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Theory of the non-steady-state photoelectromotive force for a two-level model of a photoconducto
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The excitation of the non-steady-state photoelectromotive force is considered for the model of semiconduc-
tor with two impurity levels from which photocarriers are generated. The general expressions for complex
amplitudes of photocurrent and electric field are obtained. We analyze the dependencies of photoelectromotive
force signal amplitude on temporal and spatial frequencies for the sillenite-type crystals and present a possible
way for determination of real photoelectric parameters~the lifetime of carriers, their mobility, and average
diffusion length!.
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I. INTRODUCTION

Photorefractive sillenites Bi12Si(Ge,Ti)O20 are promising
materials for optical signal processing due to their h
sensitivity.1 Large electrooptic coefficient allows an easy o
servation of the internal electric field. Shallow traps pl
significant role in the process of hologram formation. R
cording and erasing processes have several time constan2,3

Many attempts have been started in order to determine
charge-carrier mobility, which is among the most importa
parameters of the light-induced charge transport. For ph
refractive sillenites electron mobility values measured
various techniques from 5.231029 to 3.431024

m2 V21 s21 have been reported.4–8 This scattering of the
data is usually attributed to the influence of shallow tra
which reduce the average velocity of excited carriers.

The effect of non-steady-state photoelectromotive fo
~photo-EMF! is the holographic related phenomenon and
influence of shallow traps on the photocurrent generation
photorefractive sillenites grown in an oxygen-free atm
sphere has already been revealed.9 The non-steady-stat
photo-EMF is observed as an alternating electrical curr
flowing through the short-circuited photoconductive sam
illuminated by an oscillating light pattern.10 This photocur-
rent is resulted from periodic modulation of the spatial sh
between the sinusoidal distribution of photoconductivi
which follows movements of the recording interference p
tern, and that of the stationary space-charge electric fi
The dependencies of the photocurrent on spatial and tem
ral frequencies allow the determination of important pho
electric parameters such as the sign of carriers, their ave
diffusion length, and lifetime, the Debye screening leng
and the photoconductivity of the crystal.10,11

In this paper we analyze the effect of non-steady-s
photo-EMF for the model of photoconductor with a shallo
level and consider application of this method for determi
tion of material parameters. In Sec. II, we present the gen
expressions for the electric field and non-steady-state ph
current amplitudes obtained for the small contrastm of the
interference pattern (m!1) and small amplitude of phas
modulation (D!1). In Sec. III, we apply the solution fo
low illumination intensities when the shallow level is fille
PRB 620163-1829/2000/62~11!/7186~9!/$15.00
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slightly, and in Sec. IV we consider the situation of stro
filling of shallow level.

II. ELECTRIC FIELD AND PHOTOCURRENT
AMPLITUDES

This section presents calculations of the non-steady-s
photo-EMF amplitude for the simplest two-level model
semiconductor with electron photoconductivity. Photoca
ers are excited from the deep donor levels~with the total
densityND) and from the shallow levels~with the total den-
sity MT) @Fig. 1~a!#. The deep donors are ionized by ligh
radiation only, for the shallow traps both the light and the
mal mechanisms of activation are possible. The shallow le
is assumed to be empty in the dark and the deep donor l
is partially filled ~with the density of vacant statesNA). The
balance equations for this model can be written as follow12

]N

]t
5SDI ~ND2NA2N!2gDn~NA1N!, ~1!

]M

]t
52~b1STI !M1gTn~MT2M !. ~2!

HereN is the density of deep centers emptied by light (ND
1

5NA1N is the total concentration of ionized donors!, M is
the density of shallow centers filled with electrons,n is the
density of free electrons,SD andST are the light excitation

FIG. 1. The model of a photoconductor with shallow level~a!
and the conventional scheme of holographic photocurrent meas
ments~b!.
7186 ©2000 The American Physical Society
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PRB 62 7187THEORY OF THE NON-STEADY-STATE . . .
cross sections for deep and shallow levels,b is the thermal
excitation rate from shallow level,gD andgT are the recom-
bination constants for deep and shallow traps, respectiveI
is the light intensity.

For calculation of photocurrent amplitude kinetic Eqs.~1!,
and ~2! should be added by the continuity and Poisso
equations and by the expression for the current density:

]

]t
~N2M2n!1

1

e
div j50, ~3!

div E5
e

ee0
~N2M2n!, ~4!

j5emnE1eD gradn. ~5!

Here j is the current density,E is the electric field,m is the
electron mobility,D5(kBT/e)m is the diffusion coefficient,
e is the dielectric constant of the medium,e0 is the permit-
tivity of free space,e is the electron charge.

Let us consider the excitation of the non-steady-st
photo-EMF with an oscillating interference pattern form
by two coherent plane waves one of which is phase mo
lated with frequencyv and amplitudeD @Fig. 1~b!#:

I ~x,t !5I 0$11m cos@Kx1D cos~vt !#%. ~6!
n-

io
,

s

e

u-

HereI 0 is the average light intensity,m is the contrast, andK
is the spatial frequency of the interference pattern.10 For
small contrast of the interference patternm and small ampli-
tude of phase modulationD (m!1,D!1) the intensity dis-
tribution ~6! can be written as13

I ~x,t !5I 01I 10 exp~ iKx !1I 20 exp~2 iKx !1I 11

3exp@ i ~Kx1vt !#1I 12 exp@ i ~Kx2vt !#1I 21

3exp@ i ~2Kx1vt !#1I 22 exp@ i ~2Kx2vt !#,

~7!

where

I 105I 205
m

2
I 0 ,

I 115I 1252I 2152I 225
imD

4
I 0 . ~8!

We shall look for the solution of Eqs.~1!–~5! in the form of
identical decompositions forN(x,t), M (x,t), n(x,t), E(x,t)
as it was done for the intensity distribution. All the necess
complex amplitudes forN, M, n, andE have been found and
the most important of them can be written as follows:
n605
m

2

SDI 0~ND2NA2N0!TD1STI 0M0TT

11TD /tD1TT /tT1tMDK2
, ~9!

n615
6 imD

4

SDI 0~ND2NA2N0!TD /~11 ivTD!1STI 0M0TT /~11 ivTT!

11TD /@tD~11 ivTD!#1TT /@tT~11 ivTT!#1tMDK2/~11 ivtM !
, ~10!

E605
7 imEd

2n0

SDI 0~ND2NA2N0!TD1STI 0M0TT

11TD /tD1TT /tT1tMDK2
, ~11!

E615
mDEd

4n0

SDI 0~ND2NA2N0!TD /~11 ivTD!1STI 0M0TT /~11 ivTT!

$11TD /@tD~11 ivTD!#1TT /@tT~11 ivTT!#%~11 ivtM !1tMDK2
. ~12!
and
tric
ve

ple

ode

-
r-
g

HereN0 , M0 , n0 are the stationary and spatial uniform co
centrations, Ed5(kBT/e)K is the diffusion field, tM
5ee0 /s0 is the Maxwell relaxation time,s05emn0 is the
average photoconductivity,

TD5~SDI 01gDn0!21,

TT5~b1STI 01gTn0!21 ~13!

are the inverse values of the sum of the generation and
recombination rates for deep and shallow levels,14

tD5@gD~NA1N0!#21,

tT5@gT~MT2M0!#21 ~14!
n

are the recombination times of the electrons to the deep
shallow traps. Note that the obtained relation for the elec
field ~12! can also be useful for the analysis of two-wa
mixing in photorefractive materials.1

The total photocurrent through the short-circuited sam
~for cyclic boundary conditions! is defined by the drift com-
ponent of current density averaged over the interelectr
spacingL:10

j ~ t !5
1

LE0

L

emn~x,t !E~x,t !dx. ~15!

As follows from Eq. ~15! the contribution to the first har
monic ~with frequencyv) of the non-steady-state photocu
rent density amplitude is produced only by the followin
combination of coefficients:
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j v52em~n11E201n21E101n10E211n20E11!. ~16!

Finally, for the complex amplitude of the current density we obtain the following expression:

j v52
m2Ds0EdivtM

2n0
2

SDI 0~ND2NA2N0!TD1STI 0M0TT

11TD /tD1TT /tT1tMDK2

3
SDI 0~ND2NA2N0!TD /~11 ivTD!1STI 0M0TT /~11 ivTT!

$11TD /@tD~11 ivTD!#1TT /@tT~11 ivTT!#%~11 ivtM !1tMDK2
. ~17!
ric
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It is important to point out that all expressions for the elect
field and photocurrent amplitude were obtained with the o
approximation of small contrastm and amplitude of phase
modulationD ~no assumptions were made about the oc
pancy of the deep and shallow levels and the prevalenc
any activation mechanism for the shallow level!.

III. LOW INTENSITY APPROXIMATION

A. Stationary photoconductivity of the crystal

The expression for the complex amplitude of the pho
EMF @Eq. ~17!# contains stationary and spatially unifor
concentrationsN0 , M0, and n0 that appear in the sampl
under uniform illumination with the average intensityI 0. The
valuesN0 , M0, andn0 are calculated from Eqs.~1! and ~2!
and the neutrality condition:

N05M01n0 . ~18!

In this section we consider the situation of low illumin
tion levels, i.e., slight filling of the shallow level:

M0!MT . ~19!

The strong filling of the shallow level makes the effecti
mobility and lifetime tend to their real values,15 this situation
is considered separately in Sec. IV.

The simplest solution of Eqs.~1!, ~2!, and ~18! can be
obtained in the case of linear generation from the deep le

N0!ND2NA ~20!

and predominance of the thermal activation of shallow tr
under light excitation

STI 0!b. ~21!

The assumption~20! means that we neglect light-induce
changes in absorption.12 If conditions~19!–~21! are satisfied
the concentrationsN0 , n0 equal

N05ANA
2

4
1

SDI 0~ND2NA!

gD
S 11

MT

NCM
D2

NA

2
, ~22!

n05
N0

~11MT /NCM!
, ~23!

where

NCM5b/gT5NC exp@2ET /~kBT!# ~24!
y

-
of

-

el

s

is the effective density of states in the conduction band c
culated with respect to the energy position of shallow trap15

NC is the effective density of states in the conduction ba
ET is the energy depth of the shallow level,kB is the Boltz-
mann constant,T is the absolute temperature.

The concepts of real and effective photoelectric para
eters were considered elsewhere.2,15 For the considered
model, the relation between effective and real parameter
the following:

m/m85gD /gD8 5~11MT /NCM!. ~25!

This expression denotes that all the values containingN0
~e.g., Debye screening lengthLS), mn0 product~e.g., average
photoconductivitys0) and mgD

21 product ~e.g., diffusion
length LD) can be written using either real or effective p
rameters.

There are two significant types of intensity dependenc
of n0 andND

1 ~and as a consequence, photoconductivity, a
effective lifetime of carriers!. If the intensity of the incident
radiation is small enough, so thatN0!NA , the effective life-
time t85(gD8 ND

1)21 is independent on light intensity an
photoconductivity is the linear function of light intensit
(s0}I 0). For the opposite situation, i.e., forN0@NA ~the
case of quadratic recombination!, the quantitiess0 and t8
depend on the intensity as:s0 ,1/t8}I 0

0.5.

B. Frequency transfer function of the photo-EMF

As seen the general expression~17! is rather complicated
for further analysis, so we shall consider the frequency tra
fer function of the photo-EMF under certain simplifying a
sumptions. Three of them, i.e., Eqs.~19!–~21!, were made
when we calculated the spatially uniform concentratio
The fourth condition can be written as follows:

STM0!SD~ND2NA!. ~26!

This is the case when the light excitation of free carrie
from the deep level is more effective than the light excitati
from the shallow one. Another condition can be written a

bTD@1. ~27!

This condition states that the number of free carriers exc
from the shallow level during characteristic timeTD is larger
than the number of carriers captured at this level@for ND
@NA1N0 the valueTD is nearly equal to the lifetime o



p

ife

s

-

p
r
n

e
ard

e
all

ns,
tput

e-

o

-

lting
se

tter
e

pli-

ase

PRB 62 7189THEORY OF THE NON-STEADY-STATE . . .
ionized deep level, i.e.,TD'(gDn0)21#. Under these simpli-
fying assumptions the expression for the photocurrent am
tude is the following:

j v5
20.5m2Ds0Ed~11Q1K2LS

2!21ivtM

11Q1K2LS
22v2tMt81 iv@t81tM~11Q1K2LD

2 !#
.

~28!

Here

LD5AmtDkBT/e ~29!

is the average diffusion length of photocarriers~correspond-
ing to deep traps!,

t85t8~v!5tDS 11
MT /NCM

11 ivb21D ~30!

is complex and frequency-dependent effective electron l
time,

LS5A ee0kBT

e2~NA1N0!~12NA /ND!
~31!

is the Debye screening length,12,13

Q5@~11NA /N0!~12NA /ND!#21 ~32!

is the dimensionless parameter (0,Q,1). This parameter
characterizes the type of captures to the deep level:Q!1 for
linear recombination (N0!NA ,s0}I 0) andQ tends to 1 for
quadratic recombination (N0@NA ,s0}I 0

0.5).
For the numerical calculations of the photo-EMF we u

the following parameters:1,2,8,16

ND5131025 m23, NA50.9531022 m23,

MT51020– 1021 m23, m53.431024 m2 V21 s21,

SD51.0631025 m2 J21, b215231027 s,

gD8 51.65310217 m3 s21, tT5431029 s. ~33!

Conditions~19!–~21!, ~26!, and~27! are satisfied for moder
ate light intensitiesI 050233104 W/m2. It is useful to
write the values contained in Eq.~28! and calculated forI 0
5104 W/m2:

tD51.331027 s, t8~0!56.431026 s,

tM56.931025 s, TD59.031023 s,

TT52.031027 s, LD51.031026 m,

LS59.131028 m, Q57.131024. ~34!

Note thatTT5b21 if assumptions~19! and ~21! take place.
As seen conditionstT!b21;tD!t8(0)!tM!TD , LS
!LD , Q!1 are satisfied.

The frequency dependencies of the photocurrent am
tude and its phase are shown in Figs. 2 and 3. The cu
u j v(v)u has one growing, two frequency independent, a
two decreasing regions.
li-

-

e

li-
ve
d

The linear growth at low frequencies following by th
frequency independent region has the stand
explanation.10,13 For low oscillation frequenciesv both the
photoconductivity and electric-field gratings follow th
movements of the interference pattern. This results in a sm
value of periodical spatial shifts between these distributio
and as a consequence, in a small amplitude of the ou
electrical signal.

In order to clarify this situation let us consider the fr
quency dependencies of complex amplitudesn20, n11,
E20, E11 ~Fig. 4! and estimate their relative contribution t
the total current~16!. As seen from Figs. 4~a! and ~b! for
v!v1 the following relation between corresponding com
plex amplitudesn20, n11, E20, E11 is valid: un11E20u
'un20E11u ~or un20/n11u'uE20/E11u). However, the
phases of productsn11E20 andn20E11 are opposite@Fig.
4~c!# and these components compensate each other resu
in a small photocurrent amplitude. If the frequency of pha
modulation is increased the oscillation amplitudesn11 and
E11 become smaller with the faster decrease of the la
component@Figs. 4~a! and ~b!#. Besides an additional phas
shift appears between them@Fig. 4~c!#. Finally we have
n11E201n20E11}2 ivtM for v,v1. The first cutoff
frequencyv1 is defined as

FIG. 2. The theoretical dependence of the photocurrent am
tude j v versus frequency of phase modulationv (I 0

5104 W/m2, K5106 m21, m50.2,D50.1).

FIG. 3. The frequency dependence of the photocurrent ph
(I 05104 W/m2, K5106 m21, m50.2,D50.1).
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v1'
11Q1K2LS

2

t8~0!1tM~11Q1K2LD
2 !

. ~35!

For the ‘‘relaxation type’’ photoconductor@t8(0)!tM#
and for oscillation frequenciesv.tM

21 the electric-field grat-
ing can be considered as ‘‘frozen in’’~i.e., un11E20u
.un20E11u), the amplitude of the photocurrent reaches
maximumu j vu}un11E20u and becomes frequency indepe
dent up to the second characteristic frequencyv2 @Figs. 2
and 4~a!#:

v2'
1

tM
1

11Q1K2LD
2

t8~0!
1

11Q1K2LS
2

t8~0!1tM~11Q1K2LD
2 !

.

~36!

In the ‘‘lifetime’’ regime @t8(0)@tM# relation
un11E20u'un20E11u maintain for v,v2'tM

21 and de-
pendencen11E201n20E11}2 ivtM is expected but both
complex amplitudesn11 and E11 decrease as 1/v for v
.v1't8(0)21 giving a plateau betweenv1 andv2.

FIG. 4. Amplitudes of electron concentration~a!, electric field
~b!, and their phases~c! versus frequency of phase modulatio
v (I 05104 W/m2, K5106 m21, m50.2,D50.1).
s

The photocurrent amplitude for the first plateau for bo
‘‘relaxation’’ and ‘‘lifetime’’ regimes can be written as fol-
lows:

j 1'
20.5m2Ds0Ed~11Q1K2LS

2!21

11Q1t8~0!/tM1K2LD
2

. ~37!

The photo-EMF signal peaks at modulation frequency eq
to

vm1'A11Q1K2LS
2

tMt8~0!
. ~38!

For high excitation frequenciesv.v2 the photocurrent
amplitude falls down because of corresponding decreas
the photoconductivity grating amplituden11 @Fig. 4~a!#.
There are two regions on the frequency dependence of p
tocurrent where the signal amplitude decreases inversely
portional to the frequency of phase modulation (}1/v). This
behavior is associated with the frequency dependence o
effective electron lifetimet8. As seen from Eq.~30! there are
two frequency regions where the effective lifetimet8 is real
and frequency independent:

t8't8~0!5tD~11MT /NCM! ~39!

for excitation frequencies much smaller than the thermal
citation rate from the shallow level (v!b) and

t8'tD ~40!

for high excitation frequenciesv@tT
21 . The parameter

t8(0) was introduced earlier in Ref. 15 as a time const
describing the process of photoconductivity relaxation
semiconductor with shallow traps. When the crystal is il
minated with square modulated light the photocurrent pu
response has two characteristic regions: fast and slow.15 The
fast part starts immediately after illumination is switched
and associated with the process of establishment of the
equilibrium between the shallow level and conduction ba
The second~slow! region is observed under quasi stead
state condition and has characteristic timet8(0).

The frequency dependence of the photo-EMF signal
v.b, as seen from Fig. 2, has another frequency indep
dent region lying between two characteristic frequenci
The first one is equal to

v3'b ~41!

and the second one~for b@tM
21) can be written as

v4'
11Q1K2LD

2

tD
1

1

tT
. ~42!

One can see that the expressions forv2 andv4 have similar
forms for the case of ‘‘relaxation-type’’ photoconducto
@t8(0)!tM#, linear photoconductivity (Q!1), and low
spatial frequencies (KLD,1). The second cutoff frequenc
v2 equals the inverse relaxation time of photoconductivi
i.e., v2't8(0)21, whereas the fourth onev4 equals the in-
verse actual lifetime of electrons in the conduction band, i
v4'tD

211tT
21 .
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The photocurrent amplitude in the frequency rangev3
,v,v4 can be written as

j 2'
20.5m2Ds0Ed~11Q1K2LS

2!21

11Q1tD /tM1tD /tT1K2LD
2

. ~43!

The existence of such a plateau on the frequency tran
functions of the photo-EMF~Fig. 2! and photoconductivity
@Fig. 4~a!# can be explained as follows: the analysis of t
effect shows that photocurrent signal is proportional
(vt8)21 for modulation frequenciesv.v2. In the fre-
quency rangeb,v,tT

21 the value ut8u depends on fre-
quency asv21 @see Eq.~30!# so the photocurrent and pho
toconductivity amplitudes remain approximately const
here.

The frequency dependencies of complex amplitudesN
andM are shown in Fig. 5. As seen dependenciesuM 11(v)u
and un11(v)u are similar in the frequency rangev,v3 ~in
fact, M 11'n11TT /tT). It means that space charge wav
en11exp(iKx1ivt) and eM11exp(iKx1ivt) are summed
for these frequencies and this sum can be considered a
effective wave of space charge traveling in the conduct
band of the crystal characterized with the effective para
etersm8, gD8 . For frequenciesv.v4 we haven11'N11.

For the frequency rangev!b we can use the results ob
tained before, since expression~28! with t85t8(0) has the
form similar to Eq.~19! in Ref. 13. There are still, howeve
minor differences associated with definition ofLS and Q.
The photo-EMF signal in this frequency range can be ch
acterized by maximum amplitudej 1 and corresponding cut
off frequenciesv1 , v2.13 At these frequencies the photocu
rent amplitude decreases by a factor of 1/A2 ~Fig. 2! and its
phase equals to23p/4 and 3p/4 ~Fig. 3!.

The maximum amplitudej 1 and the cutoff frequencie
v1 , v2 are the values of interest since having been meas
they allow to estimate the Maxwell relaxation timetM , ef-
fective lifetimet8(0), diffusion lengthLD , parameterQ and
the effective mobility m85eLD

2 /@kBTt8(0)#. Parameters
tM , t8(0), LD can be obtained from the spatial frequen
dependencies of characteristic frequenciesv1(K) and
v2(K). For the case of ‘‘relaxation-type’’ photoconducto
@t8(0)!tM#, linear photoconductivity (Q!1) and low spa-
tial frequencies (KLD ,KLS,1) we have v1'tM

21 , v2

't8(0)21, and at spatial frequencyK5LD
21 these cutoff

FIG. 5. Amplitudes of densitiesN and M versus frequency of
phase modulation v (I 05104 W/m2, K5106 m21, m50.2,D
50.1).
er

t

an
n
-

r-

ed

frequencies change by a factor of 2:v1(K5LD
21)

50.5v1(K'0), v2(K5LD
21)52v2(K'0). The value of

diffusion lengthLD can be also directly estimated from th
dependencej 1(K) ~this topic is considered in Sec. III C!. As
it follows from Eqs.~13!, ~14!, ~23!, ~32!, and~39! the value
Q can be expressed as the following ratio:Q5t8(0)/TD .
So, if the photoconductivitys0 depends on light intensity a
s0(I 0)}I 0

x ~in the finite region nearI 0) then Q(I 0)51/x
21. This means thatQ(I 0) can be estimated from the inten
sity dependencev1(I 0) measured for low spatial frequenc
(KLD ,KLS,1) in the crystal witht8(0)!tM . Intensity de-
pendencev2(I 0) can provide information aboutQ as well.
Finally, for crystal with t8(0)!tM and low spatial fre-
quency (KLD,1) the valueQ can be estimated as follows
Q(I 0)5@v2(I 0)2v2(0)#/@v2(I 0)1v2(0)#.

As seen from Figs. 2, 3, and Eq.~41! there is a possibility
for the experimental measurement of the thermal excita
rate from the shallow levelb: at frequencyv5b the photo-
current equalsu j vu5A2u j 2u and its phase is 3p/4. Further-
more, from the measured values of corresponding cutoff
quenciesv3 , v4 and using Eqs.~24!, ~39!, ~41!, and ~42!
one can easily estimate the value of the electron lifetime w
respect to the deep donor level

tD'@11Q1K2LD
2 1v3t8~0!#/~v31v4! ~44!

and the lifetime of electrons in the conduction band

t5~tD
211tT

21!215@v42~Q1K2LD
2 !/tD#21. ~45!

Besides that, from the estimated values of the diffus
length LD and lifetime tD , we can easily obtain the rea
~band! mobility of photocarriers:m5eLD

2 /@kBTtD#.

C. Spatial frequency dependence of the photo-EMF

Let us analyze Eq.~28! for ‘‘relaxation-type’’ photocon-
ductor @t8(0)!tM#, for the case of linear recombinatio
(Q!1) and for low-frequency rangev!b. The most inter-
esting dependenciesj v(K) are those obtained forv!v1 and
for v5vm1 @i.e., j 1(K)#.

In the frequency rangev!v1 the signal amplitude can b
written as

j v~K !}K~11K2LS
2!22. ~46!

The signal amplitude grows linearly versus spatial freque
for KLS,1/A3 ~Fig. 6, line c! which is due to increase o
diffusion field amplitudeEd and decreases as;K23 for
KLS.1/A3, behavior corresponding to saturation of de
traps. The maximum on this dependence is observed foK
5(A3LS)21.

For v5vm1 as seen from Eq.~37! we have the following
expression for the signal amplitude

j v~K !}K~11K2LS
2!21~11K2LD

2 !21. ~47!

In photorefractive sillenite crystals the value of the diffusi
length of electrons is usually larger than the Debye screen
length, i.e.,LD.LS . In this case the decrease of the sign
amplitude as;K21 @see dependencej 1(K) in Fig. 6, line a#
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is due to smoothing of electron density distribution in t
conduction band. The photocurrent amplitude peaks at
tial frequencyK'LD

21 .10

Let us analyze the spatial frequency dependencej 2(K) of
the photo-EMF signal for high excitation frequenciesv3
,v,v4. ForQ!1, tD!t8(0)!tM Eq. ~43! can be written
in the following form:

j v~K !}K~11K2LS
2!21~11K2L2!21. ~48!

Here L5AmtkBT/e is the actual diffusion length of elec
trons. If the conditionL.LS is satisfied the maximum on
this dependence is observed atK'L21 ~Fig. 6, line b!. This
means that real parameters can be determined from the
tial frequency dependence of the photo-EMF signal m
sured in the frequency rangev3,v,v4. Such practical es-
timation of real diffusion length for sillenites may b
complicated because of approachingL to LS @for the chosen
material parameters~33! L51.831027 m and LS59.1
31028 m].

D. Intensity dependence of the non-steady-state photo-EMF

Let us first consider the intensity dependencies of the p
tocurrent amplitude and corresponding cutoff frequencies
low illumination levels. The shallow level is almost empty
this case@see Eq.~19!# and all intensity dependencies of th
effect are determined by behavior of the deep level. It f
lows from the fact that the intensity dependencies of val
n0 , s0 , tM , tD , t8(0), LD , LS , Q are expressed via th
intensity dependence of the densityN0 @see Eqs.~14!, ~23!,
and ~29!–~32!#. The dependenceN0(I 0) ~22! in its turn is
almost identical to the analogous dependence for the s
dard model of semiconductor with one deep level.13 The dif-
ference is described by the presence of the intensity inde
dent factor (11MT /NCM) and can be eliminated by usin
effective parametergD8 ~25!.

For the case of linear recombination of photocarri
(N0!NA) and for t8(0)!tM corresponding valuesj 1 , j 2

FIG. 6. The dependence of the photocurrent amplitudej v on
spatial frequencyK calculated for characteristic temporal freque
cies: ~a! v1,v,v2 @Eq. ~37!#, ~b! v3,v,v4 @Eq. ~43!#, ~c! v
!v1 @Eq. ~28!# for v/2p52 Hz; I 05104 W/m2, m50.2, D
50.1.
a-

pa-
-

o-
r

-
s

n-

n-

s

and v1 @Eqs. ~37!, ~43!, and ~35!# are proportional to the
average light intensityI 0, other quantities, i.e.,v2 , v3 , v4
@Eqs.~36!, ~41!, and~42!#, are intensity independent. It fol
lows from the linear character of the photoconductivitytM

21

}s0}I 0 and intensity independence of the other mate
parameters:t8(0),tD ,tT ,LD ,LS ,Q'const(I 0).

The situation of quadratic recombination (N0@NA) and
for t8(0);tM is more complicated: all values exceptv3 are
intensity dependent. This peculiarity appears due to the
tensity dependencies of the material paramete
s0 ,tM

21 ,tD
21 ,t8(0)21,LD

22 ,LS
22}I 0

0.5. For low spatial fre-
quencies (KLD ,KLS,1) we havej 1 ,v1 ,v2}I 0

0.5, the char-
acter of dependenciesj 2(I 0), v4(I 0) can vary according to
the relation betweentD and tT . For the sillenite crystals
sublinear photoconductivity dependence is observed,17 tT
!tD @tT5431029 s,1 tD;(3 –160)31026 s# and hence
j 2}I 0 , v4'const(I 0). The valuetD is calculated using Eq
~39! and experimental estimations of the photoconductiv
relaxation timet8(0)5(0.15–8)31023 s obtained for the
sillenite crystals grown in an oxygen-free atmosphere.9,17

IV. STRONG FILLING OF SHALLOW LEVEL

A. Stationary photoconductivity of the crystal

Let us consider the signal dependence for the case of
ficient filling of the shallow level. In order to perform nu
merical calculations of photovoltage we have to estimate
tionary and spatially uniform densitiesN0 , M0, andn0. Let
us assume that the conditions of linear generation~20! and
linear recombination

N0!NA ~49!

are satisfied for the deep level. Then the necessary con
trations are easily calculated from Eqs.~1!, ~2!, and~18! and
equal to

n05SDI 0~ND2NA!/~gDNA!, ~50!

M05
MT

11~b1STI 0!/~gTn0!
, ~51!

and the quantityN0 is defined as their sum~18!. As seen
from Eq. ~50! the concentration of electrons in the condu
tion band~average photoconductivity! is proportional to the
light intensity while M0 tends to the finite value for high
light intensity @compare to Eq.~15! in Ref. 12#:

M`5 lim
I 0→`

M05
MT

11@STNAgD#/@SD~ND2NA!gT#
.

~52!

For the case

SD~ND2NA!/STMT@gDNA /gTMT ~53!

this value is close to the total density of shallow trapsMT ,
so the strong filling of shallow level is possible for high lig
intensities.
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B. Effect of photo-EMF for high light intensity

In this section we analyze the effect of photo-EMF f
high light intensity when the shallow level is filled substa
tially:

M0'MT . ~54!

For arbitrary material parameters and occupancy degree
both levels one should use the general expression@Eq. ~17!#
to calculate the photocurrent amplitude. Here we shall c
f

of

-

sider two interesting situations when Eq.~17! reduces to the
form similar to the one-level model approximation.

Let us assume that the light excitation from the deep le
strongly exceeds the light excitation from the shallow o
@Eqs.~26! and ~53!#. In this case the shallow level is pract
cally totally filled with electrons. For this reason we ca
neglect in Eq.~17! all terms containing parameters of sha
low traps and we obtain the standard expression for ph
current amplitude:
s.

s

j v5
20.5m2Ds0Ed~11Q1K2LS

2!21ivtM

11Q1K2LS
22v2tMtD1 iv@tD1tM~11Q1K2LD

2 !#
. ~55!

HereQ is given by

Q5n0 /@~NA1N0!~12NA /ND!#. ~56!

Equation~55! is identical to the photocurrent amplitude calculated for one-level model of semiconductor.13 In this case,
however, investigation of frequency transfer functionj v(v) and dependencej v(K) can provide estimations of real~but not
effective! valuestD , LD andm.

We have estimated the minimal light intensity needed for sufficient filling of shallow level so that Eq.~55! is the conse-
quence of common expression~17! in whole frequency range:I 0;33106 W/m2 ~this estimation was obtained using Eq
~18!, ~50!, and~51! for stationary concentrations, material parameters~33! and assumingMT5131020 m23, ST50). For this
intensity the shallow level is filled by 95%.

Let us consider the situation when significant light generation of electrons from the shallow level takes place:

STM0;SD~ND2NA!. ~57!

If gTMT@gDNA the shallow level is practically filled for high light intensities@see Eq.~52!# and we can neglect the item
containingtT in Eq. ~17!. The expression for the complex amplitude of photo-EMF can be written then as follows:

jv5
20.5m2Ds0Ed~11Q1K2LS

2!21ivtMA~0!A~v!

11Q1K2LS
22v2tMtD1 iv@tD1tM~11Q1K2LD

2 !#
, ~58!
or
where

A~v!511
STM0TT

SD~ND2NA!TD

11 ivTD

11 ivTT
. ~59!

The frequency transfer function described by Eqs.~58! and
~59! is presented in Fig. 7~curves b and c!. The calculations
were performed using Eqs.~18!, ~50!, and~51! for stationary
concentrations and material parameters~33!. We also as-
sumed thatMT5131020 m23, ST510 m2 J21 @choosing
suchST we satisfy condition~57!#. The characteristic cutof
frequencies are given by the following expressions:

v1'
11Q1K2LS

2

tD1tM~11Q1K2LD
2 !

, ~60!

v2'
1

TT@11STM0 /SD~ND2NA!#
, ~61!

v3'
1

TT1tD /~11Q1tD /tM1K2LD
2 !

, ~62!
-

FIG. 7. The frequency transfer function of the photo-EMF f
different light intensities I 0533103, 33105, 33107 W/m2

~curves ~a!, ~b!, and ~c!, respectively!. The calculations are per
formed using Eq.~17! for K56.33106 m21, m50.2, D50.1.
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v4'
1

tM
1

11Q1K2LD
2

tD
1

1

TT

1
1

TT1tD /~11Q1tD /tM1K2LD
2 !

. ~63!

Calculatingv2 , v3 , v4 we have supposedTT!tD1tM(1
1Q1K2LD

2 ). For the considered range of light intensiti
I 0502108 W/m2 the following relation is satisfied:tM
>30TT . The amplitude of the photo-EMF signal for the fr
quency rangev3,v,v4 can be written as

j 2'
20.5m2Ds0EdA~0!@11STM0 /SD~ND2NA!#

~11Q1K2LS
2!~11Q1tD /tM1tD /TT1K2LD

2 !
.

~64!

For low frequencies of phase modulation (v,v2) the
effect of photo-EMF is described by standard express
~55! since A(0)'1. As seen from Fig. 7 the presence
shallow traps reveals itself only for high excitation freque
cies (v.v2). In contrast to the low intensity approximatio
@M0!MT , STM0!SD(ND2NA)# the influence of the shal
low level for the case of high light intensities@M0
'MT , STM0;SD(ND2NA)# leads to the increase of pho
tocurrent at high frequencies of phase modulation~compare
Figs. 2 and 7!.

This fact can be explained as follows: when the shall
level is filled slightly it play a role of an electron reservo
leading to the increase of the photoconductivity relaxat
e

.

n

-

n

time and reducing the effective electron mobility. Howev
when this level is filled strongly the characteristic timetD
tends to its actual value@see Eqs.~55! and ~58!# and suffi-
cient light generation from this level leads to photocurre
increase with respect to standard estimation of Eq.~55!.

V. CONCLUSION

To summarize, we have analyzed the influence of shal
traps on the effect of non-steady-state photo-EMF. We h
derived the general expression for amplitude of the photoc
rent for apparent filling degrees of deep and shallow lev
We analyze the photocurrent behavior with respect to te
poral and spatial frequencies and discuss the case of
illumination levels. The general calculations were perform
for the crystal’s parameters typical for photorefracti
Bi12SiO20.

We believe that influence of shallow traps is not restric
to considered cases. The effect of non-steady-state ph
EMF in other photoconductive crystals~e.g., semi-insulating
GaAs! with different material constants, may reveal pec
liarities at other characteristic temporal and spatial frequ
cies.
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