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Nonresonant four-wave mixing in photorefractive CdTe crystals
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We demonstrate that a parametrically pumped picosecond laser has enough coherence and energy to
write transient phase gratings atnonresonantinteraction, thus allowing a study of time-resolved
carrier transport in CdTe crystals to be made. Autocorrelation trace of light diffraction efficiency on
transient grating allowed us to measure a coherence length of the parametric generator. Carrier
diffusion, recombination, and drift in light-created internal space-charge~SC! electric fields have
been studied in vanadium or germanium doped semi-insulating CdTe crystals by nonresonant
four-wave mixing technique at 940 nm wavelength. It was found that modification of the deep level
charge state in CdTe:V by As codoping has changed the sign of majority carriers, responsible for the
creation of SC field. Dynamics of free carrier grating decay in CdTe:Ge revealed an
electron-governed very fast initial grating decay which develops with time into the
double-exponential hole-governed grating decay. Time-resolved transient grating technique
described in this article provides a powerful tool for investigation of the role of deep traps in
photorefractive semiconductors and optimization of their photoelectric properties in a required
temporal and spectral range. ©1998 American Institute of Physics.@S0034-6748~98!02811-1#
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I. INTRODUCTION

The search for sensitive and fast photorefractive crys
suitable for the infrared optical region is an important ta
due to a variety of potential applications of such materials
optical communication networks, data processing system
high-speed optoelectronic devices~as real-time interferomet
ric sensors, phase-conjugated mirrors, etc.!. The technique of
light diffraction by a transient grating has been widely us
to characterize photoelectric and nonlinear optical proper
of bulk semiconductors and structures,1–3 but mainly at rela-
tively few wavelengths, namely those emitted by appropri
solid-state lasers. High-power lasers have been used to
erate nonequilibrium carriers by two-photon, interband,
deep trap assisted absorption, thus creating bipolar pla
with carrier density of 1017– 1018 cm23. Investigation of the
resonant optical nonlinearities in the vicinity of band g
~e.g., coherent interaction4 or electroabsorptive effects i
quantum confined structures5! necessitated the use of tunab
laser sources, such as Ti-sapphire or dye lasers. We
show in this article that parametric devices allow as well
write the transient gratings and do short pulse spectrosc
at nonresonant light-matter interaction. Thus a direct inv
tigation of the wavelength dependence of midgap impu
related photoexcitation and carrier transport is possible
wavelengths well below the band gap. Moreover, applicat
of parametric devices for investigation of optical nonlinea
ties would help for optimalization of photorefractive prope
ties of the crystals in the infrared region.

a!Electronic mail: kestutis.jarasiunas@ff.vu.lt
3770034-6748/98/69(11)/3776/4/$15.00
ls
k
n
or

d
s

e
en-
r
a

ill

py
s-
y
at
n
-

In this article we present, to the best of our knowledg
the first studies of photorefractive semiconductors by usin
parametric light source. The goal of this work was twofo
to test the coherent properties of a picosecond optical p
metric generator~OPG! and perform time-resolved carrie
transport measurements by the degenerate four-wave mi
~DFWM! technique in CdTe crystals at nonresonant exc
tion conditions, when the absorption coefficient is only fe
cm21. We demonstrate that nonlinear optical measureme
of light diffraction in photorefractive CdTe crystals reve
the features of carrier generation and transport, depen
both on the charge state of deep impurity~vanadium or ger-
manium!and light-created space-charge~SC! electric field.

II. PARAMETRIC DEVICE AND EXPERIMENTAL
SETUP

The optical scheme used to optimize pump-laser par
eters as well as a configuration of an angular-tunable O
are shown in Fig. 1. A commercial passively and active
mode-locked yttrium–aluminum–garnet~YAG! laser, oper-
ating at 10 Hz repetition rate was used as a master oscilla
It provided a single pulse of 27 ps duration atl51.06 mm,
which was spatially filtered~by lenses L1 , L2 , and pinhole
D! and amplified. The output beam had an energy of 7–8
per single pulse and a beam diameter of 6–8 mm. It was u
as input beam to a potassium dihydrogen phosphate~KDP!
crystal which generated the second harmonic. Thel/4 plate
~P! allowed us to adjust the polarization of the fundamen
to achieve efficient frequency doubling and obtain the
quired polarization of the second harmonic~SH!. The SH
6 © 1998 American Institute of Physics
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beam had an energy of 4–5 mJ and was collimated by le
L3 , L4 to a diameter of'1 mm and directed to two 5 cm
long DKDP crystals: a generator and an amplifier. The O
generated two beams~signal and idler! in two orthogonal
polarizations. The total output energy of the OPG with t
amplifier was found to be 0.15–0.2 mJ, and tuning ove
spectral range from 0.85 to 1.35mm was possible by angula
alignment of both DKDP crystals. The output waveleng
was determined by measuring the SH wavelength gener
noncollinearly in a LiIO3 crystal.

The DFWM configuration~Fig. 2! was used to deter
mine the temporal coherence of two interfering OPG bea
by measuring light diffraction efficiency on a transie
grating.6 The grating was recorded in GaAs crystal by tw
s-polarized beams at 940 nm by varying the delay betw
these beams (Dt) over a range of a few mm. Monitoring th
diffraction efficiency of the grating by the delayed pro
beam at the fixed delay timeDtp52tL ~heretL is duration
of the OPG pulse! as the arrival time of one excite beam w
varied with respect to the other, we measured the autoco
lation trace of the diffraction efficiency. The duration of th
OPG pulse was measured by the SH autocorrela
technique7 in the LiIO3 crystal using twop-polarized OPG
beams at 1240 nm. Thus we used the shorter waveleng
the OPG~which is stronger absorbed in the vicinity of th
absorption edge of CdTe and GaAs to record the grating
these crystals, while the longer OPG wavelength was fo
strong enough to generate second harmonics in LiIO3 crystal.

Using the parametric device, we recorded transient f
carrier ~FC! gratings and studied carrier modulation dyna

FIG. 1. The optical scheme of pump laser and a configuration of an ang
tunable parametric oscillator: 1- MLL- mode-locked andQ-switched pico-
second YAG laser, A- amplifier, SH-second harmonics crystal, L1–
lenses, F1, F2-filters, M1, M2-mirrors,P-l/4 plate, DKDP-1,-2-nonlinear
crystals.

FIG. 2. The optical setup of degenerate four-wave mixing using OPG.
lay line DL2 is used to vary the delay time between the recording be
while the probe beam is delayed by DL1.
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ics in variously doped semi-insulating samples of CdTe i
standard configuration of DFWM8 ~see Fig. 2!. The beam of
the OPG was divided into two parts, which intersected at
angle of 13°. Transient gratings with a period of 4.2mm
were recorded in CdTe crystals by usings-polarized beams
at l5940 nm. A third beam from the OPG was delayed up
Dtp<1.5 ns and used as a probe beam to monitor the t
poral decay of the recorded grating. The energies of incid
(I 0), transmitted (I T), and diffracted (I 1) signals were mea-
sured by InGaAs photodiodes and a data acquisition sys
connected to a personal computer. The simple relations
between the measured signals and the refractive index m
lation Dn is given by Eq.~1!

I 15I T sin2~pDnd/l cosu!, ~1!

whered is the sample thickness, andDn follows from the
Drude–Lorenz model1,2

Dn52@e2/~2ne0v2!#~DNe /me1DNp /mp!@vg
2/~vg

2

2v2!#. ~2!

Here DNe and DNp are the concentrations of electron an
hole instantaneous modulation,me and mp are effective
masses of electrons and holes, andvg

2 corresponds to band
gap frequency. Measuring the dynamics of free grating de
at very small refractive index modulation~Dn<1025, thus
in Eq. ~1! sin(pDnd/lcosu)>(pDnd/lcosu), and I 1(t)
}@Dn(t)#2!, we were able to monitor refractive index insta
taneous value and get deeper insight into carrier genera
transport, and recombination mechanisms.

III. RESULTS AND DISCUSSION

A. Parameters of the parametric device

In Fig. 3 we present the autocorrelation traces of the
intensity and of diffraction efficiency. The duration of th
OPG pulse was determined by fitting the measured SH a
correlation curve with the calculated one. The best fit to
measured half-width oftSH'20 ps~curve 1!corresponds to
the duration of a Gaussian pulse of the OPGtL'14 ps,
which is in agreement with the well-known relationsh
tSH/tL5A2.7 The autocorrelation trace of the diffraction e
ficiency ~curve 2! is much shorter than the pulse width b
cause of the spatial modulation of the interference pattern
random phase modulation in the OPG pulse. Hence, the

r-

-

-
s

FIG. 3. Autocorrelation traces of the second harmonics generation in L3

crystal~1! and of transient grating diffraction efficiency in GaAs crystals~2!
for a p- ands-polarized beams of the parametric oscillator.
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stantaneous amplitude of the refractive indexDn(Dt) fol-
lows the temporal coherence functionG(Dt), which in a
nonlinear way affects the diffraction efficiency:h(Dt)
}@Dn(Dt)#2}@G(Dt)#2. We fitted the measured coheren
function Ah(Dt) by an exponential oneG(Dt)5A
exp@2(ln 2/2tc)t# ~Ref. 2! and obtained a coherence tim
2tc>3.3 ps. The latter value leads to a coherence len
Lc50.5 mm and to the spectral width of the OPG lineDl
5l2/Lc51.77 nm at half maximum~correspondingly,Dn
520 cm21!.

B. Dynamics of free carrier gratings in CdTe

Using the parametric device, we investigated carrier
namics in variously doped semi-insulating crystals of Cd
The samples used had different deep impurities~Ge or V!
and various charge states of the vanadium impurity. T
presence of vanadium~or germanium!creates a deep level a
'Ec20.8 eV9 ~or Ev10.73 eV10! which stabilizes the Ferm
level close to the midgap, producing the semi-insulating
havior. Charge states and their densities in CdTe:V w
determined by the electron paramagnetic resonance and
netic circular dichroism techniques9 for the used samples
The two charge states of the deep donor, namely the un
ized stateV21 and the ionized oneV31, were present in a
sample B23 with their densities of 4.731015 cm23 and 6
31015 cm23, correspondingly. In another sample, B2
which was codoped with a shallow acceptor As, the ioniz
donor stateV31 dominates, and its concentration was 3
31016 cm23. The doping with Ge may lead to various e
fects: formation of a deep acceptor level atEV10.73 eV
with its very high capture cross section,10 substitution of Te
or/and Cd atoms by Ge,10 and inversion of a type of photo
conductivity fromp to n by increasing the dopant density.11

The absorption coefficients for the given CdTe crystals w
equal to a few cm21 at l51.064 nm, thus 3–5 mm thick
samples were excited nearly homogeneously at the u
OPG wavelengthl5940 nm.

In photorefractive CdTe:V crystals, nonequilibrium ele
trons are generated due to photoionization of deep do
state. In turn, neutralization of an ionized deep impurity st
will result in hole generation. Usually the photoionizatio
cross section for electrons exceeds the one for holes,
photogenerated free electron concentrationNe is higher than
the hole concentrationNp . Indeed, electrons were found a
the major carriers at excitation by 1.17 eV quantum energ12

In As-codoped CdTe, the generation of holes is expected
transitions from the valance band to the emptyV31 states. In
CdTe:Ge, a sign of photogenerated carriers may vary w
the dopant density11 and quantum energy of the incide
light.10

Decay of FC gratings in CdTe:V is shown in Fig. 4. A
low excitation levels~see curve 3!a two-exponential decay
process is evident. Assuming that the initial grating dec
with time constantt15170– 190 ps is governed by diffusion
we estimated carrier mobilitym15980650 cm2 V21 s21 us-
ing the relationshipt15tD5(L/2p)2(e/kTm1). The given
mobility value was found to be very close to an electr
mobility in undoped CdTe@me51000 cm2 V21 s21 ~Ref.
th
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13!# and pointed out that electrons are generated very e
ciently at 940 nm wavelength. The diffusive decay of t
electron grating builds up an internal SC field between
electrons, transferred to the grating minima, and the pho
ionized vanadium states in the grating peaks. The created
field affects the further carrier transport: a drift of electro
in the SC field compensates the diffusive current, and gra
decay slows down, revealing a second decay component
t251.2 ns, which is linked to electron recombination tim
tR .14

At higher excitations only recombination-governed d
cay componenttR51.1 ns is seen in CdTe:V, as far the S
field is already created during the action of the laser pu
~Fig. 4, curve 1!. In the latter case, the buildup time of t
SC field is determined by the dielectric relaxation timetdi

5ee0 /eNeme which is shorter than the duration of OP
pulse. This feature of excitation-dependent grating de
time indicates that the power of the parametric device allo
us to generate high carrier concentrations.

In the As-codoped sample, where hole generation
much more effective than electrons, the hole diffusion with
time of 2 ns is expected to dominate in decay of FC grat
at low excitation levels. At the used higher excitation leve
an exponential decay of grating with a time constant of 3
ps was found~see Fig. 4, curve 2!. Thus we approach bipola
plasma regime, but still have a concentration of holes hig
than that of electrons. The photogenerated carrier concen
tion is high enough to ensure the buildup of the SC field
the dielectric time constant~i.e., during the action of the lase
pulse!which afterwards decreases at a similar rate as tha
the photoexcited carrier modulation. Due to a small effect
mass of electrons, their contribution to the refractive ind
modulation is more pronounced@see Eq.~2!#, thus the values
of D511.6 cm2 s21 and mobilitym5460 cm2 V21 s21, esti-
mated from the given above grating decay time, corresp
to the diffusion of a bipolar plasma withNp.Ne .

The kinetics of free carrier grating decay in Ge-dop
CdTe ~Fig. 5! revealed a very fast initial grating decay wit
t0'60– 80 ps which develops with time into the doubl

FIG. 4. Free carrier grating decay in two differently grown CdTe crysta
vanadium-doped~1,3! and As-codoped~2! at excitation densities of;3
mJ cm22 ~1,2!and;1 mJ cm22 ~3!. The solid lines are the best fit curves t
the experimental data.
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exponential decay. The latter part is composed by
diffusion-governed decay component (t15210 ps) and
deep-trap governed recombination tail (t251.9– 2.1 ns).
The essential decrease of the diffraction efficiency until
SC field is formed~what is contrary to CdTe:V at the sam
excitation power!indicates the overlapping of a very fa
carrier trapping with diffusion: the initial part of the gratin
decay is even faster than the pure electron grating decay~170
ps at the given grating spacing!. For the used quantum en
ergy hn51.32 eV, the electrons can be generated from
level atEv10.4 eV10 as well as by two step transitions~via
the temporarily filled acceptor atEv10.73 eV!, or by two-
photon interband transitions. These electrons may be rap
captured by shallow and deep donors above the Fermi le
and probably the center atEc20.6 eV with its huge capture
cross section for electrons 5310214 cm2 ~Ref. 15! domi-
nates in this process. This behavior is consistent with
previously found ‘‘lifetime-killing’’ effect in CdTe:Ge,10

leading to a weak response of a germanium-doped C
crystal when used as a nuclear detector.

In conclusion, we recorded transient free carrier ph
gratings using a parametric device and measured ca
transport features in light-created internal space-charge e
tric fields, whose strength and origin depend on deep le
charge state and electron-hole competition. The experime

FIG. 5. Free carrier transient grating decay in Ge-doped CdTe at excita
density of;3 mJ cm22. The solid line is the best fit curve to the exper
mental data.
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data at a fixed OPG wavelength confirm the applicability
the parametric device for nonresonant DFWM experimen
The given technique using a picosecond parametric de
would allow the direct determination of wavelengt
dependent carrier generation and recombination process
compound crystals and, thus, optimization of their photoel
tric and photorefractive properties in a required temporal a
spectral range.

ACKNOWLEDGMENTS

The authors wish to thank their colleagues J. C. Laun
and K. Scherbin for providing the CdTe:V and CdTe:G
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8K. Jarasˇiūnas, Ph. Delaye, and G. Roosen, Phys. Status Solidi B175, 445
~1993!.

9L. A. de Montmorillonet al., J. Opt. Soc. Am. B13, 2341~1996!.
10C. Scharager, P. Siffert, P. Hoschl, P. Moravec, and M. Vanecek, P

Status Solidi A66, 87~1981!.
11V. V. Matlak, E. S. Nikoniuk, A. V. Savickij, and K. D. Tovstynk, Sov

Phys. Semicond.6, 1760~1973!.
12J. C. Launay, V. Mazoyer, M. Tapiero, J. P. Zielinger, Z. Guellil, P

Delaye, and G. Roosen, Appl. Phys. A: Solids Surf.55, 33~1992!.
13G. G. Valley, J. Dubard, A. L. Smirl, and A. M. Glass, Opt. Lett.14, 961

~1989!.
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