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We report the simultaneous combined excitation of the space charge and photoconductivity gratings in
photorefractive Bi12SiO20 and Bi12TiO20 crystals. The experiments are carried out using the light diffraction
and non-steady-state photo-emf techniques. The crystal illumination with an oscillating interference pattern
excites the running photoconductivity grating which interacts with the ac component of the applied field and
gives rise to the space charge wave. Being the eigenmode of the space charge dynamics the wave reveals itself
as the low-frequency resonant maximum at the frequency transfer function of the detected signals. The theory
of the observed effects is constructed for the conventional one-level model of semiconductor with monopolar
photoconductivity. The drift mobilities of electrons are estimated forn-type photorefractive Bi12SiO20 and
Bi12TiO20 crystals: m=s1.1–1.4d310−2 cm2/V s sBi12SiO20, l=532 nm, T=296–298 Kd, m=1.5
310−2 cm2/V s sBi12SiO20, l=442 nm, T=293 Kd, and m=3.1310−3 cm2/V s sBi12TiO20, l=532 nm, T
=293 Kd.
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I. INTRODUCTION

The evolution of photoinduced charge in semiconductor
materials mainly occurs in two basic stages: formation of the
photoconductivity distribution and creation of the space
charge.1,2 For the crystal placed in an external electric field
the relaxation of photoconductivity and space charge distri-
butions has complex behaviorsoscillation and running
characterd.3 The existence of two eigenmodessbranchesd of
space charge oscillation was predicted in Ref. 4. One of these
eigenmodes describe oscillation of the space charge trapped
on the local levels, while the other is associated with the
oscillation of the density of electrons in the conduction band
sconduction electronsd. The former branch is historically
called “space charge wave.” To avoid the complexity we
shall use the term “running grating of the conductivity” for
the latter one. The dispersion laws of these waves—i.e., de-
pendences of the temporal oscillation frequency on the spa-
tial frequencyK—can be written as follows:

vsc= stMKL0d−1, s1d

vpc = KmE0, s2d

wheretM is the Maxwell relaxation time,m is the mobility,
andL0 is the drift length of electrons in dc electric fieldE0.
A number of approaches for investigations of the running
space charge and conductivity gratings has been realized by
the present time.5–16

In spite of the large number of publications dedicated to
the subject of space charge waves the question of simulta-
neous excitation and interaction of the eigenmodes men-
tioned above is still unsolved. Most of the proposed optical
techniques use the interference pattern with the specified spa-
tial frequencyK and temporal frequencyv for the excitation
of either space charge wave or running photoconductivity
grating. This is due to the fact that the eigenfrequency of
space charge oscillations in high-resistive crystalsssuch as

Bi12SiO20d is in the rangevsc/2p=10–100 Hz while the
eigenfrequency of the photoconductivity grating with the
same spatial period can reach considerably higher values:
vpc/2p=0.01–1 MHz. The situation is partly similar to the
light scattering on the acoustic waves where interaction of
particles with comparable momentaswave vectorsd and com-
pletely different energiessfrequenciesd takes place.

As is known from the oscillation theory, the behavior of
systems with two degrees of freedom has distinctive features
with respect to the one in systems with one degree of free-
dom. These features result in such effects as incoherent para-
metric amplification, generation, wideband parametric fre-
quency division, etc. Considering two eigenmodes of space
charge oscillations in photorefractive media one can expect
some analogs in holographic recording.

For the realization of the simultaneous excitation and in-
teraction of the space charge wavesvsc,Kd traveling along
the dc electric field with the velocityvsc/K and electron
conductivity gratingsvpc,−Kd running in the opposite direc-
tion with velocity −vpc/K the third oscillationsV ,0d satis-
fying the conditions analogous to the energy and momentum
conservation laws is required:vsc+vpc=V, K−K=0. The
electric field with frequencyV can play the role of such
oscillation and provide necessary coupling.

In this paper we shall study one of the possible manifes-
tations of this phenomenon: namely, the excitation of the
space charge wave provided by the interaction of the running
photoconductivity grating with an applied ac electric field.
The effect is observed and investigated using optical17 and
electrical18 methods. The first one is based on light diffrac-
tion on photorefractive volume holograms; the second one
uses the non-steady-state photoelectromotive force effect15,16

snonstationary holographic photocurrentd.

II. THEORETICAL ANALYSIS

For calculation of the space charge and conductivity dis-
tributions suppose the photorefractive crystal placed in exter-
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nal dc and ac electric fields is illuminated by the interference
pattern formed by two plain light waves one of which is
phase modulatedsFig. 1d:

Isx,td = I0f1 + mcossKx + D cosvtdg. s3d

Here I0, m, and K are the average light intensity, contrast,
and spatial frequency of the interference pattern, andD and
v are the amplitude and frequency of phase modulation. The
external dc and sinusoidal ac voltages applied to the crystal
can be presented as follows:

Uext= U0 + UA cosVt. s4d

We consider the widely used model of semiconductor
with monopolar photoconductivity and one type of partially
compensated donor levelssFig. 1d.1,2 The illumination pro-
vides generation of electrons from donor levels to the con-
duction band where they move due to the diffusion or drift
mechanisms and recombine back. The concentration of elec-
trons in the conduction bandn changes in accordance with
the balance equation

]n

]t
= g −

n

t
+

1

e

] je
]x

, s5d

wheregsx,td=sab /hndIsx,td is the electron generation rates
a is the light absorption coefficient,b is the quantum effi-
ciency,hn is the photon energyd, t is the electron lifetime,je
is the density of the electron current, ande is the electron
charge. It should be noted here that we consider the density
of trapping centers to be independent of the experimental

conditions st=constd. This assumption means that we ne-
glect the trap saturation effects, and it restricts the values of
electric field and spatial frequency:E0,Eq=eNA/ee0K,
whereNA is the density of traps,e is the dielectric constant,
ande0 is the free space permittivity.2,3 The electrons nonuni-
formly captured at donor levels produce the space charge
densityr and corresponding electric fieldE distributions:

ee0
]E

]x
= r. s6d

The density of space charge varies due to electron transport,
and this process is governed by the continuity equation

]r

]t
+

] je
]x

= 0. s7d

The electron currentje is defined by the drift and diffusion
components:

je = emnE+ kBTm
]n

]x
, s8d

wherem is the electron mobility,kB is the Boltzmann con-
stant, andT is the temperature. Equationss5d–s8d can be
rewritten in the form convenient for further analysis:19
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, s9d
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]x2 . s10d

In the general case the solution of this set of equations is
difficult, so let us suppose the contrast of the interference
pattern and amplitude of phase modulation to be small
sm,D!1d. This will allow us to linearize the equations and
to search the solution fornsx,td, Esx,td distributions as the
sums of stationary and running gratings:

n = n0 + o
p,q=−1

1

n+pq exphifKx + spv + qVdtgj

+ o
p,q=−1

1

n−pq exphif− Kx + spv + qVdtgj, s11d

E = E0 +
EA

2
expsiVtd +

EA

2
exps− iVtd

+ o
p,q=−1

1

E+pq exphifKx + spv + qVdtgj

+ o
p,q=−1

1

E−pq exphif− Kx + spv + qVdtgj. s12d

For the complex amplitudes with indices “+1” and “−1” we
shall also use the notations with indices “1” and “2”—e.g.,
n+s+1ds−1d=n++−. The valuesE0 and EA are defined as corre-
sponding voltage amplitudes divided by the value of inter-
electrode spacingL: E0=U0/L and EA=UA/L. We assume

FIG. 1. sColor onlined Scheme for observation of the combined
excitation of running space charge and conductivity gratingsstopd.
The model of semiconductor with the electron photoconductivity
and one type of the partially compensated donor centerssbottomd.
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that both the electrodes are Ohmic and the inhomogeneity of
electric field in the volume is negligible.

Let us analyze the case of a “relaxation-type” semicon-
ductor:

t ! tM . s13d

Note that the opposite casesi.e., tùtMd is slightly more
complicated for the analysis. However, the application of
strong electric fields decreases the time constant of the con-
ductivity relaxation and increases the buildup time of the
space charge, so we obtain conditions analogous to the
“relaxation-type” regime.

Let us consider the “long-drift-length” regime of holo-
graphic recording:

KL0 @ 1 + K2LD
2 , s14d

whereL0=mtE0 andLD=skBTmt /ed1/2 are the drift and dif-
fusion lengths of photocarriers. This assumption is rather
typical for theoretical considerations of various phenomena
in photorefractive media: it ensures the oscillatory relaxation
of the space charge and photoconductivity for large applied
dc fieldssin contrast to the exponential one in the diffusion
regimed.2

In this paper we shall develop two approaches. In the
former one the frequency of an ac electric field is equal to the
eigenfrequency of photoconductivity oscillation, and the dif-
ference frequency lies in the range of the space-charge-wave
excitation:

V = vpc, s15d

uv − Vu , vsc. s16d

The complex amplitudes introduced in Eqs.s11d ands12d
and necessary for further analysis have been calculated. Be-
low the most interesting terms presenting gratings with spa-
tial frequency K and oscillation frequency ±sv−Vd are
given:

n++− =
− imD

8D1
n0sv − VdtMKLA, s17d

E++− =
− imD

8D1
EA, s18d

n+−+ =
i3mD

8D2
n0sv − VdtMKLA, s19d

E+−+ =
− i3mD

8D2
EA, s20d

where

D1 = s1 + K2LD
2 df1 + sv − VdtMKL0g

− ifs1 + K2LD
2 d2 + K2LA

2/4g/KL0, s21d

D2 = s1 + K2LD
2 df5 − 11sv − VdtMKL0g

− i6KL0f1 − sv − VdtMKL0g, s22d

andLA=mtEA.
The latter approach implies that frequencies of phase

modulation and external field vary in the region of the pho-
toconductivity grating oscillation maintaining the difference
frequency constant and equal to the frequency of the space
charge oscillation:

v,V , vpc, s23d

v − V = − vsc. s24d

The choice of negative sign in the right-hand side of Eq.s24d
will be clear below when we shall analyze the frequency
characteristics of the non-steady-state photo-emf and diffrac-
tion efficiency.

The corresponding complex amplitudes of electron den-
sity and electric field are the following:

n++− = −
mD

8D3
n0KLAf1 + K2LD

2 + is2vt − KL0dg, s25d

E++− =
mD

8D3
E0KLAf1 + K2LD

2 + is2vt − KL0dg, s26d

where

D3 = s1 + K2LD
2 dfs1 + K2LD

2 d2 + K2LA
2/2 − K2L0

2 + 3vtKL0

− 2v2t2g + ifs1 + K2LD
2 d2s3vt − 2KL0d

+ K2LA
2s2vt − KL0d/4g. s27d

Let us now proceed with the calculation of the non-
steady-state photo-emf and diffraction efficiency
amplitudes—values which will be measured in the experi-
ment. As was shown in Ref. 15 the non-steady-state photo-
emf in crystal biased by voltage source is defined by the
averaged drift component of the photocurrent:

jstd =
1

L
E

0

L

emnsx,tdEsx,tddx. s28d

As seen from Eqs.s11d, s12d, and s28d the signal with fre-
quencyv−V is produced by the following combination:

jv−Vstd = Reh2emsn++−E−00+ n−00E++− + n−+−E+00+ n+00E−+−

+ n++0E−0− + n−0−E++0 + n−+0E+0− + n+0−E−+0d

3 expfisv − Vdtgj. s29d

The different nature of the items in this expression should be
pointed out. The first four components are associated with
the resonant excitation of the space charge waves with tem-
poral frequencyv−V. The last four components in Eq.s29d
are just mixing of the “fast” gratings with temporal frequen-
ciesv andV. It is reasonable to expect that the former group
produces larger contribution to the total current. This suppo-
sition is proved by the numerical calculation. Substituting the
calculated above termss17d–s20d into Eq. s29d we can write
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down the expression for the complex amplitude of the non-
stationary photocurrent as

jv−V . − i
m2D

8
s0EAF1 − sv − VdtMKL0

D1

− 3
1 + sv − VdtMKL0

sD2d* G . s30d

The frequency transfer function of the non-steady-state
photo-emf—i.e., the dependencejv−Vsv−Vd—has two reso-
nant maxima atv−V. ±vsc. The amplitudes of the resonant
maxima atv−V=−vsc and atv−V=vsc are the following:

j r1
v−V .

m2D

4

s0EAKL0

s1 + K2LD
2 d2 + K2LA

2/4
, s31d

j r2
v−V . − i

m2D

8

s0EA

1 + K2LD
2 . s32d

The resonant maximum for the negative frequency difference
is approximately 2KL0 times larger than for positive fre-
quency difference. This fact is associated with the principal
distinction in the physical mechanism of grating’s excitation
in these frequency regions.

For the negative frequency difference rangesv−V,0d
the space charge wave is originated from the interaction of
an external field with the photoconductivity grating propa-
gating in the direction opposite to the dc field. When the
oscillations of the interference pattern are synchronized with
the movement of drifting electrons the resonant enhancement
of the photoconductivity grating takes place. Thus the simul-
taneous generation of the running space charge and photo-
conductivity gratings, which are the eigenwaves in this case,
should be observed.

For positive frequency differencesv−V.0d the space
charge wave arises due to the interaction of the external field
with the conductivity grating driven in the direction of the dc
field. The photoconductivity grating is not an eigenmode of
semiconductor in this case. It just follows the movements of
the oscillating interference pattern in the direction of dc field.

The diagram illustrating the interaction of the space
charge and photoconductivity gratings with the applied ac
field is presented in Fig. 2. As seen from the figure in the
former case the applied ac field couples two eigenmodes of
semiconductor satisfying the equationsvsc+vpc=V, K−K
=0. In the latter case the only eigenmode—namely, the space
charge wave—is excited. The fulfillment of the resonant con-
ditions for both the space charge wave and photoconductivity
grating ensures observation of larger signal’s amplitudes.

The dependencejv−Vsvd with the fixed frequency differ-
encev−V fEqs. s23d and s24dg can be measured in the ex-
periment as well. Direct substitution of Eqs.s25d and s26d
into Eq. s29d gives the following expression for this depen-
dence:

jv−V .
m2D

4D3
s0EAKL0f1 + K2LD

2 + is2vt − KL0dg. s33d

The analysis of the denominator in this expressionfsee Eq.
s27dg revealed that the resonant maximum can be observed at

v.vpc and its amplitude is expressed by Eq.s31d. This
resonant peculiarity can be explained as follows: since the
excited space charge oscillations at combination frequency
are due to the interaction of the external ac electric field and
the photoconductivity grating, the amplitude of the latter
should affect the detected signal amplitude. The photocon-
ductivity grating is resonantly excited atv=vpc. So the reso-
nant dependence of the low-frequency signaljv−V versus
phase modulation frequencyv sor the frequency of an ac
electric fieldVd can be expected as well.

The diffraction efficiency of thin phase hologram re-
corded in photorefractive crystal equals

hstd = upnp
3rE+stdd/lpu2, s34d

where np and r are the refractive index and electro-optic
coefficient of the crystal for wavelengthlp of the probe read-
out light, E+std is the complex amplitude of +K spatial com-
ponent of the electric field, andd is the thickness of the
crystal. The oscillations of the diffraction efficiency with fre-
quencyv−V are produced by the following components:

hv−Vstd = Reh2q2fsE+00d*E++− + E+00sE+−+d* + sE+0+d*E++0

+ E+0−sE+−0d*gexpfisv − Vdtgj; s35d

here,q=pnp
3rd /lp. One can note the difference between two

first and two last terms of the expression—similar to the ones
mentioned above for the nonstationary photocurrent analysis.
Direct substitution of Eqs.s18d and s20d into Eq. s35d pro-
vides the expression for the complex amplitude of the dif-
fraction efficiency:

hv−V . i
m2D

8
q2E0EAF 1

D1
−

3

sD2d* G . s36d

This frequency transfer function has two resonant maxima.
The oscillation amplitudes of the diffraction efficiency at

FIG. 2. sColor onlined Diagram illustrating the interaction of
running space charge and conductivity gratings with applied ac
electric field. The arrows show the space charge gratingsvsc,Kd
traveling with the velocityvsc/K along the dc field, the photocon-
ductivity gratingsvpc,−Kd running with the velocity −vpc/K in the
opposite direction, the photoconductivity gratingsv ,Kd driven with
the velocityv /K along the dc field, and the external ac fieldsV ,0d
with frequencyV. The half-tone lines show the dispersion laws for
the space charge wavevscsKd and running photoconductivity grat-
ing vpcs−Kd.
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resonant frequenciesv−V=−vsc andv−V=vsc are the fol-
lowing:

hr1
v−V . −

m2D

8

q2E0EAKL0

s1 + K2LD
2 d2 + K2LA

2/4
, s37d

hr2
v−V . i

m2D

16

q2E0EA

1 + K2LD
2 . s38d

Like in Eqs. s31d and s32d these resonant peaks differ by
factor of ,2KL0 due to the same reason: the simultaneous
excitation of two eigenmodes is more efficient.

The dependence of the diffraction efficiency amplitude
hv−V on the frequency of phase modulation,v, with fixed
difference frequencyv−V=−vsc can be calculated substitut-
ing Eq. s26d into Eq. s35d:

hv−V . −
m2D

8D3
q2E0

2KLAf1 + K2LD
2 + is2vt − KL0dg.

s39d

The resonant maximum with amplitudes37d is observed at
frequencyv.vpc.

This frequency dependence along with the signal depen-
dence of the non-steady-state photo-emf effectfEq. s33dg can
be utilized for direct measurements of the photocarrier’s drift
mobility m=vpc/KE0.

We have considered here the simplest case of thin holo-
gram recorded in slightly absorbing media. The generaliza-
tion of the theory for the cases of thick holograms in absorb-
ing and optically active materials can be done as required
using the approaches known in literature.2,3,20

III. EXPERIMENTAL SETUP

The scheme of the experimental setup for the investiga-
tion of the combined excitation of space charge and conduc-
tivity gratings in photorefractive crystals using the light dif-
fraction technique is presented in Fig. 3. The experiments

were performed inn-type photorefractive Bi12SiO20 and
Bi12TiO20 crystals. The crystals were grown under conven-
tional conditions; they were not specially doped. However,
the photorefractive Bi12TiO20 crystal containss3.0–4.2d
310−4 wt % of chromium.21,22 The typical sample dimen-
sions were 9.232.532.5 mm3 sBi12SiO20d, 9.232.5
33.2 mm3 sBi12TiO20d. The crystals had one of the standard
holographic orientation: the polished front and back surfaces
s9.232.5 mm2d were parallel to the planes110d and electric

field was applied along thef11̄0g axis. The silver paste elec-
trodes were painted on the lateral surfaces. The interelec-
trode spacings were equal toL=2.5 mm.

The second harmonic of the Nd:YAG laser was used as a
source of coherent radiationsl=532 nm,Pout.10 mWd.
The laser light was split into two beams, one of which was
phase modulated with frequencyv using an electro-optic
modulator ML-102A. The amplitude of phase modulation
was equalD=0.61. The light beams were expanded and di-
rected on the crystal’s surface where they formed oscillating
interference pattern with an average intensityIr
=25 mW/cm2, contrastmr =0.98, and spatial frequencyK
=190 mm−1. The crystal was placed in dc and ac electric
voltages:Uext=U0+UA cosVt. The presence of the dc volt-
ageU0 is the necessary condition for the generation of run-
ning gratings. The ac voltage with an amplitudeUA and fre-
quencyV couples running gratings of the space charge and
conductivity.

The weak probe laser beam with intensityIp
=7 mW/cm2 was produced by the laser diode moduleslp

=650 nmd. The polarization of probe beam in the middle of

the crystal was at 45° with respect to thef11̄0g and f001g
axes. The intensity oscillations of the diffracted probe beam
were detected by the conventional photodiode connected to
transimpedance amplifier. The output electrical signal was
measured by the lock-in nanovoltmeter Unipan-232Bsf
=1.53100–1.53105 Hz,tint=1–100 sd. The measurements
were carried out at the difference combination frequency
uv−Vu. The reference voltage with this frequency was
formed in the balance mixersK174PS1d via multiplication of
voltages applied to the crystal and electro-optic modulator.
The harmonics of the reference voltage with frequenciesv,
V, andv+V were suppressed by the low-pass filter.

The light from a 100-W tungsten lamp was used for the
increase of the total light intensity; additional illumination
also decreased the contrast of the interference pattern. It was
focused and filteredslb=480–590 nmd and its intensity
value wasIb=200 mW/cm2. The total light intensity was
equal toI0= Ir + Ib.230 mW/cm2, while the contrast of the
interference pattern was reduced tom=mrIr / I0=0.11. The
green light transmitted through the crystal was cut by the red
filter slKS-10=600–2700 nmd. The crystal’s temperature was
measured with the PtRh-Pt thermocouple.

The investigation of the effect using the non-steady-state
photo-emf technique was performed with the similar ar-
rangementsFig. 3d. In this approach the non-steady-state
photocurrent arising in the crystal’s volume generates the
corresponding voltage drop on the load resistorRL=18 kV.
Then this signal was amplified, filtered, and measured by the
lock-in nanovoltmeter Unipan-232B. The HeuCd laser was

FIG. 3. sColor onlined Experimental setup for the investigation
of the combined excitation of space charge and photoconductivity
gratings using the diffraction and non-steady-state photo-emf tech-
niques.EOM is the electro–optic modulator,LM is the laser diode
moduleslp=650 nmd, TL is the tungsten lamp, BM is the balance
mixer, Amp are the amplifiers, andLPF and RF are the low-pass
and rejection filters, respectively.
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used as a source of coherent radiationsl=442 nm,Pout

.3 mWd. The interference pattern with an average intensity
I0=8.4 mW/cm2, contrastm=0.92, and spatial frequencyK
=25 mm−1 has the amplitude of phase modulationD=0.8.
The measurements were carried out in photorefractive
Bi12SiO20 without probe beam and additional illumination.
The crystal’s dimensions were 103331 mm3. The front
and back surfacess1031 mm2d were polished to optical
quality. The silver paste electrodess333 mm2d were painted
on the lateral surfaces. The interelectrode spacing was equal
to L=1 mm. The sample was placed between two styrofoam
linings in order to prevent mechanical oscillations due to
piezoelectric effect.

In the experiments using standard diffraction and non-
steady-state techniques15,16 the only dc voltageU0 was ap-
plied to the crystal, and the signal was detected at the fre-
quency of phase modulationv. The output signal was
measured by spectrum analyzers SK4-56sf
=0.01–50 kHz,Df =3 Hzd, SK4-58 sf =0.4–600 kHz,Df
=100 Hzd, and lock-in nanovoltmeter Unipan-232B.

IV. EXPERIMENTAL RESULTS

A. Diffraction measurements

For the determination of eigenfrequencies of space charge
and conductivity oscillations let us discuss the results of the
diffraction measurements in photorefractive Bi12SiO20 using
standard technique of signal excitation.

The diffraction efficiency of the hologram was defined as
h= Ip1/ Ip, whereIp1 is the intensity of the probe beam for the
first order of diffraction. The diffraction efficiency of the
stationary hologram recorded in the electric fieldE0=U0/L
=16 kV/cm was equal toh0=2.0%. Figure 4 presents the
frequency transfer function of the diffraction efficiency os-
cillations hv measured at frequency of phase modulationv.
The first resonant maximum is observed in the low-
frequency rangesv /2p=27–110 Hzd. When the electric
field is increased the signal amplitude increases as well and
the first maximum shifts to lower excitation frequenciessFig.
4, insetd. The shoulder at frequenciesv /2p=10–50 kHz
was observed as well. Perhaps, for larger applied electric
fields this shoulder could transfer into the second maximum,
but field amplitudesE0.8 kV/cm shift this shoulder beyond
the investigated frequency range. The signal amplitude at
v /2p.50 kHz was so small that utilization of spectrum
analyzer with appropriate frequency range and larger detec-
tion bandwidthsSK4-58d was not successful.

For this reason we used another approach based on the
non-steady-state photo-emf measurements. The frequency
transfer function of the non-steady-state photo-emf signal ex-
cited in Bi12SiO20 crystal is presented in Fig. 5. Two resonant
maxima on the frequency dependences were observed. The
increase of an applied field amplitude shifts the first and
second maxima to the low- and high-frequency bands, re-
spectively sFig. 5, insetd. As was shown in Ref. 16 such
signal behavior is associated with the resonant excitation of
running gratings of the space charge and conductivity de-
scribed by the dispersion lawss1d ands2d. Note that the first

resonant maximum is wide; this can be due to nonlinearity of
the space charge formation for large contrast of the interfer-
ence pattern.23

The non-steady-state photo-emf technique provides the
unique opportunity for the direct determination of the photo-
carrier drift mobility. The value of the second resonant fre-
quency measured for the specifiedK and E0 is associated

FIG. 4. sColor onlined Frequency transfer functions of the dif-
fraction efficiency oscillations excited in Bi12SiO20 at the frequency
of phase modulationv sstandard technique,EA=0d. The depen-
dences are measured for four values of the applied dc electric field:
E0=5.6 kV/cm s,d, 8.0 kV/cm snd, 12 kV/cm shd, and
16 kV/cm ssd. The measurements performed using spectrum ana-
lyzer and lock-in voltmeter are presented by the solid lines and
symbols, respectively. The arrows show the directions of curve evo-
lution with increasing field amplitudeE0. The inset presents the
dependence of the first resonant frequency on the applied dc field.

FIG. 5. sColor onlined Frequency transfer functions of the non-
steady-state photo-emf excited in Bi12SiO20 versus frequency of
phase modulationv sstandard technique,EA=0d. The dependences
are measured for four values of the applied dc electric field:E0

=5.6,8.0,12,16 kV/cm. The arrows shows the directions of curve
evolution with increasing fieldE0. Dependences of the firstsPd and
secondssd resonant frequencies versus applied dc field are pre-
sented in the inset.
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with the electron mobility valuesTable Id. The obtained data
are in good agreement with the values measured
earlier.16,24,25

The preliminary experiments allowed us to estimate cor-
responding resonant frequencies which can be used for fur-
ther analysis of the simultaneous generation of the space
charge and photoconductivity gratings.

For the realization of such regime the frequency of the
external ac field was settled to be approximately equal to the
frequency of the second resonant maximum. Small devia-
tions s0.3–1.0 kHzd of frequencyV /2p from the resonant
frequency valuevpc/2p are acceptable since the width of the
second resonant maximum reaches 15–130 kHzssee Fig. 5d.
The amplitude of an external ac electric field was chosen
noticeably smaller than the value of the dc fieldsEA=UA/L
=1.4–5.6 kV/cmd, so possible shifts of the resonant fre-
quencies are expected to be negligible.

Figure 6 presents the frequency transfer function of the
diffraction efficiency oscillations excited at a difference com-
bination frequencyv−V. Two maxima were observed at this
dependence: the first one at the negative difference frequency
sv−Vd /2p=−s100−33d Hz sE0=5.6–16 kV/cmd and the
second one at the positive frequencysv−Vd /2p=40 Hz
sE0=16 kV/cmd. The increase of the external dc field leads
to the growth of the signal amplitude and corresponding shift
of the resonant maxima to lower frequencies. This behavior

is the typical manifestation of the space charge waves.2 The
experimental curves are well fitted by Eq.s36d with the pa-
rameters presented in Table II. Different values of the
maxima in the region of negative and positive difference
frequencies is an important peculiarity of the frequency
transfer functionsFig. 6d. One can notice another feature: the
values of themt product estimated from this frequency de-
pendence noticeably decrease at large applied fieldssTable
II d. In fact, decrease of the quality factor of the space charge
wave is observed. This decrease is most probably due to
effects of trap saturation and it is not associated with any
decay of themt product. According to Ref. 26 trap saturation
effects reduce quality factor atE0. fsNA/ee0dse/K2mt
+kBTdg1/2. For Bi12SiO20 crystal withNA.1016 cm−3, e=56,
and mt.10−6 cm2/V this reduction should appear atE0
.10 kV/cm, which well corresponds to the observed behav-
ior. The proper description of the effect in trap saturation
regime can be done by the appropriate modification of the
basic equation setfEqs.s5d–s8dg and subsequent calculations.

The dependence of the diffraction efficiencyuhv−Vu mea-
sured at negative combination frequency versus amplitude of
the applied ac fieldEA is presented in Fig. 7. This depen-
dence seems to be linear in the regionEA=0–1.0 kV/cm.
The higher fields cause the noticeable saturation of the signal
amplitude. This behavior can be explained as follows. The
interaction of the ac field with the running photoconductivity
grating is more efficient for higher amplitudes of an ac field;
this also results in the growth of space charge wave. How-
ever, large ac fields perturb the propagation of the photocon-
ductivity grating. As is known,16,25 the excitation of running
photoconductivity gratings occurs when the moving light
pattern is synchronized with the propagation of photocarriers
drifting in dc electric field. Higher values of the applied ac

TABLE I. Drift mobility of electrons in Bi12SiO20 crystal esti-
mated from the frequency transfer function of the non-steady-state
photo-emfuJvsvdu.

E0 skV/cmd T sKd m scm2/V sd

5.6 294 0.89310−2

8.0 296 1.4310−2

12 298 2.1310−2

16 300 2.8310−2

FIG. 6. sColor onlined The frequency transfer function of the
diffraction efficiency oscillations excited in Bi12SiO20 at the com-
bination frequencyv−V. The dependences are obtained for three
values of the applied dc field and for three corresponding frequen-
cies of the applied ac field:E0=5.6 kV/cm, EA=1.4 kV/cm,
V /2p=15 kHz snd, E0=8.0 kV/cm, EA=2.6 kV/cm, V /2p
=33 kHz shd, and E0=16 kV/cm, EA=5.6 kV/cm, and V /2p
=130 kHz ssd. The approximation of the experimental depen-
dences by Eq.s36d is shown by the solid lines.

TABLE II. Material parameters used for approximation of the
experimental dependences in Fig. 6 by Eq.s36d.

E0 skV/cmd EA skV/cmd tM smsd mt scm2/Vd

5.6 1.4 0.83 1.8310−7

8.0 2.6 1.7 1.3310−7

16 5.6 1.8 7.2310−8

FIG. 7. sColor onlined Dependence of the diffraction efficiency
amplitude uhv−Vu versus amplitude of an ac electric fieldEA.
Bi12SiO20, E0=8.0 kV/cm, V /2p=33 kHz, and sv−Vd /2p=
−54 Hz. The solid line shows the approximation by Eq.s37d.
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field comparable with the dc bias lead to considerable change
of drift velocities; the synchronization is partially lost, lead-
ing to the reduction of the running photoconductivity grating
amplitude. This causes the saturation of the resulting space
charge wave and corresponding detected signal. The ob-
tained experimental dependence is approximated by Eq.s37d
with mt=2.1310−7 cm2/V.

The dependence of the diffraction efficiency versus fre-
quency of phase modulationuhv−Vsvdu was measured in
Bi12SiO20 crystal for the constant combination frequencyv
−V<−vsc sFig. 8d. The experimental curves demonstrate the
behavior typical for running photoconductivity gratings: the
growth of the dc electric field increases the amplitude of the
detected signal and shifts the resonant peak to higher modu-
lation frequenciess2d. The resonant frequency values are
slightly smaller than those obtained for the non-steady-state
photo-emf experimentssFig. 5d. The approximation of the
experimental dependences by Eq.s39d allowed determination
of the drift mobility of electrons as well as themt product
sTable IIId.

The mobility measurements were carried out in photore-
fractive Bi12TiO20 sFig. 9d. This crystal has sufficiently lower
photoconductivity and corresponding resonant frequency of
space charge oscillations,vsc. Thus the minimal possible
combination frequencysv−Vd /2p=−10 Hz was settled
close to the resonant frequency. The amplitude of the de-
tected signal was significantly lower than the one in
Bi12SiO20 crystal due to the same reason: the smaller con-
ductivity grating excites weak space charge wave. The elec-
tron mobility and themt product were estimated from the

frequency dependencesFig. 9d: m=3.1310−3 cm2/V s and
mt=1.4310−7 cm2/V sT=293 Kd.

The obtained drift mobility values in Bi12SiO20 and
Bi12TiO20 crystals are lower by 2–3 orders of magnitude than
the actual band27 and Hall28 mobilities. Such difference is
usually attributed to the process of strong trapping of photo-
electrons on the shallow levels24 or large polarons
influence.27

B. Non-steady-state photo-emf measurements

In this subsection we consider the application of
another—namely, the non-steady-state photo-emf technique
for the detection of the discussed processes in Bi12SiO20 at
l=442 nm.

Figure 10 presents the frequency transfer functions of the
non-steady-state photo-emf measured in Bi12SiO20 crystal for
three values of the applied dc fieldE0. If the value of an
applied electric field is increased, the signal amplitude in-
creases as well. Initially, the first resonant maximum appears
in the low-frequency regionsv /2p,100 Hzd. When the dc
field reachesE0.6 kV/cm the shoulder is observed on the
frequency transfer function atv /2p,3 kHz. The further in-
crease of an applied field amplitude transforms this shoulder

FIG. 8. sColor onlined Dependence of the diffraction efficiency
amplitude uhv−Vu versus frequency of phase modulationv. The
measurements are carried out for two values of dc field and corre-
sponding combination frequencies:E0=8.0 kV/cm, sv−Vd /2p=
−48 Hz ssd, E0=12 kV/cm, and sv−Vd /2p=−38 Hz sPd.
Bi12SiO20, EA=0.92 kV/cm. The approximation by Eq.s39d is
shown by the solid lines.

TABLE III. Material parameters of the Bi12SiO20 crystal esti-
mated from the frequency dependence of the diffraction efficiency
amplitudeuhv−Vsvdu.

E0 skV/cmd T sKd m scm2/V sd mt scm2/Vd

8.0 296 1.1310−2 1.9310−7

12 298 1.4310−2 1.1310−7

FIG. 9. sColor onlined Dependence of the diffraction efficiency
amplitude uhv−Vu versus frequency of phase modulationv.
Bi12TiO20, E0=12 kV/cm, EA=0.92 kV/cm, and sv−Vd /2p=
−10 Hz. The solid line shows the approximation by Eq.s39d.

FIG. 10. sColor onlined Frequency transfer functions of the non-
steady-state photo-emf excited in Bi12SiO20. Standard technique
sEA=0d. The dependences are measured for three values of the ap-
plied dc electric field:E0=6 kV/cm snd, 10 kV/cm shd, and
14 kV/cm ssd.
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into the second resonant maximum. The growth of the ap-
plied field shifts the first and second maxima to lower- and
higher-excitation-frequency regions, respectively. For ex-
ample, the resonant frequencies equalvsc/2p.25 Hz and
vpc/2p.5.6 kHz for the electric fieldE0=10 kV/cm and
vsc/2p.20 Hz andvpc/2p.9.1 kHz for the electric field
E0=14 kV/cm. It was shown16 that such signal behavior is
associated with the resonant excitation of the space charge
and photoconductivity running gratings. The first resonance
is very wide which can also be attributed to the nonlinear
character of the space charge formation for large contrast of
the interference pattern.23 The light intensity inhomogeneity
can be another reason for such behavior: strong light absorp-
tion sa,30 cm−1d makes the space charge relaxation time in
the surface layer smaller than in the crystal’s bulk.

Direct measurements of the photocarrier’s drift mobility
were carried out using the non-steady-state photo-emf tech-
nique. The mobility value was estimated from the position of
the second resonant frequency for fixedK and E0 values:
m.0.015 cm2/V s. This estimation is in good agreement
with an electron mobility valuem=0.016 cm2/V s measured
earlier at the wavelengthl=458 nm.16 Nevertheless, the
large light absorption the parameters estimated from the
high-frequency resonant maximum seem to be rather correct
since the resonant frequency and the shape of the resonant
peak are not defined by parameters dependent on light inten-
sity fEqs.s33d and s39dg.

Let us proceed with the combined excitation of the space
charge and photoconductivity gratings. The frequency of an
external ac field was settled approximately equal to the fre-
quency of the second resonant maximum:V /2p=5.9 kHz
for E0=10 kV/cm andV /2p=8.8 kHz for E0=14 kV/cm.
The amplitude of an external ac fieldsEA=3.5 kV/cmd was
chosen to be considerably smaller than the dc field value.

Figure 11 presents the frequency transfer function of the
non-steady-state photo-emf excited at difference combina-
tion frequencyv−V. Two maxima are clearly seen at this
dependence: the first one is observed for the negative differ-
ence frequency sv−Vd /2p=−s50–200d Hz sE0

=10 kV/cmd and sv−Vd /2p=−s20–200d Hz sE0

=14 kV/cmd and the second one for the positive frequency

sv−Vd /2p=50 Hz sE0=10 kV/cmd and sv−Vd /2p
=30 Hz sE0=14 kV/cmd. The increase of the external dc
field causes the growth of the signal amplitude as well as the
shift of the resonant maxima to lower frequencies. This be-
havior is typical for the space charge waves.2 The resonant
maxima turned out to be wide. This fact can be attributed to
the nonlinear limitation of the space charge field for large
contrasts of the interference pattern. The inhomogeneity of
the light distribution through the sample thickness can be
another reason of such behavior.

Figure 12 presents the dependences of the non-steady-
state photo-emf amplitude at resonant frequencies versus am-
plitude of the applied ac field. These dependences seem to be
linear in the investigated range of ac field amplitudes. The
saturation of the signal amplitude can be expected for such
values of an ac fieldEA when KLA,2 fsee Eqs.s31d and
s32dg. For mt,10−6 cm2/V ssee, for example, Ref. 19d and
K=25 mm−1 this saturation effect should be observed for
EA,8 kV/cm.

V. CONCLUSION

In this paper we have considered the combined excitation
of two eigenmodes in semiconductor: the running gratings of
the space charge and photoconductivity. The novel technique
based on the diffraction efficiency measurements allowed us
to detect the space charge wave originated from the nonlin-
ear interaction of the running photoconductivity grating with
the applied ac field.

The most important feature of this approach is the differ-
ence between the spatiotemporal characteristics of the arising
space charge wave and the spatiotemporal characteristics of
the external driving forcessillumination and applied fieldd. In
this sense, the experiments presented in the paper is another
demonstration of the eigennature of the space charge wave—
the oscillation which properties are defined by the material
parameters rather than external forces.

The combined excitation of the photoconductivity and
space charge waves is very promising for the investigation of
fast processes in high-resistive semiconductors. The mea-
surement of the actual drift mobility of photocarriers in

FIG. 11. sColor onlined Frequency transfer function of the non-
steady-state photo-emf excited in Bi12SiO20 by the combination
technique. The dependences are obtained for two values of the ap-
plied dc field and for two corresponding frequencies of the applied
ac field: E0=10 kV/cm, V /2p=5.9 kHz ssd, E0=14 kV/cm, and
V /2p=8.8 kHz sPd. EA=3.5 kV/cm.

FIG. 12. sColor onlined Dependence of the non-steady-state
photo-emf amplitudeuJv−Vu on the amplitude of the applied ac field.
The measurements are carried out for two resonant frequencies:
sv−Vd /2p=−20 Hz sPd and sv−Vd /2p= +20 Hz ssd. E0

=14 kV/cm andV /2p=8.8 kHz.
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wide-gap semiconductors with complicated structure of re-
combination levels is an important example of the tasks,
where detection of high-frequency signals is necessary. In-
deed, the resonant frequency of the photoconductivity grat-
ing can reach 100 MHz in Bi12SiO20 crystal.25 Due to the
large values of Maxwell relaxation timestM ,1 msd, oscil-
lations of the space charge field and corresponding diffrac-
tion efficiency should be negligible in this frequency range:
the reduction coefficient issvtMd−1. This makes observation
of the high-frequency resonances practically impossible. In
contrast to the standard techniques the developed approach
of combined excitation allows the detection of fast processes
in the low-frequency region.

The nonlinear interaction of applied ac field with running
gratings of the photoconductivity and space charge is not
restricted to the results obtained in this paper. Further experi-
mental investigations in other wide-gap semiconductors
should be carried out, and more detailed theoretical analyses
including trap saturation, optical activity, and absorption ef-
fects should be performed to complete description of the
phenomena discussed.
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