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Nonresonant enhancement of the nonstationary holographic currents in photoconductive crystals

Mikhail Bryushinin, Vladimir Kulikov, and Igor Sokolov*
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~Received 12 November 2001; revised manuscript received 16 January 2002; published 31 May 2002!

We report the nonresonant excitation of the nonstationary holographic currents in an external sinusoidal
electric field. The theoretical analysis of the effect has been performed for the conventional model of semi-
conductor with one type of partially compensated donor level. We demonstrate that the application of an ac
field sufficiently increases the photocurrent amplitude. At the same time the frequency transfer function of the
effect maintains the form typical for the diffusion mechanism of photocurrent excitation. The dependencies of
the current amplitude and characteristic cutoff frequency versus applied voltage are utilized for the determi-
nation of the photocarrier’smt product. The advantages of the proposed technique are discussed. The experi-
ments are carried out in a photorefractiven-type Bi12SiO20 crystal. The signal enhancement of;50 dB has
been achieved and themt product is found to bemt5(0.821.2)310210 m2/V.

DOI: 10.1103/PhysRevB.65.245204 PACS number~s!: 72.20.Jv, 42.70.Nq
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I. INTRODUCTION

Investigation of the space-charge grating formation
semiconductors and, in particular, wide-gap materials is v
important since it provides information about the main fu
damental characteristics of the material such as type of p
toconductivity, Maxwell relaxation time, characteristic tran
port lengths of photocarriers, volume charge distributi
mobility, and lifetime. There are two modern optical tec
niques for such measurements. The first one is based on
recording of the dynamic holographic gratings in photo
fractive crystals.1 The amplitude of the space-charge grati
can be enhanced using nonstationary mechanisms of rec
ing: the first approach uses application of a dc electric fi
to the crystal illuminated with a running interferenc
pattern,2,3 and the second one employs application of an
electric field along with a stationary interference pattern.4–6

In both cases the space-charge field grating amplitude gr
as }E0

2 until saturation or nonlinearity effects becom
substantial.1 Both approaches can be utilized for electr
optic materials only since they require light diffraction on t
recorded holographic grating.

The nonstationary holographic currents7 @or non-steady-
state photoelectromotive force8 ~photo-EMF!# can be consid-
ered as the alternative optical technique. This method d
not involve light diffraction from the recorded hologram an
can be used for centrosymmetric and even amorph
materials.9,10 The photo-EMF is the holographic-related ph
nomenon and reveals itself as an alternating electric cur
in a semiconductor crystal illuminated by an oscillating
terference pattern.8,11,12 Resonant excitation of the nonst
tionary holographic currents in an external dc field has
ready been realized in wide-gap photorefract
sillenites.13–15 No investigations of the photocurrent excit
tion in an external ac field has been carried out up to n
The study of the nonstationary holographic currents in
external alternating electric field is useful not only for bet
understanding of the space-charge field formation and c
acterization of the wide-gap semiconductors, but also
practical applications, namely, the detection of wea
phase-modulated laser beams, and remote laser testin
0163-1829/2002/65~24!/245204~6!/$20.00 65 2452
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cluding laser ultrasonic diagnostics.16,17There is also a num-
ber of fields where adaptive detection of low-frequency~1–
100-Hz! phase-modulated optical signals is necessary.
important example is detection of slow periodic therm
changes in experiments on detection of weak opti
absorption.18 One can use photodetectors with low photoco
ductivity and large Maxwell relaxation time. But this wi
result in a low photoresponse of detection and additio
problems in matching photodetector with preamplifier.
solve these problems authors of Ref. 14 have suggested
application of dc field for the resonant enhancement of
photocurrent amplitude. In our point of view utilization o
the nonresonant technique for the signal amplification p
sented below is more convenient for the mentioned task

In this paper we present investigations of the nonstati
ary photocurrent generation in an external ac field. We sh
both experimentally and theoretically that the frequen
transfer function of the effect is similar to the response of
effect in the diffusion regime of excitation, i.e., linear grow
of the signal for low modulation frequencies up to a certa
characteristic cutoff frequency and frequency-independ
region for high modulation frequencies. We propose a te
nique for the signal enhancement and determination of
mt product. In Sec. II we analyze theoretically the hol
graphic photocurrents in an external ac electric field, in S
III we describe the experimental setup, in Sec. IV we pres
the results of the nonstationary photocurrent measurem
in n-type photorefractive Bi12SiO20, and in Sec. V we dis-
cuss the possibilities of the proposed technique.

II. THEORETICAL ANALYSIS

This section presents calculations of the nonstation
photocurrent amplitude excited in an alternating elec
field. Suppose a crystal is illuminated with the oscillatin
interference pattern formed by two plane light waves, one
which being phase modulated with frequencyv and ampli-
tudeD:

I ~x,t !5I 0@11m cos~Kx1D cosvt !#. ~1!
©2002 The American Physical Society04-1
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BRYUSHININ, KULIKOV, AND SOKOLOV PHYSICAL REVIEW B 65 245204
HereI 0 is the average light intensity,m is the contrast, andK
is the spatial frequency of the interference pattern. We c
sider the widely used model of semiconductor with one ty
of partially compensated donor level1 ~Fig. 1!. The balance
equation for the concentration of electrons in the conduc
bandn can be written as follows:

]n

]t
5g2

n

t
1

1

e

] j e

]x
. ~2!

Hereg(x,t)5(ab/hn)I (x,t) is the electron generation rat
(a is the light absorption coefficient,b is the quantum effi-
ciency, andhn is the photon energy!, t is the electron life-
time, j e is the density of the electron current, ande is the
electron charge. We assume low illumination levels when
generation and recombination rates are linear functions
the light intensity and electron concentration, respectiv
i.e., for the considered model conditionsNA1N!ND , NA
1N@n that are fulfilled@ND is the total concentration o
donors,N is the concentration of donor centers emptied
light, and NA is the concentration of the compensating a
ceptor states~Fig. 1!#. In this case the electron lifetime i
independent on the light intensity and determined by the c
centrationNA only. The effects of trap saturation are n
glected as well~screening lengths are small compared to
inverse value of the spatial frequency!. In order to calculate
the distributions of the electron concentration, electric fi
and resulting photocurrent, Eq.~2! should be added by th
continuity and Poisson equations and by the expressions
the charger and electron currentj e densities:

]r

]t
1

] j e

]x
50, ~3!

ee0

]E

]x
5r, ~4!

r5e~N2n!, ~5!

j e5emnE1kBTm
]n

]x
, ~6!

whereE is the electric field,m is the electron mobility,e is
the dielectric constant, ande0 is the free space permittivity
kB is the Boltzmann constant, andT is the temperature
Equations~2!–~6! can be represented as follows:

]n

]t
5g2

n

t
2

ee0

e

]2E

]x]t
, ~7!

FIG. 1. Model of semiconductor with one type of partially com
pensated donor level.
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]x S emnE1kBTm
]n

]x
1ee0

]E

]t D50. ~8!

The sinusoidal electric field with amplitudeEext and fre-
quencyV is applied to the crystal:Eext(t)5EextcosVt.

The calculation procedure simplifies substantially if w
assume the contrastm and amplitude of phase modulationD
to be small:m,D!1. Then we can look for the solution o
Eqs.~7! and~8! to the lowest order with respect to the sma
parameters presentingn(x,t), E(x,t) as the sums of station
ary and running gratings:

n5n01 (
p,q521

1

n1pqexp$ i @Kx1~pv1qV!t#%

1 (
p,q521

1

n2pqexp$ i @2Kx1~pv1qV!t#%, ~9!

E5E001exp~ iVt !1E002exp~2 iVt !

1 (
p,q521

1

E1pqexp$ i @Kx1~pv1qV!t#%

1 (
p,q521

1

E2pqexp$ i @2Kx1~pv1qV!t#%. ~10!

It is important to point out that for the solution of simila
tasks two basic approaches can be used: the utilizatio
truncated Fourier series5 ~as was also done in this paper! and
the time averaging technique.4 The former covers all time
scales,19 the latter is convenient for arbitrary wave forms
the external field.6

For the case of cyclic boundary conditions8 the total cur-
rent averaged over the interelectrode spacingL contains the
drift and displacement components. The photocurrent sig
is defined by the drift one:8

j ~ t !5
1

LE0

L

emn~x,t !E~x,t !dx. ~11!

We confine ourselves to the analysis of the first harmonic
photocurrent~with frequencyv) which can be written in the
form of the following combination of coefficients introduce
in Eqs.~9! and ~10!:

j v52em (
q521

1

~n11qE20(2q)1n10qE21(2q)

1n21qE10(2q)1n20qE11(2q)!. ~12!

The higher spatial and temporal harmonics~and even subhar
monics! of valuesn(x,t), E(x,t) and resulting photocurren
j (t) become substantial only for the case of large contr
and amplitude of phase modulation:m,D;1.1,20–22Although
these problems are rather interesting and widely discusse
the literature the most valuable applications of the ho
graphic photocurrents for the semiconductor material cha
terization~Sec. I! are based on the measurements of the fi
harmonic of the signal.
4-2
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NONRESONANT ENHANCEMENT OF THE . . . PHYSICAL REVIEW B65 245204
Let us consider the case of a ‘‘relaxation-type’’ semico
ductor, i.e.,t!tM (tM5ee0 /emn0 is the Maxwell relax-
ation time!. We suppose that the frequency of phase mo
lation v is much smaller than the frequency of the exter
electric fieldV; the period of the ac field is larger than th
carrier lifetime t and shorter than grating relaxation tim
tM :

v!V, ~13!

tM
21!V!t21. ~14!

We have obtained all complex amplitudes of the elect
concentration and electric field necessary for calculation
the first harmonic of the photocurrent signal. Some of th
are given below

n1005
m

2
n0 , n1015

imKL0

2A2~11K2LD
2 !

n0 ,

n1105
imD~11 ivtM !~11K2LD

2 !n0/4

11K2LD
2 1 ivtM@~11K2LD

2 !21K2L0
2#

,

n1115
2mD~11 ivtM !KL0n0/4A2

11K2LD
2 1 ivtM@~11K2LD

2 !21K2L0
2#

,

E10052 i
m

2 S ED1E0

KL0

11K2LD
2 D ,

E1015
imE0

2A2VtM~11K2LD
2 !

,

E1105
mD@ED~11K2LD

2 !1E0KL0#/4

11K2LD
2 1 ivtM@~11K2LD

2 !21K2L0
2#

,

E1115
2mD~11 ivtM !E0/4A2VtM

11K2LD
2 1 ivtM@~11K2LD

2 !21K2L0
2#

. ~15!

HereE05Eext /A2 is the effective value of the external ele
tric field, ED5(kBT/e)K is the diffusion field,s05emn0 is
the average conductivity,L05mtE0 is the drift length of
photocarriers, andLD5(kBTmt/e)1/2 is the diffusion length.

Finally the expression for the complex amplitude of t
photocurrent can be written as

j v5
20.5m2Ds0@ED1E0KL0 /~11K2LD

2 !# ivtM

11 ivtM@11K2LD
2 1K2L0

2/~11K2LD
2 !#

.

~16!

Let us list the main features of the nonstationary ho
graphic photocurrents excited in the ac external field. As
lows from Eq. ~16! the frequency transfer function of th
effect has the traditional form typical for the diffusio
mechanism of photocurrent excitation, namely, the lin
growth of the signal for low modulation frequencies and t
24520
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frequency-independent region for high frequencies of ph
modulation.8 These two regions are separated by a cor
sponding cutoff frequency,

v05
1

tM@11K2LD
2 1K2L0

2/~11K2LD
2 !#

. ~17!

For low spatial frequencies of the interference patte
~i.e., for K2LD

2 !1) the most striking peculiarities can b
observed. In this case the expressions for the photocur
amplitude and corresponding cutoff frequency can be writ
as follows:

j v5
m2D

2
s0ED

2 ivtM~11L0
2/LD

2 !

11 ivtM~11K2L0
2!

5
m2D

2
s0ED

2 ivtM~11E0
2/EL

2!

11 ivtM~11E0
2/EM

2 !
, ~18!

v05@tM~11K2L0
2!#215@tM~11E0

2/EM
2 !#21. ~19!

Here EL5kBT/eLD , EM5(Kmt)21 are the characteristic
values of the electric field.3 As seen from Eq.~18! the de-
pendence of the photocurrent amplitude on electric field
an S-like shape. The signal grows asE0

2 betweenEL andEM

due to the corresponding increase of the electric-field gra
amplitudesE100, E110 @Eq. ~15!#. Beyond this region (E0
,EL , E0.EM) the signal is independent on the electr
field. The external field does not affect the photocurrent a
plitude while the effective drift length is smaller than th
diffusion one (L0<LD). For high values of the applied elec
tric field ~the so-called long drift length regime! an enhanced
transfer of electrons characterized by the large effective d
lengthL0 takes place. Under these conditions the nonstati
ary photoconductivity grating is blurred leading to the sa
ration of the signal amplitude. The corresponding cutoff f
quency v0 @Eq. ~19!# falls down when drift lengthL0
becomes comparable to the spatial period of the recor
grating (L0>K21 or E0>EM).

The dependencies of the photocurrent amplitudej v and
cutoff frequencyv0 versus the ac field amplitudeE0 can be
used for the determination of transport parameters of ph
excited carriers in semiconductor materials. Indeed, the c
acteristic breakpoints in these dependencies give the va
of the diffusion and drift lengths of photocarriers and con
quently themt-product value.

We have also calculated the maximum gain of the pho
current signalj v(v.v0) which can be obtained in the sinu
soidal ac field:

Gm5

lim
E0→`

j v

lim
E0→0

j v
5

11K2LD
2 1L0

2/LD
2

11K2LD
2 1K2L0

2/~11K2LD
2 !

. ~20!

It depends on the spatial frequency of the interference
tern: Gm51/K2LD

2 for K2LD
2 !1 andGm51 for K2LD

2 @1.
4-3
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III. EXPERIMENTAL SETUP

The experimental setup used for the measurements o
nonstationary holographic currents under applied alterna
electric field is shown in Fig. 2. A standard He-Cd laser w
an average power ofPout'1 mW (l5442 nm) was used
as the basic source of coherent radiation for formation o
recording interference pattern. To form the interference p
tern with a specified fringe spacing and to cause its si
soidal vibrations within the sample volume, we used a c
ventional Twyman-Green interferometer. An electro-op
phase modulator ML-102A produced phase modulation
the laser beam~with frequencyv and amplitudeD50.16).
The voltage from the generator was amplified by conv
tional transformer and then applied to the crystal. The p
tocurrent signal was filtered and then measured by spec
analyzer SK4-56 (f 50.01250 kHz, D f 53 Hz). In our
experiments we used ann-type Bi12SiO20 crystal with char-
acteristic dimensions 133310 mm3; the front and back
surfaces of the crystal (1310 mm2) were polished, and the
silver paste electrodes (334 mm2) were painted on the lat
eral surfaces. The interelectrode spacing was 1 mm. In o
to change the parameters of the material~concentration of
the trapping centers, characteristic recombination tim
etc.23! the crystal was simultaneously illuminated by the lig
from the microscope lamp focused by lens and pas
through the infrared filter KS-15 (l IR565022700 nm,
I IR513 mW/mm2).

IV. EXPERIMENTAL RESULTS

In this section we present the results of the photocurr
measurements carried out in the external electric field
compare them with the data obtained for the diffusion ex
tation regime. Figure 3 presents the frequency transfer fu
tion of the holographic photocurrent excited in the Bi12SiO20
crystal in the absence of an external electric field. Recall
the frequency response of the effect is usually character
by the corresponding cutoff frequencies,8

v05@tM~11K2LD
2 !#21, ~21!

FIG. 2. Experimental setup for measurements of the nonstat
ary holographic photocurrents in the presence of alternating ele
field.
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v085~11K2LD
2 !t21. ~22!

From the dependencies of the photocurrent amplitu
measured at low spatial frequency of the interference pat
(K2LD

2 !1) and without additional illumination we estimate
corresponding cutoff frequencies:v0/2p.330 Hz and
v08/2p.2.6 kHz @Fig. 3 ~squares!#. The present and earlie
experiments11 carried out in sillenite crystals~illumination
wavelengthl5442 nm) have revealed that the values
cutoff frequenciesv0 , v08 are close to each other. Thi
means that the lifetimet and Maxwell relaxation timetM
are comparable:t;tM;100 ms.11,12 In this case the cutoff
frequencies are defined by more complicated express
than those of Eqs.~21! and ~22!:12

v05
11t/t I1K2l D

2

t1tM~11t/t I1K2LD
2 !

, ~23!

v085
1

tM
1

11t/t I1K2LD
2

t
1

11t/t I1K2l D
2

t1tM~11t/t I1K2LD
2 !

,

~24!

wheret I is the lifetime of the ionized donor state, andl D is
the Debye screening length.

The conditiont!tM is typical for most wide-gap semi
conductor materials. To fulfill this condition and to condu
photocurrent measurements in the relaxation-time regime
ditional infrared illumination of the crystal (l IR5650
22700 nm,I IR513 mW/mm2) was used. For the first an
second cutoff frequencies the following values were o
tained: v0/2p.800 Hz (tM.0.25 ms) and v08/2p
.13 kHz (t.12 ms) @Fig. 3 ~circles!#. As seen from Fig.
3 the second cutoff frequencyv08 is remarkably shifted to
higher excitation frequencies, which can be associated w
the decrease of the electron lifetime. The growth of the fi
cutoff frequencyv0 was clearly observed. This fact was u
expected since infrared illumination should not influencesta-
tionary photoconductivity of the crystal~and correspond-
ingly the value of the Maxwell relaxation time!. Note that
even a 20%225% decayof the sample’s conductance in th
presence of the infrared light was observed. For this rea
the behavior ofv0 cannot be attributed to the growth of th
conductivity. The observed behavior can be explained by

n-
ric

FIG. 3. Frequency transfer functions of the nonstationary p
tocurrent measured with~circles! and without~squares! additional
infrared illumination (Bi12SiO20: l5442 nm, E050, P0

50.32 mW,m50.65, K553104 m21).
4-4
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NONRESONANT ENHANCEMENT OF THE . . . PHYSICAL REVIEW B65 245204
fact thatt;tM . In this case the cutoff frequency depen
both on the electron lifetime and the Maxwell relaxati
time. The former vanishes with the additional illuminatio
resulting in the slight change of the first cutoff frequency

The dependencies of the corresponding cutoff frequen
versus spatial frequency of the interference patternK are
presented in Fig. 4. The experimental dependencies were
ted using Eqs.~21! and~22! providing the following estima-
tions for the diffusion length of photocarriers:LD
.1.2 mm (mt.0.6310210 m2/V) @from v1(K)], LD
.1.6 mm (mt.1.0310210 m2/V) @from v2(K)].

Investigation of the spatial frequency dependence of
holographic photocurrent gives another possibility for t
diffusion length determination. For the diffusion mechanis
of recording (E050) and for modulation frequencies high
than the first characteristic cutoff frequency (v.v0) the
simplest theory of the effect predicts the following depe
dence of the photocurrent amplitude versus spa
frequency:8

j v~K !}
K

11K2LD
2

. ~25!

We performed these measurements~Fig. 5! and obtained the
following estimation for the diffusion length of electron
LD51.4 mm (mt.0.7310210 m2/V).

Let us proceed to the case of nonzero alternating elec
field applied to the crystal. The frequency dependence of

FIG. 4. Dependence of the cutoff frequenciesv0 ~squares!, v08
~circles! on the spatial frequencyK of the interference pattern
(Bi12SiO20: l5442 nm, E050, P050.32 mW, m50.65; infra-
red illumination is switched on!. The theoretical curves are calcu
lated using Eqs.~21! and ~22!.

FIG. 5. Dependence of the photocurrent amplitudeuJvu on the
spatial frequency K (Bi12SiO20, l5442 nm, E050, P0

50.32 mW, m50.65; infrared illumination is switched on!. The
solid line shows the theoretical curve calculated using Eq.~25!.
24520
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photocurrent amplitude measured for different values
electric field applied to the crystal is presented in Fig. 6.
seen from this figure all dependencies keep the form typ
for the diffusion mechanism of the photocurrent excitatio
No resonant peaks on the frequency response were obse
even for the highest voltage applied. The giant enhancem
of the signal amplitude is another feature of the nonstati
ary photocurrent excitation in an external ac electric fie
~Figs. 6 and 7!. The characteristic growth of the signal am
plitude as}E0

2 was observed in the regionE05(0.222)
3105 V/m. The photocurrent amplification by a factor o
Gm.350 (;50 dB) has been achieved for low spatial fr
quencies of the interference pattern (K2LD

2 !1). This value
is even higher than the theoretical estimation of the ma
mum gain factor by Eq.~20!: Gm51402280 (K55
3104 m21, LD51.221.7 mm).

The mt product or diffusion length of photocarriers ca
be estimated from both the characteristic breakpoints on
dependence of the photocurrent amplitude versus ac
amplitude~Fig. 7!. We have approximated this dependen
by Eq. ~18! and obtained the following values:EL.1.5

FIG. 6. Frequency transfer functions of the photocurrent m
sured forE050 ~open circles!, 53 V/mm~filled circles!, 130 V/mm
~open squares!, 210 V/mm ~filled squares!, 410 V/mm ~open dia-
monds!, and 1000 V/mm ~filled diamonds!. Bi12SiO20: l
5442 nm,P050.19 mW,m50.65, K553104 m21, and infra-
red illumination is switched on.

FIG. 7. Photocurrent amplitudeuJvu (v.v0) versus effective
value of the external ac fieldE0 (Bi12SiO20: l5442 nm, P0

50.19 mW, m50.65, K553104 m21, v/2p52.0 kHz; infra-
red illumination is switched on!. The measurement performed
zero field is shown atE05102 V/m. The solid line shows the the
oretical curve calculated using Eq.~18!.
4-5
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BRYUSHININ, KULIKOV, AND SOKOLOV PHYSICAL REVIEW B 65 245204
3104 V/m (LD.1.7 mm, mt.1.2310210 m2/V) for the
first breakpoint andEM.2.63105 V/m (LD.1.4 mm,
mt.0.8310210 m2/V) for the second breakpoint.

The behavior of the the first cutoff frequencyv0 versus
applied electric field is similar to the drift mechanism
recording—it shifts towards low excitation frequencies~Fig.
8!. Approximation of this dependence by Eq.~19!
provides the value ofmt product: mt.1.2310210 m2/V
(EM.1.63105 V/m).

V. DISCUSSION

The utilization of ac field for the photocurrent signal e
hancement provides several important advantages over
application of dc field. First, the flat frequency response

FIG. 8. Dependence of the cutoff frequencyv0 on the effective
value of the external ac fieldE0 (Bi12SiO20: l5442 nm, P0

50.19 mW, m50.65, K553104 m21; infrared illumination is
switched on!. The measurement performed at zero field is shown
E05102 V/m. The approximation using Eq.~19! is shown by the
solid line.
,

m

J

J

24520
the
f

the effect seems to be more convenient for measuremen
phase-modulated optical signals of small amplitude. T
high-frequency alternating electric field (V@tM

21) applied to
the crystal is more homogeneous than the dc field~no screen-
ing effects are presented!.23 For this reason the measur
ments performed in fast ac fields are expected to be m
plausible.

Determination of themt product from the dependence o
photocurrent amplitude versus applied ac voltage is m
easier than the standard technique based on the mea
ments of the photocurrent amplitude on the spatial freque
of the interference pattern, which is a time consuming ope
tion and includes numerous mechanical movements and
adjustments of optical components~see, for example, Ref
8!. The position of the first breakpoint on the dependen
Jv(E0), i.e.,EL ~see Sec. II!, does not depend both on spati
frequency of the interference patternK ~for K2LD

2 !1) and
average light intensityI 0, which minimizes corresponding
experimental errors.

To summarize, we have analyzed the influence of the
ternating electric field on the nonstationary photocurrent a
plitude and dynamics of space-charge gratings in semic
ductor materials. The simple technique for themt-product
determination is proposed. The nonresonant enhanceme
the signal of ;50 dB has been achieved inn-type
Bi12SiO20. We believe that influence of an ac external ele
tric field is not restricted to the considered cases. The p
posed technique can be used for characterization of o
photoconductive crystals~e.g., semi-insulating ZnSe, GaN!
with different material constants, where the characteri
breakpoints will be observed at other values of the app
field.
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