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Abstract

We report on detailed investigation of the photo-electromotive-force (photo-EMF) effect in semiconductor with bipolar photoconduc-
tivity of impurity type in a spectral region close to the fundamental absorption edge, where both the photoconductivity and the photo-
EMF response reach their maxima. The experiments performed with CdTe:V crystal (DE � 1.51 eV) in the spectral range of 826–853 nm
show that dynamics of the photo-EMF signal formation in this crystal is governed by relaxation of slow majority photocarriers–holes
with the life-time which goes down from s � 9 ls at 850 nm to �6.5 ls at 826 nm. The minority photocarriers (electrons), which contrib-
ute approximately 10% of the total photoconductivity, also demonstrate significant wavelength dependence of their diffusion length with
LD � 8.5 lm at 850 nm and �6.3 lm at 830 nm. The reported results show significant improvement in responsivity of the bipolar CdTe:V
photo-EMF detector when it is operated at k = 840 nm (by factor �2.5 as compared with that at 852 nm).
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The adaptive photodetectors based on the non-steady-
state photo-electromotive force (photo-EMF) effect [1]
attract attention due to possibility of deploying them for
an adaptive interferometric detection of laser-induced
ultrasonic waves (see Fig. 1) in industrial environment
[2]. The photo-EMF effect in question is observed under
illumination of a short-circuited photoconductive sample
by the vibrating interference pattern. The appearing peri-
odic (transient) photo-EMF current results from interac-
tion of the vibrating pattern of photoconductivity with
more inertial spatial distribution of the space charge elec-
tric field, which is formed via diffusion of the photoinduced
carriers from maxima of the same illuminating interference
pattern. The photo-EMF detectors are simple, robust, and
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demonstrate sufficiently high (P10–100 kHz) cut-off fre-
quency. This enables their application to real-world objects
with as-processed surfaces that can also be moving with
velocities up to several m/s [3]. The main drawback, which
impedes wide-spread adoption of these devices in practice,
is insufficient sensitivity stemming from difficulties with
matching of the high-impedance detector with the high-fre-
quency transimpedance amplifier (which typically has the
input noise current �1 pA/Hz1/2 [4]).

In the majority of publications on these applications
(see, e.g. review papers [1,2]) detectors based on semiinsu-
lating GaAs crystals and probe lasers with the wavelengths
ranging from visible (532 nm) to near IR (820–850 nm)
spectral regions are generally used. Selection of theses
wavelengths is dictated by commercial availability of
reliable, cost-effective cw laser sources (diode pumped fre-
quency-doubled Nd:YAG solid state lasers and semicon-
ductor GaAlAs lasers, respectively). It was shown in
reference [5] that formation of the photo-EMF signal in
semiinsulating GaAs crystal is governed by essentially
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Fig. 1. Simplified configuration for adaptive detection of laser-induced
ultrasound by means of photo-EMF detector.
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bipolar photoconductivity of these semiconductors in visi-
ble–near IR spectral range. Recently, effective application
of monopolar CdTe:V photo-EMF detectors for the
above-mentioned near IR spectral region was also reported
by our group [6–9]. Generally speaking, the monopolar
photo-EMF detectors seem to be superior to the bipolar
devices: due to electron–hole competition in the space
charge grating formation, the bipolar photo-EMF detec-
tors always have lower responsivity [1,5].

Utilization of asymmetric interdigitated contacts (AIDC’s)
[10,11] reduces the impedance of the photo-EMF device
significantly and can be considered as an efficient solution
for the detector/preamplifier matching problem. The
detailed analysis published by our group recently [12]
showed that for the range of the detected optical power
(0.1–1 mW), which is typical for laser ultrasonic detection,
this problem can also be solved by using small-size detec-
tors with only one pair of surface electrodes. As compared
with the AIDC’s devices, this photodetector configuration
obviously possesses advantages of much more simple
design and of more efficient utilization of the incident light
power. The inter-electrode distance in these devices is to be
of several optimal fringe spacings (Kopt = 2pLD, where LD

is the effective mobile photocarrier diffusion length) only.
High concentration of the impinging light energy results,
however, in significant reduction of the dielectric relaxation
time and hence in an excessive growth of the cut-off fre-
quency of the monopolar photo-EMF detector. For the
typical detected optical powers mentioned above, the cut-
off frequency will be shifted above the frequency band of
interest (i.e. 1–30 MHz, where the detected ultrasonic sig-
nals are located), which, in its turn, will result in reduced
effective sensitivity of the device.

This is, however, not an issue for the bipolar photocon-
ductors where the cut-off frequency of the photo-EMF
response is determined by the life-time of slow photocarri-
ers and, as a result, is the light intensity independent [5].
Potentially, the bipolar photoconductive crystals appear
to be optimal for such small ‘‘one-pair electrode’’ photo-
EMF detectors for laser ultrasonic applications. As a
result, search for new bipolar photoconductors suitable
for effective utilization in the mentioned above wavelength
ranges is of major importance for development of high per-
formance photo-EMF detectors.
Recently in [13] we reported preliminary results on
observation of the photo-EMF effect in CdTe:V crystal,
governed by essentially bipolar photoconductivity. Unlike
GaAs which has smaller bandgap energy, the fundamental
absorption edge of CdTe locates at �821 nm, which proves
to be in close proximity to the spectral region covered by
commercially available semiconductor GaAlAs lasers
(820–850 nm). The abundant availability of laser wave-
lengths in this spectral region allows us to match the prop-
erties of the CdTe:V photo-EMF detectors to specific
requirements of individual applications. Note that for the
mentioned above spectral region, the CdTe crystals demon-
strate impurity photoconductivity with different photogen-
eration rates for electrons and holes. As a result, unlike
GaAs with interband optical transitions observed for these
wavelengths, the CdTe:V photo-EMF detectors are charac-
terized by larger acceptance angle [12]. Furthermore, the
CdTe:V crystals offer the flexibility of growing them either
with monopolar or with bipolar photoconductivity (both
of n- and of p-type—see also [14,15]).

In this paper we present results of a detailed investiga-
tion of the photo-EMF effect in bipolar CdTe:V crystals
in near IR spectral region �826–853 nm close to the funda-
mental edge of the crystal optical absorption. Together
with the data on conventional photoconductivity in this
crystal, the presented results enable optimization of the
CdTe:V photo-EMF detectors. To the best of our knowl-
edge, no results on the wavelength dependence of the
photo-EMF effect in a spectral region close to the funda-
mental absorption were reported for this or for any other
semiconductor earlier. Note also that CdTe:V demon-
strates excellent photorefractive properties in the near IR
spectral region �1–1.5 lm [14–16] and the results presented
below can be useful for better understanding and optimiza-
tion of their photorefractive properties as well.

2. Experimental setup and results

The experimental setup used in this work for character-
ization of the photo-EMF response is a conventional
one—see Fig. 2. As a source of coherent radiation in the
spectral region of 826–853 nm we used a tunable external
cavity semiconductor EOSI 2010 M laser with diode
module DMD 830-015 which ensures linearly polarized
cw 10 mW output power. Positive lens and two anamorphic
prisms were used to illuminate the input plane of the crystal
by two crossing beams with elliptic cross-section of
�1.9 · 3.8 mm2 and without any significant angular diver-
gence. CONOPTICS-380 electro-optic light modulator
was used to introduce phase modulation in one of the beams
forming the interference pattern.

In the following experiments we used the vanadium
doped CdTe crystal of a cubic symmetry (which are usually
used in photorefractive experiments [14–16]) which was
grown at Brimrose Corporation of America. Two parallel
stripe Au electrodes were evaporated on the front (111)-
oriented sample surface with an inter-electrode distance
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Fig. 2. Experimental configuration used for characterization of the photo-EMF response in CdTe:V crystal.
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of Lx � 1.5 mm. Taking into account the crystal cubic sym-
metry, no special attention was paid to orientation of the
electrodes to the crystallographic axes. The sample was
short-circuited through a load resistor RL (10 or 1 kX)
and connected by a 50 X cable (of �30 cm length) to the
input of high-frequency lock-in amplifier SRS-844. In case
of detection of ultrasonic signals, the CdTe:V sample was
connected directly to the input terminals of the Analog
Modules transimpedance amplifier 312A-3-1PP (with
�1 pA/Hz1/2 of the input noise current and with 106 V/A
gain in the 30 MHz frequency band [4]) in order to reduce
the input circuit capacitance. The output signal from the
amplifier was observed and evaluated using a digital
oscilloscope.

Fig. 3 shows the optical transmission of the 1.1 mm
thick CdTe:V sample measured in the spectral region of
our laser source. Fig. 3 also presents results on conven-
tional photoconductivity of the sample measured under
application of an external dc bias voltage U0. These mea-
surements were performed using periodic modulation of
the spatially uniform illuminating light power using the
same electro-optic modulator operated in the intensity
modulation mode with an additional output polarizer.
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Fig. 3. Wavelength dependences of the conventional photocurrent
observed under application of external bias voltage U0 = 9 V at different
modulation frequencies X/2p, kHz: (j) 2, (d) 70 (RL = 10 kX) and of the
optical transmittance measured for �1.1 mm thick sample (n).
The spectral profile of the photoconductivity has a well
pronounced maximum located at kcond � 835 nm.

Note that similar behavior of the photoconductivity in
the spectral region close to the fundamental absorption
edge of the material was also reported in [14] for the
CdTe:V samples with different types of dominating photo-
conductivity. The photoconductivity reduction observed at
shorter wavelength side of the peak was also explained in
[14] by growing influence of the photocarrier surface
recombination [17] at low penetration depth of the light.
In our experimental configuration, the reduced detected
photocurrent observed at longer wavelengths (with deeper
light penetration into the sample) can be partially attrib-
uted to the shadowed crystal areas behind the surface elec-
trodes. Another, more fundamental, reason of this decay
can be reduction in quantum efficiency of photoconductiv-
ity [9] observed for larger wavelengths. By this we mean
possible growth of a relative contribution of the other type
of centers (not photoconductivity-active) into the total
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Fig. 4. Modulation frequency dependences of conventional photocurrent
measured at different wavelengths k, nm: (d) 826, (j) 835, (m) 850
(U0 = 9 V, RL = 1 kX, data are corrected for transfer function of the input
circuit). Solid lines show the theoretical dependence of the photocurrent
(Eq. (1)) absolute value, where rf/r0 = 0.12, 0.095, and 0.095 and s = 6.5,
8.5, and 9 ls were used as fitting parameters for the experimental data
obtained at the wavelengths 826, 835 and 850 nm, respectively.



626 S. Stepanov et al. / Optical Materials 29 (2007) 623–630
light absorption, that can be observed as a result of reduc-
tion in absorption by photoconductivity-active centers.

Fig. 4 depicts the modulation frequency dependence of
the photoconductivity observed at different wavelengths.
In order to reduce the RC product of the input circuit,
the load resistance was chosen to be rather low (RL = 1 kX)
in these measurements. The photocurrent data were addi-
tionally corrected for the cut-off frequency of the detection
circuit (�1.5 MHz). As one can see from Fig. 4 the detected
photocurrents proved to be frequency independent up to
some characteristic cut-off frequency Xph. The first plateau
was followed by some decay and then the signal reached
another plateau. For typical conditions of our measure-
ments the photoconductivity signal was linear on the exter-
nal dc bias and a little bit sublinear on the average
illuminating light power, as shown in Fig. 5.

We also measured a variety of photo-EMF characteris-
tics in the same spectral region. Note that since the photo-
EMF signals are significantly lower than conventional
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Fig. 5. Dc voltage (a) and average intensity (b) dependences of conven-
tional photocurrent observed at k = 830 nm and different modulation
frequencies X/2p, kHz: (j) 30, (d) 95, (m) 300, (.) 1000 (RL = 1 kX,
rectangular amplitude modulation). The curves (a) were obtained at
maximal incident power and the curves (b) for external voltage 9 V. The
solid lines show linear approximations.
photocurrents, the minimal value of the load resistor which
we could use in this case was 10 kX, which limited the fre-
quency range of our photo-EMF measurements by
100 kHz. Fig. 6 presents the photo-EMF signal dependence
on the modulation frequency X. The shape of this depen-
dence is quite typical [1]: after a certain characteristic cut-
off frequency X0, the initial, approximately linear growth
is changed by a plateau (some insignificant decay at high
frequency end can be attributed to RLC � 0.6 ls of the
amplifier input circuit). Note that the value of X0 did not
depend on the average incident light intensity and corre-
sponded well to the cut-off frequency observed in the
photoconductivity curve (Fig. 4). As the conventional pho-
tocurrent (Fig. 5b), the detected photo-EMF signal also
demonstrated a little bit sublinear dependence on the aver-
age light intensity both below and above the cut-off
frequency.

Fig. 7 presents the beam crossing angle h dependence of
the photo-EMF signal amplitude measured at different
wavelengths and for modulation frequency significantly
higher than the above-mentioned cut-off frequency. The
curves exhibit quite typical shape of the photo-EMF
response [1]: after reaching a maximum the initial linear
growth of the photo-EMF current changes for a relatively
slow (/h�1) decay. One can also see that the position of
maxima in these curves is wavelength dependent.

Fig. 8 shows the wavelength dependence of the photo-
EMF signal amplitude measured for high modulation fre-
quencies (i.e. higher than the cut-off frequency X0) and
for small crossing angle h = 0.007 rad., i.e. below the cross-
ing angles for which the maximal output signals are
reached. One can see that like conventional photoconduc-
tivity, there is also a quite pronounced maximum here.
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Fig. 6. Modulation frequency dependence of the photo-EMF signal
measured with RL = 10 kX at wavelength of maximal response
k = 840 nm and at spatial frequency K = 53 mm�1 (beam crossing angle
h � 0.007) for different average intensities I0; mW/cm2: (j) 64, (d) 16 and
(m) 3.2. The solid lines represent theoretical curves calculated for the
characteristic time = 9 ls used as a fitting parameter for all three curves.
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Fig. 7. Beam crossing angle dependence of the photo-EMF signal
measured at modulation frequency X/2p = 50 kHz for different wave-
lengths k, nm: (j) 830, (d) 835, (.) 840, and (m) 850 (I0 = 16 mW/cm2,
D = 0.3 rad, RL = 10 kX). The solid lines show theoretical approxima-
tions, where the maximal photo-EMF signal and the carrier diffusion
length evaluated from Fig. 8 were used as fitting parameters.
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Fig. 8. Spectral dependence of the photo-EMF response measured at high
modulation frequency X/2p = 50 kHz (I0 = 16 mW/cm2, h � 0.007,
D = 0.3 rad, RL = 10 kX)—(d). Triangles show the squared photocarrier
diffusion length L2

D used in fitting the experimental curves presented in
Fig. 7.
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Its position proved to be shifted from the corresponding
maximum of the photoconductivity to the wavelength
�840 nm.

3. Discussion

Utilization of the light wavelength below fundamental
absorption edge of the material implies impurity photocon-
ductivity of a monopolar or bipolar type. The modulation
frequency dependence of the photoconductivity presented
in Fig. 4 allows us to assume that we have the latter case
in the experiments reported here. Indeed, if we assume that
one type of the photocarriers (which we address below as
‘‘slow’’) has relatively long lifetime s while the other photo-
carrier type (‘‘fast’’) has negligibly short lifetime as com-
pared with the typical period of modulation used in the
experiments, the corresponding theoretical equation for
the photocurrent can be written in the following form:

J phðXÞ / U 0r0

1þ iXsðrf=r0Þ
1þ iXs

ð1Þ

Here U0 is the externally applied dc voltage, r0 = rf + rs is
the total photoconductivity, and rf,s are the photoconduc-
tivity components corresponding to fast and to slow carri-
ers, respectively. The above equation was obtained as a
result of consideration of conventional photocarrier rate
equations with sinusoidal modulation of a spatially uni-
form light intensity. In calculation of the total current we
have also neglected the displacement component, which is
justified when the dielectric relaxation time of the illumi-
nated sample is shorter than the inverse modulation fre-
quency (sdi� X�1). There are two plateaus in the
predicted photoconductivity response, and the ratio be-
tween the photocurrents measured at high and at low mod-
ulation frequencies determines the relative contribution of
fast photocarriers to the total conductivity rf/r0.

The theoretical curves corresponding to the experimen-
tal data are shown in Fig. 4 by solid lines. For fitting the
dependences observed at k = 850, 835 and 826 nm we used
rf/r0 = 0.095, 0.095, 0.12 and s = 9, 8.5, 6.5 ls, respec-
tively. In the fitting procedure we were interested first of
all in the better matching of the beginning of the decaying
parts of the curves, which have significantly larger ampli-
tude. From Fig. 4 one can see that the theory does not
describe the experiment perfectly well: all the experimental
dependences demonstrate slower decay with modulation
frequency. It is probable that slow photocarriers cannot
be characterized by one relaxation time only, which corre-
sponds to the assumption used in derivation of Eq. (1).

It can be seen, however, from Fig. 4 that the slow photo-
carriers are dominant in the CdTe:V crystal under investi-
gation, the admixture of the minority photoconductivity is
typically about 10–13%. Note that fitting of the data
obtained at shorter wavelength needed smaller characteris-
tic times, which agrees with a general reduction of the
photoconductivity towards this end of the investigated
spectral region. The minority photocarriers have an effec-
tive life-time shorter than we could measure using the mod-
ulation frequencies �1.4 MHz allowed by our experimental
set up, i.e. it is smaller than �0.1 ls.

In general, depending on the ratio between the photo-
carrier life-time s and the dielectric relaxation time sdi,
the photo-EMF effect under consideration can be classified
into two main categories [1]. In one case (see also [18]),
when sdi� s, the dynamics of the photo-EMF signal for-
mation is governed by the dielectric relaxation in the illumi-
nated sample and in the other case, when sdi� s, it is
governed by the life-time of photocarriers (as, for example,
in semiinsulating GaAs in visible/near IR spectral region
[5]). In the former case the cut-off frequency of the
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photo-EMF signal X0 � s�1
di grows linearly with the aver-

age light intensity, and the signal amplitude observed at
modulation frequency X 6 X0 proves to be intensity inde-
pendent. On the opposite, in the latter case the cut-off
frequency X0 � s�1 is intensity independent and the
photo-EMF signal amplitude grows linearly with the light
intensity at modulation frequencies both below and above
the cut-off frequency.

As it was mentioned above, the cut-off frequency of the
photo-EMF effect observed in the investigated CdTe:V is
light intensity independent (see Fig. 6) and its value
approximately corresponds to the cut-off frequency of the
photoconductivity response (Fig. 4) X0 � s�1. This clearly
leads to the conclusion that dynamics of the observed
photo-EMF effect is determined by the life-time of slow
photocarriers, which in this case should also be signifi-
cantly larger than the dielectric relaxation time of the illu-
minated crystal. In general this conclusion seems to be
reasonable: due to strong light absorption the photocon-
ductivity of the CdTe:V sample is quite high and the dielec-
tric relaxation time in the near-surface layer of the sample
where the photo-EMF signal is effectively formed can be
quite short in the investigated spectral region (see also [9]).

In case when the photo-EMF signal is formed predom-
inantly by one type of photocarriers with s� sdi, one can
show [1,19] that the maximal photo-EMF current is
approximately v � sdi/s times smaller than in the material
with the same average photoconductivity but with s� sdi.
In this case addition of minority photocarriers of the oppo-
site sign with similar life-time can only reduce the photo-
EMF signal because of electron–hole competition in
formation of the space charge grating (note that this is also
correct when s� sdi). However, some admixture of fast
minority photocarriers (i.e. with the life-time significantly
shorter than sdi) can increase the amplitude of the photo-
EMF current generated at X < s�1

di dramatically. Simplify-
ing, one can say that in this case, the slow dominating
carriers produce a stable pattern of the space charge field
grating mainly, while the output signal is generated by
the vibrating pattern of photoconductivity associated with
fast photocarriers. The cut-off frequency of the photo-
EMF response is fixed and equal to the inverse of the
life-time of the slow photocarriers; and the amplitude of
the signal grows proportionally with the average light
intensity both below and above the cut-off frequency. As
it was mentioned above in the experimental section, both
of these features were observed in our CdTe:V sample.

In addition to the reasonable qualitative behavior,
quantitative agreement of the experimentally observed
amplitude of the photo-EMF signal with its theoretical
evaluation is also very important. Below we use the follow-
ing theoretical equation for the density of the short-circuit
photo-EMF current, which was obtained in [1,5] in conven-
tional approximation of low amplitude of the phase mod-
ulation (D� 1) and of the interference pattern contrast
(m� 1) for an intermediate region of the modulation fre-
quencies s�1 � X� s�1

di :
jX ¼ �Dm2

2
EDr0

2rfrs

r2
0

�
1þ K2 rs

r0
L2

Df �
rf

r0
L2

Ds

� �

1þ K2 rs

r0
L2

Df

� �
1þ K2 rs

r0
L2

Df þ
rf

r0
L2

Ds

� �h i ð2Þ

Here ED = KkBT/e is the diffusion field, K is the grating
spatial frequency, and LDf,s are the diffusion lengths of fast
and slow photocarriers, respectively. Additionally it was
assumed that the fast carrier life-time is shorter than the
dielectric relaxation time sdi. Note that the sign of the pho-
tocurrent presented above corresponds to the assumption
made in [1,5] that the slow carriers are holes.

With additional assumption ðrs=r0ÞL2
Df � ðrf=r0ÞL2

Ds

(which means much larger generation rate of slow photo-
carriers) the above equation reduces to:

jX ¼ �Dm2

2
EDr0

2rfrs

r2
0

1

1þ K2 rs

r0
L2

Df

ð3Þ

This equation predicts, in particular, that spatial frequency
dependence of the photo-EMF signal has quite conven-
tional form: the initial linear growth with K (ED / K) is fol-
lowed by maximum at K ¼ ½ðrs=r0ÞL2

Df �
�1=2 and, after this,

by inverse linear decay /K�1. Note that for equal genera-
tion rates of the photocarriers observed, in particular, in
GaAs for interband optical excitation [5], the decay is
much faster (/K�3), and for larger generation rate of the
fast photocarriers Eq. (2) predicts change of the signal sign
with growing K. Following simplification of Eq. (3) in
approximation of a short diffusion length of the photocar-
riers ðrs=r0ÞK2L2

Df � 1 results in:

jX ¼ �Dm2

2
EDr0

2rfrs

r2
0

ð4Þ

From here one can see that the maximal photo-EMF re-
sponse observed is by factor 2rfrs=r2

0 smaller than that
[1,18] in the monopolar photoconductor of the same
photoconductivity r0 and with s� sdi.

The quantitative evaluation of the observed photo-EMF
signal amplitude is usually made using the fundamental
relation for a maximal amplitude of the photo-EMF
response observed in the mentioned above monopolar
photoconductor at modulation frequency X� s�1

di and at
low spatial frequency K � L�1

D . In this case, the amplitude
of the photo-EMF current is given by [1,18]:

jJXj ¼ Dm2ED

2

J pc

E0

ð5Þ

where Jpc is the conventional dc photocurrent measured in
the same sample under similar spatially uniform illumina-
tion in externally applied field E0. For CdTe:V sample dis-
cussed here, the theoretical evaluation based on Eq. (5) and
on direct additional measurement of the dc photocurrent
Jpc led to the value of JX that is approximately �3–4 times
larger than that observed experimentally. This corresponds
reasonably well to the additional loss factor 2rsrf=r2

0 (see
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Fig. 9. Typical output signals generated by monopolar (a) and bipolar (b)
CdTe:V based photo-EMF detectors in laser-induced ultrasonic detection
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800 mJ, 10 ns pulsed Nd:YAG laser (at k = 1.06 lm).
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Eq. (4)) calculated for the experimentally observed (see
Fig. 4) value rf/r0 � 0.1.

As it was mentioned above, in the accepted model of the
photo-EMF signal formation the position of maximum in
the crossing angle dependence (see Fig. 7) is governed by
the diffusion spreading of fast photocarriers (see Eq. (3)).
In case under consideration when rf/r0� 1 (see Fig. 4)
the spatial frequency corresponding to this maximum
approximately equals the inverse diffusion length of these
photocarriers, i.e. Kopt � L�1

Df . As evaluated from Fig. 7,
the photocarrier diffusion length LDf ¼

ffiffiffiffiffiffiffiffiffi
Dfsf

p
(where Df

is the corresponding photocarrier diffusion coefficient)
drops from its maximal value about 8.5 lm observed in
840–850 nm spectral region the diminishing wavelength
up to approximately 6.3 lm at 830 nm—see Fig. 8.

Note also that, at least for the short wavelengths, similar
behavior of the photo-EMF signal amplitude and of L2

Df

(Fig. 8) is quite natural and supports the accepted model
of the photo-EMF signal formation. Indeed, in accordance
with Eq. (3) the photo-EMF signal amplitude is propor-
tional to the product r0ð2rsrf=r2

0Þ which for dominating
slow photocarriers (rs� rf) is approximately equal to 2rf

i.e. the photo-EMF signal proves to be proportional to
the fast photoconductivity component. Taking into
account the Einstein relation Df/lf = kBT/e (where lf is
the fast photocarrier mobility) we obtain JXðkÞ / rfðkÞ
/ L2

DfðkÞ. Additional decay of the photo-EMF signal
amplitude observed at longer wavelengths (Fig. 8) can be
attributed, as it was mentioned above, to the shadowing
by the electrodes or to the reduced quantum efficiency of
photoconductivity. Neither of these two reasons can affect
the diffusion length of the fast carriers.

The sign of the generated photo-EMF signal is deter-
mined by slow photocarriers, which are responsible for for-
mation of a stable (i.e. not vibrating) space charge grating.
We determined the type of these photocarriers by compar-
ing the sign of the photo-EMF signals generated in the
sample under investigation with that observed in a mono-
polar CdTe:V, where in the experiments reported in [9]
the dominating photocarriers were identified as electrons.
Oscilloscope traces of the detected laser generated ultra-
sound signals are given in Fig. 9, from which one can see
that polarity of the signal detected by bipolar CdTe:V
device proved to be the opposite to that generated by the
monopolar CdTe:V one. Hence, the fast photoconductivity
component in the sample under consideration (as well in a
monopolar CdTe:V sample investigated in [9]) is associated
with the photoelectrons.

Note that the photoelectrons diffusion length evaluated
in the bipolar CdTe:V sample proved to be approximately
three times larger than that in the monopolar CdTe:V crys-
tal [9] (�2.5 lm at 852 nm). On the other hand, it is signif-
icantly (i.e. by nearly two orders of magnitude) larger than
another characteristic length associated with saturation of
trapping centers during the space charge grating formation,
namely, the Debye screening length L0D. Indeed, as it was
shown in [14] from the results of investigation of the
steady-state two-wave energy exchange at the photorefrac-
tive grating, this length is typically around �0.1 lm in
CdTe:V, no matter which type of the dominating photocar-
rier it has. As it was shown for monopolar photoconduc-
tors [1,20], when L0D P LD the saturation of trapping
centers rather than the carrier diffusion governs the shape
of the spatial frequency dependence of the photo-EMF
amplitude. As far as we know, no theoretical models of
the photo-EMF in bipolar photoconductors which also
take into account saturation of trapping centers were devel-
oped until the present moment. Mentioned above signifi-
cant discrepancy between the characteristic values of L0D
reported for CdTe:V and the experimentally observed posi-
tions of maxima in the crossing angle dependence in Fig. 7
makes this alternative model highly improbable for the
CdTe:V sample in question.

Let us also note in conclusion that the oscilloscope
traces presented in Fig. 9 show clear superiority of the
monopolar photo-EMF device over the bipolar one. At
least partly it is because the spatial frequency used was
far from the optimal one for the bipolar device. The con-
centration of the detected light power was also not so
strong in these experiments. Further reduction of the pho-
todetector size to that of the optimal small-size device will
need for significant concentration of the detected light
power. As it was mentioned above, this is to be accompa-
nied by reduction of the photodetector cut-off frequency
and by reduced responsivity of the monopolar device in
the MHz frequency region of interest.

4. Conclusion

We have presented experimental results on the wave-
length dependence of basic parameters of the photo-EMF
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effect in a CdTe:V crystal. The data were obtained in the
spectral region of 826–853 nm, close to the fundamental
absorption edge of CdTe, where this material demonstrates
photoconductivity of the impurity type. It was shown that
the dynamics of the generated photo-EMF signal is gov-
erned by the life-time (s � 6–9 ls) of the dominating slow
photo-carriers, namely, holes. The main characteristic fea-
tures of the observed effect (position of the cut-off fre-
quency, its independence on the average light intensity,
shape of the crossing angle dependence, and the absolute
value of the generated signal) proved to be in a good agree-
ment with the theoretical model of the photo-EMF effect
developed for a bipolar impurity photoconductor with
life-time of one photocarrier significantly larger than the
dielectric relaxation time of the illuminated sample. This
can be considered as a demonstration of reliability of the
photo-EMF excited by vibrating interference pattern as a
simple and flexible technique for characterization of minor-
ity photocarriers (in particular, for evaluation of their dif-
fusion length) in semiconductors [21]. The obtained results
also show possibility of a significant improvement of the
photo-EMF detectors based on bipolar CdTe:V by tailor-
ing the probe laser wavelength in the investigated spectral
region, which overlaps with spectral region of commer-
cially available semiconductor GaAlAs lasers.
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