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Tin is shown to be a suitable dopant that makes it possible to grow cadmium telluride crystals with
considerably reduced conductivity (semi-insulating material) and ensures a well pronounced photo-
refractive response both for cw and Q-switched Nd3þ :YAG laser radiation.

1. Introduction

Semiconductor photorefractive crystals [1, 2] attract special interest of researchers because
of their fast response and sensitivity in the near infrared. Cadmium telluride (CdTe) dis-
tinguishes among other photorefractive semiconductors by its high electrooptic constant
r123 � 4:5 pm/V [3]; therefore a large two-beam coupling gain might be expected for this
material [4]. In practice, however, some other important requirements should be met to
ensure good photorefractive performance : (i) the crystal should possess a certain amount
of donor and trap centers necessary for spatial redistribution of charges (i.e., the appropri-
ate dopant should be added during the crystal growth) and (ii) it should be semi-insulat-
ing (to preserve a sufficient density of redistributed charges in the steady state).
Until now the photorefractive properties have been reported for vanadium-doped

[5, 6], titanium-doped [5], germanium-doped [7], iron-doped [8] and vanadium-manga-
nese codoped [9] CdTe. At the same time it is known that tin forms a deep level in the
forbidden band of CdTe [10] and therefore may improve the photorefractive response.
The purpose of this paper is to show that semi-insulating tin-doped cadmium telluride
also exhibits remarkable photorefractive response both for cw and pulsed radiation of a
1.06 mm Nd3þ :YAG laser.

2. Crystal Growth and Preparation

CdTe :Sn crystals are grown in the Department of Semiconductor Microelectronics,
Chernivtsy State University (Ukraine). The synthesis of cadmium telluride has been
done in vacuum quartz ampoules covered with pyrolytic graphite. The vacuum distilla-
tion technique and zone refining were used to purify the initial components till at least
99.999 mass%. Tin was added in the CdTe melt with the concentration ranging from
2� 1019 to 4� 1019cm�3.
The ingots measuring up to 45 mm in diameter were grown by the optimized Bridg-

man technique in special furnaces. The dark electron conductivity dominates in the
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grown crystals at ambient temperature. The X-ray diffraction was used to test the struc-
tural perfection and select the best samples.
Finally, the samples measuring ð3 . . . 5Þ � ð4 . . . 7Þ � ð8 . . . 15Þ mm3 are cut along the

directions ½110�, ½110� and ½001�, respectively. The orientation has been done also with
the X-ray control. The faces normal to ½110� and ½001� directions were optically finished
(mechanical and chemical-mechanical treatment) and served as the input/output faces
for grating recording experiments. The absorption constant a for the studied samples
ranges from 0.9 to 1.4 cm�1.

3. Experiments with cw Radiation

The photorefractive response of CdTe:Sn is studied with the continuous wave 1.06 mm
diode-pumped single-frequency TEM00 neodymium YAG laser. The dozen of samples
cut from three ingots are tested showing rather reproducible behaviour; the detailed
study presented in what follows has been performed with the sample grown from the
melt containing 2.5 � 1019 cm�3 of tin. A standard two-beam coupling geometry is used
with two recording beams polarized normally to the plane of incidence and grating
vector aligned along ½001� (beam-coupling geometry for cubic photorefractive crystals
[11]). The output power of the laser is up to 500 mW and the half-width of the Gaus-
sian beams is about 3.5 mm on the sample input face.
Both the transmission grating and reflection grating geometry have been used with the

grating vector always aligned along ½001�. It is important to note that the efficient electro-
optic constant involved in grating readout is the same for transmission as well as for
reflection geometry and does not change with the angle between the recording waves.
The main characteristic measured is a beam-coupling gain factor

G ¼ 1
‘

ln
IsIp0
IpIs0

; ð1Þ

where Is and Is0 are the intensities of the transmitted signal wave in presence of the
pump wave and without pump wave, Ip and Ip0 are the intensities of the transmitted
pump wave in presence of the signal wave and without it. The input intensity ratio of
the signal to the pump wave is Is=Ip ’ 100.
Figure 1a represents the measured dependence of the gain factor G versus grating

spacing L ¼ l=2 sin q, where l is the laser radiation wavelength in vacuum and q is a
half-angle between the recording waves in air. The filled dots show the data for differ-
ent transmission gratings while the open dot represents the gain factor for contradirec-
tional recording beams.
The maximum gain factor of about 0.3 cm�1 is reached for grating spacing slightly

smaller than 1 mm thus pointing to a rather high effective trap density [12]. The solid
line shows the best fit of experimental data to the calculated dependence

G ¼ 4p2n3reffxkBT=eLlð1þ ‘2s=L2Þ ; ð2Þ
where kB is the Boltzmann constant, T is the absolute temperature, n is the refractive
index, e is the electron charge, x is the electron–hole competition factor, and the De-
bye screening length ‘s is given by

‘s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p2EE0kBT
e2Neff

s
; ð3Þ
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with E and E0 being the dielectric
constants of material and vacuum,
respectively, and

Neff ¼ Nþ
DðND �Nþ

DÞ=ND

standing for the effective trap den-
sity, ND and Nþ

D are the full den-
sity of donors and the density of
ionized donors (traps).
Figure 1b represents the data

for the transmission geometry,
plotted in modified coordinates
[13], aiming at linearizing the de-
pendence and make it easier to
extract the fitting parameters
(Debye screening length ‘s from
the slope and product xreff from
the intersection with ordinate)

1
GL

¼ le

4p2xn3reffkBT
ð1þ ‘2s=L2Þ :

ð4Þ
From the described fitting proce-
dure the following data are ex-
tracted for the Debye screening
length ‘s � 0:7� 0:1 mm and for the
product reffx � ð2:1� 0:1Þ pm/V.
This enables the evaluation of the
effective trap density Neff �
1:2� 1015 cm�3 (see Eq. (3)). As-
suming that the main reason for re-
duction of the effective electrooptic
constant as compared to its hand-

book value [3] is the contribution of secondary charge carriers in space charge formation
[14, 15] a relevant constant of the electron–hole competition can be estimated as x � 0:45.
To check the correctness of the estimates extracted only from the data for the trans-

mission geometry the full set of experimental data is presented in Fig. 1c, including the
measurement for the reflection geometry. One can see that the dot for the reflection
geometry is very close to the solid line which represents the best fit to the data for the
transmission geometry.
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Fig. 1. a) Grating spacing dependence
of the gain factor for grating recording
by cw 1.06 mm radiation in CdTe :Sn;
b), c) linearized dependence for eva-
luation of crystal parameters (see text)



4. Experiments with Pulse Radiation

A flashlamp-pumped Q-switched Nd3þ :YAG laser (l ¼ 1:06 mm, TEM00, pulse duration
tpulse � 20 ns, and pulse energy E � 3 mJ) is used to study the photorefractive beam
coupling with the high-power radiation. With the Gaussian beam waist about 1.6 mm the
ultimate power in the sample is 3.5 MW/cm2, i.e., at least six orders of magnitude larger
than that in the experiments described in the previous section. Therefore, the dielectric
relaxation time, tdi ¼ EE0=jI0 (with the dielectric constant EE0, specific photoconductivity
j, and total light intensity I0) goes down from the submillisecond range for the cw radia-
tion to subnanosecond range for the pulsed radiation. In such a way the photorefractive
grating recorded with short but powerful laser pulses is a steady-state grating and the
direct comparison is possible with the data for the cw recording.
In the experiment the pulse energy is measured for the signal as well as for the

pump waves. It is expected that with the grating lifetime much shorter than the pulse
duration the energy is proportional to the peak intensity in each pulse and therefore an
equation similar to Eq. (1) can be used for evaluation of G.
Figure 2 shows the dependence of the normalized energy gain (DEs=Es0Þ�

¼ ðE�
s � Es0Þ=Es0 on the total pulse energy. Here Es and Es0 are the energies of the

transmitted pulse in presence of the second recording wave and without it, respectively.
The superscripts � denote two oposite orientations of the crystallographic axis that
ensure either the amplification (þ) or deplition (�) of the transmitted beam. The fringe
spacing and the beam intensity ratio are kept constant in this experiment, being
L ¼ 1:2 mm and 25 :1, respectively. The upper curve (squares) is measured for the crys-
tal orientation when the signal wave is amplified in expense of the pump wave intensity
while the lower curve is measured for the sample rotated by 180� in the plane of the
input surface where the two interacting beams impinge upon the crystal. A rather
strong asymmetry of two curves with respect to the line DEs=Es0 ¼ 0 is obvious. This
can be explained by the intensity dependent attenuation which occurs in addition to the
beam coupling. In the first case the signal beam gain which is due to the beam coupling
competes with the light-induced absorption. In the second case both processes reduce
the intensity of the signal beam. Thus in addition to the photorefractive beam coupling
the nonlinear absorption is observed, insensitive to the crystal orientation. We believe
the two-photon absorption, which should be isotropic in the crystal of cubic symmetry,
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Fig. 2. Normalized energy gain
DEs0=Es0 versus total laser pulse en-
ergy inside the sample



is the reason of the detected depletion. The contribution of the two-photon absorption
has been observed earlier in GaAs and CdTe crystals in the experiments with pulsed
radiation [16, 17].
The gain factor related purely to the photorefractive beam coupling can be extracted

from the data presented in Fig. 2 using the relationship

G ¼ ð1=2Þ
�
ln ðEþ

s =Es0Þ � ln ðE�
s =Es0Þ

�
; ð5Þ

with Eþ
s and E�

s standing for the pulse energy of the transmitted signal beam amplified
and depleted because of the photorefractive beam coupling.
The results of gain factor evaluation from Eq. (5) might be affected by the transient

beam coupling [18] related to the free-carrier grating [19, 20]. It should be noted, how-
ever, that in the studied samples the transient beam coupling was negligibly small for
pulse intensities below 3.5 MW/cm2 .
The data presented in Fig. 2 allow to evaluate the constant b for the two-photon

absorption (a ! a þ bI0Þ; b � ð0:04� 0:01Þ cm/W. This value is in a satisfactory agree-
ment with that previously published in Ref. [21].
To estimate the gain factor G the maximum is chosen of the intensity redistribution in

Fig. 2, to avoid strong nonlinear absorption. The grating spacing dependence of the gain
factor evaluated as explained is shown in Fig. 3a. The dots show the experimental data
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Fig. 3. a) Grating spacing depen-
dence of the gain factor for grating
recording by pulsed 1.06 mm radia-
tion in CdTe :Sn; b) linearized de-
pendence for evaluation of crystal
parameters (see text)



while the solid curve is again the least square fit to Eq. (2). When comparing to Fig. 1a one
can see that the ultimate value of the gain factor is reduced approximately 1.5 times and the
maximum is shifted to larger L thus pointing to the smaller effective trap density.
In Fig. 3b the same data are shown in modified coordinates [13], in similar way as it has

been done for the cw recording (Fig. 1b). The extracted data are ‘s � ð1:2� 0:2Þ mm for
the Debye screening length (ND ’ 0:4� 1015cm�3) and xreff � ð2:1� 0:1Þ pm/V.

5. Discussion

The comparison of the data measured with cw and with pulsed radiation show not too
high but well detectable difference. It is not unexpected because of the very important
difference in light fluxes. One can imagine that with the megawatt intensities of light
the density of photoexcited free carriers may become not negligible compared to the
densities of the defect and impurity centers involved in the photorefraction. This guess
is justified by early observation of the free-carrier holograms in CdTe [20] that can be
detected only for high density of electron–hole pairs. Thus, the decrease of the effec-
tive trap density looks reasonable.
The other factor that can lead to the distinction is the electron–hole competition in

the grating formation. The saturation intensities for excitation of electrons and excita-
tion of holes are, most probably, not the same. Thus it is not excluded that for certain
intermediate intensity the excitation of carriers of one sign will be nearly saturated
while the excitation of carriers of opposite sign will still be linear in intensity [22]. This
will certainly affect the electron–hole competition constant x. We do not know at pre-
sent the sign of main photoexcited carriers in CdTe :Sn but judging from the values of x
quite different from �1, the conclusion can be made about a rather strong contribution
of both photoexcited holes and photoexcited electrons to the grating formation.

6. Conclusions

The gain factor up to 0.4 cm�1 is reached with cw radiation and 0.22 cm�1 with pulsed
radiation. In previous experimental sections we restricted ourselves by the description
of the data for only one selected sample. It should be underlined that similar data were
obtained also for eleven other samples cut from different parts of the same and two
other CdTe :Sn ingots. We do observe differences in absolute measured values of the
gain factor but the spread of data is not exceeding 30% from sample to sample. The
better data for the gain factor have been reported for cadmium telluride with other
dopants, e.g., for CdTe :Ge, but with much stronger dispersion from sample to sample.
A rather good reproducibility of the results is an obvious advantage of tin-doped CdTe.
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