ = 10−10 m2/V andΛmin= 4.5µm for N =
2 we getNE ≈ 4×1020 m−3.

Using the above estimates as an initial fitting param-
eters the best fit of the experimental data to (3) is per-
formed. The solid lines shown in Fig. 3 are calculated
with µτ = 10−10 m2/V, NE = 4×1020 m−3, and QK =
2.7,3, and 3.2 forK/2, K/3, and K/4 subharmonic grat-
ings, respectively. Though the set of the fitting parameters
may be slightly modified, the perfect qualitative agree-
ment of the experimental data with the theoretical model is
evident.

The diffracted beam that occurs in the homogeneously il-
luminated sample confirms the self-excitation of SCW. It was
shown earlier that the photorefractive beam coupling is im-
portant for subharmonics generation [13, 16]. It is obviously
also important for SCW self-excitation. The incident beam
and the self-diffracted beam record a grating with exactly the
same grating spacing as the SCW wavelength. This grating
reinforces the SCW and vice versa.

There is one practical item that results from direct ob-
servation of the beam diffracted from the SCW, which may
be used to optimise the spatial frequency of the record-
ing grating for the subharmonics generation. The light-
induced grating may become unstable against subharmon-
ics with a grating spacing nearly equal to the wavelength
ΛSCW of the SCW self-excited under the same experimen-
tal conditions. Otherwise only the beam diffracted from
the SCW is observed. If the SCW are strong enough for
the detection of the self-diffracted beam the angle 2θSCW
between transmitted and self-diffracted beam may be eas-
ily evaluated. Then, for successful generation ofK/N
subharmonics, the angle 2θ between the recorded beams
should be chosenN times larger than 2θSCW : 2θ ≈ N2θSCW
(NΛ ≈ΛSCW).

Finally, let us discuss possible difficulties of subharmon-
ics generation in photorefractive semiconductors. According
to the SCW theory the key to subharmonics generation is
a high mobility-lifetime product of the free charge carriers [5,
6]. From this point of view the semiconductor crystals may
be regarded as well suited for subharmonic generation be-
cause they exhibit the largest values of the mobility-lifetime
product among all photorefractive materials. Moreover, the
theory of SCW was initially developed just for semicon-
ductor crystals [10]. Nevertheless, spatial subharmonics have
not been observed in photorefractive semiconductors up to
now.

One possible reason analysed theoretically for gallium ar-
senide [17] is connected to the field-induced reduction of the
electron lifetime. Another reason may be the overestimation
of the mobility-lifetime product for particular photorefrac-
tive semiconductors. In high-resistant photorefractive crystals
this value may be much lower than the handbook values typ-
ically measured for the relatively low-resistant samples. For
example, the productµτ > 8×10−12 m2/V estimated for the
photorefractiveCdTesample [18] may still be insufficiently
high for subharmonics generation. The next important point is
related to the resistivity of the samples. From 50 photorefrac-
tive samples available for testing nearly half of them exhibit
in the experiments a relatively low resistivity that leads to
strong heating by the current through the sample with the
voltage applied, or even do not permit an electric field higher
than1 kV/cm to be applied.

Therefore, for the successful generation of spatial sub-
harmonics the semiconductor must combine high resistiv-
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ity, good photorefractive properties and a high mobility-
lifetime product. The experiments performed in the course
of the present work show that only a relatively small part
of the photorefractiveCdTe:Ge samples meet all these
requirements.

3 Conclusions

The described experiments withCdTe:Geprove the possibil-
ity of observing spatial subharmonics in crystals other than
sillenites, particularly in photorefractive semiconductors. The
amplitude of the external square-shaped electric field con-
trols which one of the secondary gratings is generated in
the studiedCdTe sample. The range of the grating vectors
of the primary grating is defined where subharmonics occur
and the threshold ac amplitudes are measured for different
subharmonic gratings at different spatial frequencies of the
principal grating. The data of the threshold dependencies en-
able an evaluation of the mobility-lifetime product and the
effective trap density for the studied sample using the SCW
theoretical model of subharmonics generation. Self-excitation
of SCW is observed in a homogeneously illuminated ac-
biasedCdTesample. The sharp, well developed light beam
is generated because of diffraction of the incident beam from
this SCW and further photorefractive self-amplification. It is
shown that SCW self-excitation affects photorefractive sub-
harmonics generation.
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11. H. Rajbenbach, A. Delboulbé, J.P. Huignard: Opt. Lett.14, 1275

(1989)
12. S. Lyuksyutov, P. Buchhave, M. Vasnetsov: Phys. Rev. Lett.79, 67

(1997)
13. H.C. Pedersen, P.M. Johansen, D.J. Webb: J. Opt. Soc. Am. B15, 1528

(1998)
14. A. Novikov, S. Odoulov, R. Jungen, T. Tschudi: J. Opt. Soc. Am. B9,

1654 (1992)
15. M.P. Petrov, V.V. Bryksin, V.M. Petrov, S. Wevering, E. Krätzig: Phys.

Rev. A 60, 2413 (1999)
16. H.C. Pedersen, D.J. Webb, P.M. Johansen: J. Opt. Soc. Am. B15, 2439

(1998)
17. B.I. Sturman, M. Aguilar, F. Agulló-López: Phys. Rev. B54, 13737
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