Appl. Phys. B 71, 123—127 (2000) / Digital Object Identifier (DOI) 10.1007/s003400000358

Applied Physics B
Lasers
and Optics

Rapid communication

Spatial subharmonics in a photorefractive semiconductor

K. Shcherbin

Institute of Physics, Prospekt Nauki 46, 03650 Kiev, Ukraine
(Fax: +380-44265-2359, E-mail: kshcherb@iop.kiev.ua)

Received: 5 April 2000Published online: 7 June 20003 Springer-Verlag 2000

Abstract. The generation of spatial subharmonics is reporteéc-biasedCdTeGe sample via observation of a strong beam

in a photorefractive semiconducto€dTeGe) for the first diffracted from these waves.

time to our knowledge. Space charge waves with a nar- This paper has a following structure. At first the experi-
row spatial spectrum are detected in homogeneously illumimental set-up is presented in Sect. 1. Then the experiments
nated ac-biase€dTeGe sample by observation of a well are described, demonstrating the spatial subharmonics gener-
developed low divergent self-diffracted beam. The mobility-ation and self-excitation of the SCW. The range of subhar-
lifetime product of the free carriers and the effective trapmonics existence is studied and the threshold amplitudes of
concentration are estimated from the threshold ac-field meathe ac field are measured for different subharmonic gratings at
ured for different subharmonics at different grating vectors oflifferent spatial frequencies of the primary grating. In Sect. 2

the generated grating. the experimental results are compared with the theoretical
model and good agreement is stated. The crystal parame-
PACS: 42.65.Hw; 42.70.Nq; 52.35.Mw; 72.80.Ey 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

Subharmonics generation has been found experimentally ievealed earlier in semiconductors are discussed.

a photorefractiv8i;,SiOyq 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 ami Experiment

plitude. The spontaneous beams propagate in the directions

corresponding to the diffraction from the gratings with theA CdTeGe sample N90 (notation of the producer) is cut

grating vectorKy = K /N, K being the grating vector of the from the ingot grown by the Bridgman technique in Cher-

principal grating recorded by the two incident light beamsnovtsy State University, Ukraine. It is a rectangular in shape

with integer N. That is why the phenomenon was calledwith the dimensiond mmx 5 mmx 10 mmalong the[112],

spatial subharmonic generation. The subharmonics were ofit11], and[110] directions, respectively. The input and output

served further irBi12TiO2g [2] and Bi12GeOy [3] using the  faces parallel to th€110) crystallographic plane are opti-

same moving-grating technique with a dc electric field. It wasally finished while the side faces parallel to tid 1) plane

shown also that subharmonics may be generated with an ate painted with silver paste. These electrodes are connected

electric field applied to the sample illuminated by a stationaryo an electric field generator that ensures a square-shaped ac

interference pattern [4]. field in the sample up t8 kV/cm. The slew rate of the gen-
The goal of the present paper is to show that subharmoniegator is greater tha®00 V/us, so that a rather good square

generation is inherent not only to sillenite-type crystals, butvaveform can be obtained up to frequencies of aKéiz.

that the phenomenon is general for photorefractive materials A schematic sketch of the optical waves intersection for

of different classes. The first experimental observation of spasubharmonics excitation in the sample is shown in Fig. 1.

tial subharmonics in a photorefractive semiconductor is reThe output beam of a single-mode single-frequency diode-

ported for an ac-biased germanium-doped cadmium telluridggumpedNd®t:YAG laser emitting atl.064um is expanded

The range where subharmonics exist is studied by changnd split into two recording beams with the wave vectars

ing the spatial frequenciK of the principal grating antbr  andk,. These beams polarised in the plane of incidence im-

the amplitude of the ac-field. It is known that subharmon-pinge upon the sample at an angle & such a manner the

ics generation may result from the excitation and parametrigrating vectorK = k; —k, and the light polarisation vector

instability of space charge waves (SCW) [5—7]. The self exciare kept nearly parallel to thd11] direction that optimises

tation of the SCW is detected in a homogeneously illuminatethe co-directional beam coupling in cubic crystals [8] and in
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Fig. 1. Schematic representation of the wave intersection in the crygtal. .
ko are the wave vectors of the recording beakisy is the wave vector of ~
the K /2 subharmonic beam 3.2kV/cm

CdTein particular [9]. The intensities of the recording beams
I; and |, are 12.8 mW/cm? and5.5 mW/cn?, respectively, - ®
with less tharl0% intensity variation over the whole sample
cross section. 4.4 kV/cm

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

Only one of the two recording beams is used in additiona
experiments with SCW excitation. The SCW are detected b 4.8 kV/cm
the appearance of the diffracted spots in the far-field.

In the first experiment the principal grating with the
grating spacingd = 27/K ~ 21um (spatial frequencK ~
300 mnt, free space angleg2~ 2.8°) is recorded. The ac - ) . p
field frequency s set td00 Hz For the field amplitud&g ex-
ceeding?.2 kV/cmthe diffuse spot corresponding to tke'2 6.4 kV/cm
subharmonic becomes visible on the screen. The far-field pa
terns for different amplitudes of the square-wave field are
shown in Fig. 2. With the ac field increasing tkg 2 subhar-

monic beam becomes stronger and sharper until a new bec “
corresponding to thK /3 grating appears & > 3.2 kV/cm.
The maximum intensity of th& /2 beam reache&0% of 6.8 kV/cm

the total intensity. It should be mentioned that2 subhar-

mPn'C does not dlsappgar 'mmed,latel_y whenkh3 gra,tmg Fig. 2. Intensity distribution of the recording4 and I2) and subharmonic
arises. These two gratings coexist simultaneously in a cefeams observed at different amplitudes of the ac field. The free space angle
tain range of the applied voltage. However the intensity of théwetween the recording beams &2 2.8° (grating spacingt ~ 21m)
K /3 spot increases with the electric field while ti¢2 spot
blurs and its intensity decreases until this spot vanishes. Fi-
nally the light beam corresponding to the grating ve&dgt  a photorefractive crystal with a large mobility-lifetime prod-
appears aEg ~ 5.2 kV/cm and becomes stronger when theuct .t in the presence of an electric field [6, 10] without any
ac field increases. Thi /3 andK /4 beams coexist within primary grating. A spontaneous beam with a relatively small
a certain voltage range in a similar way as it was described fativergence that is self-developing because of the diffraction
theK /2 andK /3 beams. from the SCW has been reported fBi1,SiOy [11,12].
The threshold ac field amplitudes necessary for the exfo check the possibility of SCW self-excitation @dTeGe
citation of different subharmonic gratings are measured athe following experiment is performed. The ac-biased sam-
a function of grating spacing of the principal gratingo find  ple is illuminated by only one bearh with the intensity
the region where the light-induced grating is unstable againstept 12.8 mW/cm?. The presence of the spontaneous self-
subharmonics. The obtained dependences are shown in FigdBfracted beams is checked at different amplitudes of the
by squares, triangles, and diamonds for k&2, K/3, and  applied voltage. The diffraction patterns recorded by the CCD
K /4 gratings, respectively. The area of subharmonics exissamera are shown in Fig. 4. The diffuse spot that consists
tence covers a wide region of the grating spacings from  of relatively large speckles becomes visible starting from
45um (K ~ 1400 mnTY) to A ~ 45pum (K ~ 140 mnTY). the field3 kV/cm. Note that the tone balance has been ad-
The subharmonics considered in the present paper resilisted in the two upper pictures of Fig. 4 to visualise the
from the parametric excitation of the SCW [5-7]. Accord-weak diffracted spot. Because of the photorefractive self-
ing to the theory weakly damped SCW may be generated iamplification the diffracted beam first appears from the side



125

Threshold ac field, E," [kV/cm]

2 Threshold for subharmonics
[ m K2
1F A K3 1
- & K4
0 L 1 " 1 " X I X I
0 10 20 30 40 50

Grating spacing, A [um]

Fig. 3. Threshold values of the ac field amplitudg for different sub-
harmonic gratings as a function of the fringe spacingof the light-

induced grating measured experimentaliipt§ and calculatedlifes) with

ut=1019m2/V, Ne=4x10"m=3, and Q =27, 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-excitec
beam becomes stronger and more confined and the an¢
between the transmitted and diffracted beams decreases.
Eo = 8 kV/cm a well defined small divergent beam with an
intensity aboutl0% of the input light intensity propagates at
an angle of abold.64° to the transmitted beam, thus confirm-
ing the presence of a clearly distinct SCW with a wavelengtt
Ascw around95um (spatial frequencyKscw ~ 66 mnT?).
The symmetrically diffracted beam is also observed at higl
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 ir
a Bi12SiOy crystal at different frequencies of the applied
field. Such a pronounced switching behaviour is not observe
in the studiedCdTe sample. At the specified intensity of S , ,
the recording light the subharmonic beams appear if the frd=ig- 4. Intensity distribution of the transmitteds) and self-excited beam

. . . observed at different amplitudes of the ac field
quency of the ac field excee@® Hz Then the intensity of
the generated beams becomes stronger with the frequency
increasing until saturation is reached at abbQOHz At  threshold field depends on the spatial frequency of the record-
frequencies higher thatD00 Hzthe amplitude of the subhar- ing grating; it is different for different secondary gratings.
monic grating diminishes slowly since the square waveforngelf-excitation of the SCW may also affect subharmonics
of the electric field becomes imperfect because of the bandieneration.
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 subharmoni@ Discussion
regimes may be controlled by changing the contnasf the
interference pattern. Subharmonics switching is not achievetivo origins of subharmonic self-excitation are known at
in the present experiments when the contrast is changemesent. The first is related to optical parametric wave mix-
withinm=0.5...1. However, the variation in intensity mod- ing [14], while the second one is concerned with parametric
ulation could result in another kind of switching. The in- excitation of the SCW withK /2, K /3, etc., steming from the
tensity of the subharmonic beams becomes smaller with theonlinearity of the material equations [5, 7]. We believe that
fringe visibility reduction until they disappear completely at the subharmonics considered in the present paper result from
a certain contrast, while the self-diffracted beam occurs if th&CW excitation [6].
ac field amplitude is large enough for effective SCW self- The excitation of SCW occurs at any amplitude of the
excitation. external field (see, for example, [15]) while subharmonic gen-

To summarise, the subharmonics are excited in the studieztation is a threshold phenomenon. We recall below how the
CdTeGesample at certain threshold ac field amplitudes. Thigheory [6] defines the threshold of subharmonic oscillation,
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fit the experimental data to the calculated threshold depen- Using the above estimates as an initial fitting param-
dences and extract from this the SCW characteristics angters the best fit of the experimental data to (3) is per-
material parameters (mobility-lifetime product and effectiveformed. The solid lines shown in Fig. 3 are calculated

trap density).

with ur =10°m?/V, Ng =4x10°m=3, and Qk =

An important parameter characterising SCW is the quality2.7, 3, and 3.2 forK /2, K/3, andK /4 subharmonic grat-
factor Q which is introduced as the ratio of the eigenfre-ings, respectively. Though the set of the fitting parameters
guency and the dumping constant of SCW [6]. It determinesnay be slightly modified, the perfect qualitative agree-
how far the eigenwaves propagate without a driving forcement of the experimental data with the theoretical model is
The quality factor depends on the crystal characteristics, thevident.

electric field amplitudeEy, and the SCW spatial frequency

The diffracted beam that occurs in the homogeneously il-

Kscw, Which should be close to the spatial frequency of thduminated sample confirms the self-excitation of SCW. It was

subharmonic gratingy:

Eoc Em Ep\ !
= =4+ —+ == , 1
Q(&+&+%> (1)
whereEq, Ep, andEy are the characteristic fields:
eNe ke T 1
Eqg=—+——, Ep=Ky—, = , 2
q geoKn P N e M Knut 2)

eis the electron chargé\ is the effective trap density,and

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

&0 are the dielectric constants of the material and vacuum, redscw of the SCW self-excited under the same experimen-

spectivelykg is the Bolzmann constant, afdis the absolute

tal conditions. Otherwise only the beam diffracted from

temperature. The larger ti@ the stronger are SCW. For any the SCW is observed. If the SCW are strong enough for

particular spatial frequency of the primary gratiig= NKy
there exists a certain threshold vals§ for which Q reaches
its threshold valu&:

1
£} = 5 (Eat /G —4QhEa (B0 Ew) )

®3)

For large A, where Eq > Ep, Ew and Em > Ep, the
threshold field depends linearly on the grating spacing:

QunN
2t

EP~ QnEm = A. 4

the detection of the self-diffracted beam the angbeci/
between transmitted and self-diffracted beam may be eas-
ily evaluated. Then, for successful generation KfN
subharmonics, the angled Zbetween the recorded beams
should be choseN times larger than &cw: 20 ~ N20scw

(NA ~ Ascw).

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

The linearity of the experimental dependences of Fig. 3heory of SCW was initially developed just for semicon-

at large grating spacing confirms the validity of the approx-ductor crystals [10]. Nevertheless, spatial subharmonics have
imation given by (4). From the slope of the threshold de-not been observed in photorefractive semiconductors up to
pendences a factprr/Q = (3.3+£0.6) x 10 1'm?/V canbe  now.

evaluated. The assumption that the threshold quality factor One possible reason analysed theoretically for gallium ar-
in the present experiments is close to that estimated in [@enide [17] is connected to the field-induced reduction of the
for Bi12SiOx Qm ~ 3 gives quite a reasonable value for electron lifetime. Another reason may be the overestimation

the mobility-lifetime product of the studie@€dTe sample
ut ~10710m?/V.

The relation connectingt, Ng, and Qg may be obtained
also from the smallest grating spacintni, at which the

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

subharmonics are observedmi, is the smallest spacing for example, the produgtz > 8 x 10~12m?/V estimated for the
which E{)h given by (3) is the real value. Taking the expres-photorefractiveCdTesample [18] may still be insufficiently
sion under the square root in (3) equal to zero it is possible thigh for subharmonics generation. The nextimportant point is
estimate the effective trap density: 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
thanl kV/cmto be applied.

Therefore, for the successful generation of spatial sub-
harmonics the semiconductor must combine high resistiv-

4Q$heeo[ 1 kBT( 2 )2]
E=—0 | — 4 — ,

With Q= 3, ut =10719m?/V and Apmin = 4.5umfor N =
2 we getNg ~ 4 x 1079 m3.

N )
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ity, good photorefractive properties and a high mobility-1. Rarenko. Financial support of INTAS (grant YSF 99-4048 ) is gratefully
lifetime product. The experiments performed in the cours@cknowledged.

of the present work show that only a relatively small part
of the photorefractiveCdTeGe samples meet all these
requirements.

1.
3 Conclusions g
The described experiments widTeGe prove the possibil- 4

sillenites, particularly in photorefractive semiconductors. The

amplitude of the external square-shaped electric field con-6

trols which one of the secondary gratings is generated in -,

the studiedCdTe sample. The range of the grating vectors g

of the primary grating is defined where subharmonics occur

and the threshold ac amplitudes are measured for differentd.

subharmonic gratings at different spatial frequencies of the

effective trap density for the studied sample using the SCW

theoretical model of subharmonics generation. Self-excitatior#2:

of SCW is observed in a homogeneously illuminated ac-
biasedCdTe sample. The sharp, well developed light beam

is generated because of diffraction of the incident beam fromu4.

this SCW and further photorefractive self-amplification. It is

shown that SCW self-excitation affects photorefractive sub-1°:
16.

harmonics generation.
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