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Theory of the non-steady-state photoelectromotive force for a two-level model of a photoconductor
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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 parametéhe lifetime of carriers, their mobility, and average
diffusion length.

[. INTRODUCTION slightly, and in Sec. IV we consider the situation of strong
filling of shallow level.
Photorefractive sillenites BiSi(Ge, Ti) Qg are promising
mate_ri_a!s 1for optical signa! proce_sging due to their high Il. ELECTRIC FIELD AND PHOTOCURRENT
sen5|t|y|ty. Large _electroopt|c cqefﬂ_ment allows an easy ob- AMPLITUDES
servation of the internal electric field. Shallow traps play
significant role in the process of hologram formation. Re- This section presents calculations of the non-steady-state
cording and erasing processes have several time conétantsphoto-EMF amplitude for the simplest two-level model of
Many attempts have been started in order to determine thgemiconductor with electron photoconductivity. Photocarri-
charge-carrier mobility, which is among the most importanters are excited from the deep donor levelsth the total
parameters of the light-induced charge transport. For photadensityNp) and from the shallow levelevith the total den-
refractive sillenites electron mobility values measured bysity M1) [Fig. 1(@)]. The deep donors are ionized by light
various techniques from 5210 ° to 3.4x10 % radiation only, for the shallow traps both the light and ther-
m?V~1s ! have been reportétt® This scattering of the mal mechanisms of activation are possible. The shallow level
data is usually attributed to the influence of shallow trapss assumed to be empty in the dark and the deep donor level
which reduce the average velocity of excited carriers. is partially filled (with the density of vacant staté,). The
The effect of non-steady-state photoelectromotive forcéalance equations for this model can be written as follws:

(photo-EMBH is the holographic related phenomenon and the
influence of shallow traps on the photocurrent generation in N
photorefractive sillenites grown in an oxygen-free atmo- E:SDI(ND_NA_ N) = ypn(Na+N), )
sphere has already been revedle@ihe non-steady-state
photo-EMF is observed as an alternating electrical current
flowing through the short-circuited photoconductive sample IM
illuminated by an oscillating light pattefl. This photocur- St~ (B+S IM+yn(Mr—M). @
rent is resulted from periodic modulation of the spatial shift
bet.ween the sinusoidal distribution of photoconductivity,HereN is the density of deep centers emptied by IigNg(
which follows movements'of the recording mterferenc;e pat-_ N+ N is the total concentration of ionized donprd is
tern, and that of the stationary space-charge electric fieldne gensity of shallow centers filled with electronsis the

The dependencies of the photocurrent on spatial and tmpeg ity of free electronsS, and Sy are the light excitation
ral frequencies allow the determination of important photo-

electric parameters such as the sign of carriers, their average
diffusion length, and lifetime, the Debye screening length
and the photoconductivity of the cryst&I!

In this paper we analyze the effect of non-steady-state
photo-EMF for the model of photoconductor with a shallow
level and consider application of this method for determina-
tion of material parameters. In Sec. I, we present the general
expressions for the electric field and non-steady-state photo-
current amplitudes obtained for the small contnasof the
interference patternng<1) and small amplitude of phase  FIG. 1. The model of a photoconductor with shallow leva@|
modulation A<1). In Sec. Ill, we apply the solution for and the conventional scheme of holographic photocurrent measure-
low illumination intensities when the shallow level is filled ments(b).
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cross sections for deep and shallow levgss the thermal Herel, is the average light intensityn is the contrast, and

excitation rate from shallow levely and y; are the recom- is the spatial frequency of the interference patf@rior

bination constants for deep and shallow traps, respectilely,small contrast of the interference pattenrand small ampli-

is the light intensity. tude of phase modulatioh (m<1,A<1) the intensity dis-
For calculation of photocurrent amplitude kinetic E€§,  tribution (6) can be written &S

and (2) should be added by the continuity and Poisson’s

equations and by the expression for the current density:  1(X,t)=1o+ 1" exp(iKx) +17%exp(—iKx)+1"*
P 1 Xexdi(Kx+ ot)]+17 " exgdi(Kx—ot)]+1~+
—(N=M—n)+ —div j=0, (3) ) o )
at e Xexgi(—Kx+ot)]+1~~ exdi(—Kx—wt)],
. e %
dIVE—E—EO(N—M—n), (4) where
j=eunE+eDgradn. (5) I*O—I*O—ml
Herej is the current densityk is the electric fieldu is the 2%
electron mobility,D = (kgT/e)u is the diffusion coefficient, )
€ is the dielectric constant of the mediumy, is the permit- 4ot e __:'mA ®)
tivity of free spaceg is the electron charge. 4 O

Let us consider the excitation of the non-steady-state ) .
photo-EMF with an oscillating interference pattern formedWe shall look for the solution of Eq¢1)—(5) in the form of
by two coherent plane waves one of which is phase moduidentical decompositions fa¥(x,t), M(x,t), n(x,t), E(x,t)

lated with frequency and amplitudeA [Fig. 1(b)]: as it was done for the intensity distribution. All the necessary
complex amplitudes foN, M, n, andE have been found and
[(x,t)=1g{1+mcog Kx+A cogwt)]}. (6) the most important of them can be written as follows:
|
+o_M Sol o(Np=Na—Ng)Tp+SrloMoTr

n

: 9
2 1+TD/TD+TT/TT+TMDK2

ni+:i|mA SDIO(ND_NA_NO)TD/(1+IwTD)+ST|OMOTT/(1+IwTT) (10)
4 1+Tp/[p(1+iTp) ]+ T/ [rm(1+ieTr) ]+ 7yDK (1+ioTy)

_ FimEq Splo(Np—Na—No) Tp+ SrloMo Ty
2n0 1+TD/TD+TT/TT+TMDK2

E-0 , (11)

Ei+_mAEd SDIO(ND_NA_NO)TD/(1+|wTD)+ST|0MOTT/(1+|‘UTT) (12)
4n0 {1+TD/[TD(1+IwTD)]+TT/[TT(1+IwTT)]}(1+IwTM)+TMDKZ

HereNg, Mg, ng are the stationary and spatial uniform con- are the recombination times of the electrons to the deep and
centrations, Eq=(kgT/€e)K is the diffusion field, 7y shallow traps. Note that the obtained relation for the electric
= €€yl oy is the Maxwell relaxation timeg,=eun, is the field (12) can also be useful for the analysis of two-wave

average photoconductivity, mixing in photorefractive materials.
The total photocurrent through the short-circuited sample
To=(Splo+ ¥oNo) 1, (for cyclic boundary conditionss defined by the drift com-
ponent of 0current density averaged over the interelectrode
_ spacingL:*
Tr=(B+Stlo+ yrno) ~* (13 pacing
are the inverse values of the sum of the generation and ion j(t)= EfLe,un(x,t)E(x,t)dx. (15)
recombination rates for deep and shallow lev8ls, LJo

As follows from Eg.(15) the contribution to the first har-
monic (with frequencyw) of the non-steady-state photocur-
rent density amplitude is produced only by the following
rr=[yr(Mt—Mg)]™* (14 combination of coefficients:

5=[¥p(Na+Ng)] ™%,



7188

M. A. BRYUSHININ AND I. A. SOKOLOV

PRB 62

9=

j=2eu(n"TE%4+n TETO+ntOE"t+nOETT), (16)
Finally, for the complex amplitude of the current density we obtain the following expression:
mM?AooEqi w7y Splo(Np—Na—Ng) Tp+StloMoTr
o2 14 Tp 7o+ Tyl 7r+ 7yDK2
Splo(Np—=NA—Ng) Tp/(1+iwTp) +SilgMoT+/(1+iwTy) 17)

{I+Tp/[p(L+ioTp) |+ T/[(ltioTy) M (1+tiory) + TMDKZI

It is important to point out that all expressions for the electricis the effective density of states in the conduction band cal-
field and photocurrent amplitude were obtained with the onlyculated with respect to the energy position of shallow tfaps,

approximation of small contragh and amplitude of phase

N¢ is the effective density of states in the conduction band,

modulationA (no assumptions were made about the occuEy is the energy depth of the shallow levk} is the Boltz-
pancy of the deep and shallow levels and the prevalence ahann constantT is the absolute temperature.

any activation mechanism for the shallow level

[ll. LOW INTENSITY APPROXIMATION

A. Stationary photoconductivity of the crystal

The expression for the complex amplitude of the photo-

EMF [Eq. (17)] contains stationary and spatially uniform
concentrationdNg, Mg, and ng that appear in the sample
under uniform illumination with the average intensity The
valuesNg,, Mg, andng are calculated from Eq$l) and (2)
and the neutrality condition:
N0:M0+n0. (18)

In this section we consider the situation of low illumina-

tion levels, i.e., slight filling of the shallow level:

Mo<Mr. (19

The concepts of real and effective photoelectric param-
eters were considered elsewhéfé.For the considered
model, the relation between effective and real parameters is
the following:
plp'=yplyp=(1+M1/Ney). (25)
This expression denotes that all the values contaimigg
(e.g., Debye screening lengdthk), wn, product(e.g., average
photoconductivity og) and ,uy51 product (e.g., diffusion
lengthLp) can be written using either real or effective pa-
rameters.

There are two significant types of intensity dependencies
of ng andN; (and as a consequence, photoconductivity, and
effective lifetime of carriers If the intensity of the incident
radiation is small enough, so thdy<<N,, the effective life-
time 7' =(y,Ng) 1 is independent on light intensity and
photoconductivity is the linear function of light intensity

The strong filling of the shallow level makes the effective (gyxI,). For the opposite situation, i.e., fdig>N, (the

mobility and lifetime tend to their real valuésthis situation
is considered separately in Sec. IV.
The simplest solution of Eqg1), (2), and (18) can be

obtained in the case of linear generation from the deep level

No<Np—Ngu (20)

and predominance of the thermal activation of shallow trap

under light excitation

Srlo<pB. (21)

The assumption20) means that we neglect light-induced
changes in absorptio.If conditions(19)—(21) are satisfied
the concentrationBl,, ny equal

NA SD|0<ND—NA>( MT) Na
No=\/— + 1+ — A (22
0 4 YD Ncwm 2 22
= No 23
"o T N N =
where
Ncw=B/yr=Ncexd —Er/(kgT)] (24

case of quadratic recombinatigrthe quantitiesoy and 7’
depend on the intensity asp,1/7" <15°.

B. Frequency transfer function of the photo-EMF

As seen the general expressidr) is rather complicated
for further analysis, so we shall consider the frequency trans-

%er function of the photo-EMF under certain simplifying as-

sumptions. Three of them, i.e., Eq49)—(21), were made
when we calculated the spatially uniform concentrations.
The fourth condition can be written as follows:

StM<Sp(Np—Na). (26)

This is the case when the light excitation of free carriers

from the deep level is more effective than the light excitation

from the shallow one. Another condition can be written as
BTp>1. (27

This condition states that the number of free carriers excited

from the shallow level during characteristic tiffig is larger

than the number of carriers captured at this leifel N
>N+ Ny the valueTp is nearly equal to the lifetime of
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ionized deep level, i.eTp~(ypno) 1]. Under these simpli-

fying assumptions the expression for the photocurrent ampli-

tude is the following:

—0.5Mm?A0pE4(1+ 0 +K2L2) liwTy,
C14+0+KLE- w?ryr o[ 7+ Ty(1+ O +K2L2)T
(29)

jw

Here

LD: \ ,LLTDkBT/e

is the average diffusion length of photocarriécsrrespond-
ing to deep traps

(29

M+t/Ncw
"= (w)=1p| 1+ ————— 30
7'=7"(w) TD( YR (30
time,
kT
Ls= \/ Wi (31
€%(Npo+Ng)(1—Np/Np)
is the Debye screening length®®
O=[(1+Np/Ng)(1—Nx/Np)]? (32

is the dimensionless parameter<{® <1). This parameter
characterizes the type of captures to the deep |&/ell for
linear recombinationNg<<N,,opx1g) and® tends to 1 for
quadratic recombinationNo> Ny, 107).

For the numerical calculations of the photo-EMF we use

the following parameters?816

Np=1Xx10® m 3 N,=0.95x10?> m 3,

M:=107-10* m™3, u=3.4x10* m?Vv 1is?

Sp=1.06x10"° m*J !, B 1=2x10""7 s,

v5=1.65x10"Y m3s7!, 7=4x10"°s. (33

Conditions(19)—(21), (26), and(27) are satisfied for moder-

ate light intensitiesl;=0—3x10* W/m?. It is useful to
write the values contained in E¢R8) and calculated for
=10" W/m?:

15=1.3x10"" s, 7(0)=6.4x10"° s,

™=6.9x10"° s, Tp=9.0x10 3 s,

T;=2.0x10" s, Lp=1.0x10"% m,

Lg=9.1x10 8 m, ©=7.1x10“. (39)

Note thatTr= B! if assumptiong19) and(21) take place.
As seen conditionsrr<B 1~ 71p<7(0)<7y<Tp, Lsg
<Lp, ®<1 are satisfied.

The frequency dependencies of the photocurrent ampli-
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. . .. tude j¢
is complex and frequency-dependent effective electron life- 10° Wim2, K=1¢° m %, m=0.2,A=0.1).

frequency
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FIG. 2. The theoretical dependence of the photocurrent ampli-
versus frequency of phase modulatiom (I,

The linear growth at low frequencies following by the
independent region has the standard
explanationt®® For low oscillation frequencies both the
photoconductivity and electric-field gratings follow the
movements of the interference pattern. This results in a small

value of periodical spatial shifts between these distributions,

and as a consequence, in a small amplitude of the output
electrical signal.

In order to clarify this situation let us consider the fre-
quency dependencies of complex amplitudes’, n*™ ™,
E~° E*" (Fig. 4 and estimate their relative contribution to
the total current(16). As seen from Figs. (4) and (b) for
w<w; the following relation between corresponding com-
plex amplitudesn™®, n**, E79 E*" is valid: [n* TE™?|
~In"%E**] (or |[n"%n*|=~|E"YETT]). However, the
phases of products™ "E~% andn °E** are oppositéFig.
4(c)] and these components compensate each other resulting
in a small photocurrent amplitude. If the frequency of phase
modulation is increased the oscillation amplituaés’ and
E** become smaller with the faster decrease of the latter
componen{Figs. 4a) and(b)]. Besides an additional phase
shift appears between theffrig. 4(c)]. Finally we have
N**E %n CE*fxc—iwry for o<w;,. The first cutoff
frequencyw, is defined as

0)2§ m3§ 0)4§
102 104 108 108 1010
o (s™

tude and its phase are shown in Figs. 2 and 3. The curve

|j“(w)| has one growing, two frequency independent, and

two decreasing regions.

FIG. 3. The frequency dependence of the photocurrent phase
(Io=10* Wim?, K=10° m™ %, m=0.2,A=0.1).
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The photocurrent amplitude for the first plateau for both
“relaxation” and “lifetime” regimes can be written as fol-
lows:

i _ —0.5MPAGEg(1+0+K2LY T -
ST ST YT

The photo-EMF signal peaks at modulation frequency equal

to
[1+0+K2L2 -
w ~ — .
" 7' (0)

For high excitation frequencies> w, the photocurrent
amplitude falls down because of corresponding decrease of
the photoconductivity grating amplitude®* [Fig. 4(a)].
There are two regions on the frequency dependence of pho-
tocurrent where the signal amplitude decreases inversely pro-
portional to the frequency of phase modulationl{w). This
behavior is associated with the frequency dependence of the
effective electron lifetime’. As seen from Eq(30) there are
two frequency regions where the effective lifetimeis real
and frequency independent:

102 104 108 108 1010

(b)

E (V/m)

(©) 7' ~7'(0)=71p(1+M7/Ncwm) (39

for excitation frequencies much smaller than the thermal ex-
citation rate from the shallow levek(<g) and

Phase

T'~7p (40

for high excitation frequenciesv> r{l. The parameter
7'(0) was introduced earlier in Ref. 15 as a time constant
o) (3'1) describing the process of photoconductivity relaxation in
semiconductor with shallow traps. When the crystal is illu-
FIG. 4. Amplitudes of electron concentrati¢a), electric field  minated with square modulated light the photocurrent pulse
(b), and their phasesc) versus frequency of phase modulation response has two characteristic regions: fast and Sidwe

102 104 108 108 1010

o (Io=10" W/m?, K=10° m™*, m=0.2,A=0.1). fast part starts immediately after illumination is switched on
and associated with the process of establishment of thermal
1+0+K2L2 equilibrium between the shallow level and conduction band.
S . . .
w1~ — I (350  The secondslow) region is observed under quasi steady-
7' (0)+mm(1+ 60 +KLp) state condition and has characteristic timi¢0).

The frequency dependence of the photo-EMF signal for

For the “relaxation type” photoconductdrr’ (0)<7y] o>, as seen from Fig. 2, has another frequency indepen-

and for oscillation frequencies> ,," the electric-field grat- ~dent region lying between two characteristic frequencies.

ing can be considered as “frozen infi.e., [n**E~C  The first one is equal to
>|n"9%E" "), the amplitude of the photocurrent reaches its

maximum|j®|=|n*"E~° and becomes frequency indepen- w3=p (4D
dent up to the second characteristic frequengy[Figs. 2 44 the second onéor B> m,) can be written as
and 4a)]:
1+0+K3%L3 1
1 +1+®+K2L2D+ 1+0+K2L2 T T 42
W~z — .
Y 7'(0) 7/(0)+ 7y(1+ 0 +K2L3) One can see that the expressionsdgrand w, have similar

(36 forms for the case of “relaxation-type” photoconductor
[7/(0)<T7y], linear photoconductivity ®<1), and low
In the “lifetime” regime [7'(0)>ry] relation spatial frequenciesKLp<1). The second cutoff frequency
InTTE"O|=~|n"°E"*| maintain for o<w,~7," and de- w, equals the inverse relaxation time of photoconductivity,
pendencen' "E %+ n °E" T —jwry, is expected but both i.e., w,~7'(0)"!, whereas the fourth one, equals the in-
complex amplitudes\** and E** decrease as d/for o  verse actual lifetime of electrons in the conduction band, i.e.,
>w,;~7'(0)"! giving a plateau between; and w,. wg~1pt+ Tt
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q frequencies change by a factor of 2w.(K= L,;l)

. =0.50,(K=~0), wy(K=Lp)=2w,(K~0). The value of

y diffusion lengthLy can be also directly estimated from the

1 dependencg; (K) (this topic is considered in Sec. Il)CAs

- it follows from Egs.(13), (14), (23), (32), and(39) the value

. O can be expressed as the following rattd=7'(0)/Tp.

: : : 3 . So, if the photoconductivityry depends on light intensity as

. : Lo AN ao(lp)=ly (in the finite region neat,) then O (1) =1/

1011 S R T TN TR —1. This means thad(l,) can be estimated from the inten-
102 104 108 108 1010 sity dependence(l,) measured for low spatial frequency

(KLp,KLg<1) in the crystal withr’(0)<< 7, . Intensity de-

pendenceaw,(ly) can provide information aboud as well.
FIG. 5. Amplitudes of densitiesl and M versus frequency of T inally, for crystal with 7'(0)<ry and low spatial fre-

phase modulation w (1y=10" W/m?, K=10° m 1, m=0.2,A quency KLp<1) the value® can be estimated as follows:

=0.1). O(lo) =[w2(lo) = @2(0)J/[w2(l o) + w2(0)].
As seen from Figs. 2, 3, and E@.1) there is a possibility
The photocurrent amplitude in the frequency range for the experimental measurement of the thermal excitation

N, M (m?)

o (s

<w<w, can be written as rate from the shallow leveB: at frequencyw= 3 the photo-
current equal$j®|=2|j,| and its phase is 8/4. Further-

. —0.5mM?A0E4(1+ O +K2LE ! more, from the measured values of corresponding cutoff fre-
P : (43 quencieswz, w, and using Eqs(24), (39), (41), and (42

2| 2
140+ 7p/ry+ 1o/ + KoL one can easily estimate the value of the electron lifetime with

The existence of such a plateau on the frequency transfégspect to the deep donor level

functions of the photo-EMRFig. 2) and photoconductivity

[Fig. 4@)] can be explained as follows: the analysis of the o~[1+0+K2L3+ w37 (0)]/(w3+ wy) (44)
effect shows that photocurrent signal is proportional to o . )

(o7')~! for modulation frequencieso>w,. In the fre- and the lifetime of electrons in the conduction band
quency rangeB<w<r; > the value|7'| depends on fre-
quency asw ! [see Eq.(30)] so the photocurrent and pho-
toconductivity amplitudes remain approximately constan
here.

The frequency dependencies of complex amplitubles
andM are shown in Fig. 5. As seen dependentis ¥ (w)|
and|n™ " (w)| are similar in the frequency range< ws (in
fact, M**~n**T;/77). It means that space charge waves C. Spatial frequency dependence of the photo-EMF

en” "exp(Kx+iot) and eM""exp(Kx+iwt) are summed Let us analyze Eq(28) for “relaxation-type” photocon-
for these frequencies and this sum can be considered as @{jctor [7/(0)<ry], for the case of linear recombination
effective wave of space charge traveling in the conductior‘(®<1) and for low-frequency range< 3. The most inter-
band of the crystal characterized with the effective param—esting dependencig&(K) are those obtained fas<w, and
etersu’, yp . For frequencieso>w, we haven™ *~N*". ¢ w=om [i.e. (K]
_For the frequency range< g we can use the results ob- |, the frequency range < w, the signal amplitude can be
tained before, since expressi@8) with 7'=17'(0) has the \yritten as
form similar to Eq.(19) in Ref. 13. There are still, however,
minor differences associated with definition b§ and ©. " 2] 2y-2
The photo-EMF signal in this frequency range can be char- J(K)=K(L+ KLy (48
acterized by maximum amplitude and corresponding cut- The signal amplitude grows linearly versus spatial frequency
off frequenciesw;, w,.'® At these frequencies the photocur- ¢y KLs<1/y/3 (Fig. 6, line 9 which is due to increase of
rent amplitude decreases by a factor of2AFig. 2 and its  diffusion field amplitudeE, and decreases asK 2 for
phase equals te-37/4 and 3r/4 (Fig. 3). ~ KLg>1/\/3, behavior corresponding to saturation of deep
The maximum amplitudg, and the cutoff frequencies traps. The maximum on this dependence is observed for
w1, w, are the values of interest since having been measured (\V3Lo L.
they allow to estimate the Maxwell relaxation timg,, ef- For o= w,; as seen from Eq37) we have the following
fective lifetime 7' (0), diffusion lengthL, , paramete® and expression for the signal amplitude
the effective mobility ' =eL2D/[kBT7-’(0)]. Parameters
™, 7 (0), Lp can be obtained from the spatial frequency jw(K)ocK(1+K2L§)71(1+K2L2D)71' (47)
dependencies of characteristic frequencies(K) and
wy(K). For the case of “relaxation-type” photoconductor |n photorefractive sillenite crystals the value of the diffusion
[7'(0)<7y], linear photoconductivity@®<1) and low spa-  |ength of electrons is usually larger than the Debye screening
tial frequencies KLp,KLs<1) we have w;~7y', w, length, i.e.Lp>Ls. In this case the decrease of the signal
~7'(0)"%, and at spatial frequencK=L;" these cutoff amplitude as~K ! [see dependendg(K) in Fig. 6, line g

r=(rp '+ 1) =[ws— (O +K2LY)/mp] 7L (45)

tBesides that, from the estimated values of the diffusion
length L, and lifetime 7, we can easily obtain the real
(band mobility of photocarriersu=eL3/[kgT7p].
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and w; [EQgs. (37), (43), and (35)] are proportional to the
average light intensity,, other quantities, i.ew,, w3, w4
[Egs.(36), (41), and(42)], are intensity independent. It fol-
lows from the linear character of the photoconductivify*
xgyxly and intensity independence of the other material
parametersr’'(0),7p,71,Lp,Ls,®~const().

The situation of quadratic recombinatiofN{>N,) and
for 7/(0)~ 7 is more complicated: all values excepj are
intensity dependent. This peculiarity appears due to the in-
tensity dependencies of the material parameters:
o0, 7,7 (0) 7L L2, Ls 213, For low spatial fre-
quencies KLp ,KLs<1) we havej;,w;,w0,%13°, the char-
acter of dependencigs(lg), w4(l) can vary according to
the relation betweerp and 7. For the sillenite crystals
sublinear photoconductivity dependence is obseNed;
<7 [171=4%10° st 75~(3-160)x10 © s] and hence
joxlg, wa~const(y). The valuerp is calculated using Eq.
(39) and experimental estimations of the photoconductivity
relaxation timer’(0)=(0.15-8)x10 2 s obtained for the
sillenite crystals grown in an oxygen-free atmosphere.

10+ o

105 _E

li*l (A/m?)

10

[ S A S
105 108

K (m™)

FIG. 6. The dependence of the photocurrent amplitiftien
spatial frequencyK calculated for characteristic temporal frequen-
cies: (a) wi<w<w, [EQ. (37)], (b) wz<w<w, [Eq. (43)], (€) w
<w; [Eq. (28)] for w/l2m=2 Hz; ;=10 W/m?, m=0.2, A
=0.1.

, , S IV. STRONG FILLING OF SHALLOW LEVEL
is due to smoothing of electron density distribution in the
conduction band. The photocurrent amplitude peaks at spa-
tial frequencyK ~L .20

Let us analyze the spatial frequency dependgpn(i€) of
the photo-EMF signal for high excitation frequencies
<w<w, For®<1, p<7'(0)< 71y EQ.(43) can be written
in the following form:

A. Stationary photoconductivity of the crystal

Let us consider the signal dependence for the case of suf-
ficient filling of the shallow level. In order to perform nu-
merical calculations of photovoltage we have to estimate sta-
tionary and spatially uniform densitidé,, My, andng. Let
us assume that the conditions of linear generati) and
linear recombination

jO(K)oeK(1+K2LE) Y (1+K2L?) L. (48

No<<Ngu (49

Here L= Ju7kgT/e is the actual diffusion length of elec-
trons. If the conditionL>Lg is satisfied the maximum on
this dependence is observedkatL~* (Fig. 62 line b. This trations are easily calculated from Eg$), (2), and(18) and
means that real parameters can be determined from the Sp@dual to

tial frequency dependence of the photo-EMF signal mea-
sured in the frequency range;< w<w,. Such practical es-

are satisfied for the deep level. Then the necessary concen-

timation of real diffusion length for sillenites may be No=Splo(No=Na)/(7oNa), (50

complicated because of approachingo L [for the chosen

material parameterg33) L=1.8x10 ' m and Lg=9.1 M M 51
—8 = ,

X 1078 m]. O 1+(B+Srl o)/ (yrNo)

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

Let us first consider the intensity dependencies of the pho-
tocurrent amplitude and corresponding cutoff frequencies for.

low illumination levels. The shallow level is almost empty in
this casdsee Eq(19)] and all intensity dependencies of the

effect are determined by behavior of the deep level. It fol-
lows from the fact that the intensity dependencies of values

Ng, 09, T™m» o, 7 (0), Lp, Lg, O® are expressed via the
intensity dependence of the density [see Eqs(14), (23),
and (29—(32)]. The dependencBly(ly) (22) in its turn is

and the quantityN, is defined as their surfil8). As seen
from Eq. (50) the concentration of electrons in the conduc-
tion band(average photoconductivitys proportional to the
ight intensity while M, tends to the finite value for high
light intensity[compare to Eq(15) in Ref. 12:

Mt
1+[StNaAYD /[ Sp(Np—Na) y1]°

lg—

(52

almost identical to the analogous dependence for the staf-or the case

dard model of semiconductor with one deep IefeThe dif-

ference is described by the presence of the intensity indepen-

dent factor (1 M1/N¢y) and can be eliminated by using
effective parametey], (25).

Sp(Np—=Na)/StM1> ypNa/ytM 1 (53

this value is close to the total density of shallow tréps,

For the case of linear recombination of photocarriersso the strong filling of shallow level is possible for high light

(Ng<<N,) and for 7' (0)< 7y, corresponding valueg,, j-

intensities.
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B. Effect of photo-EMF for high light intensity sider two interesting situations when H@d7) reduces to the

In this section we analyze the effect of photo-EMF for form similar to the one-level model approximation.
high light intensity when the shallow level is filled substan- L€t us assume that the light excitation from the deep level
tially: strongly exceeds the light excitation from the shallow one

[Egs.(26) and(53)]. In this case the shallow level is practi-
Mo~Mr. (54) cally totally filled with electrons. For this reason we can
For arbitrary material parameters and occupancy degrees oeglect in Eq.(17) all terms containing parameters of shal-
both levels one should use the general expreddton(17)] low traps and we obtain the standard expression for photo-
to calculate the photocurrent amplitude. Here we shall coneurrent amplitude:

—0.5M?A0oEg(1+ 0 +K?LE) tiwry,
14+ 0+KALE- 0’y mp+iw[ 7o+ im(1+O+K2L2)]

I (55

Here ® is given by
O =no/[(Na+No)(1—=Na/Np)]. (56)

Equation(55) is identical to the photocurrent amplitude calculated for one-level model of semicondtttothis case,
however, investigation of frequency transfer functidtiw) and dependencg’(K) can provide estimations of reébut not
effective valuesry, Lp and u.

We have estimated the minimal light intensity needed for sufficient filling of shallow level so th&bHds the conse-
quence of common expressiéh7) in whole frequency rangd;,~3Xx10° W/m? (this estimation was obtained using Egs.
(18), (50), and(51) for stationary concentrations, material paramet88 and assuming+=1x10?° m~3, S;=0). 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:

StMo~Sp(Np—Na). (57

If ytM>ypN4 the shallow level is practically filled for high light intensitifsee Eq.(52)] and we can neglect the items
containing7y in Eq. (17). The expression for the complex amplitude of photo-EMF can be written then as follows:

—0.5M?A0oEq(1+ 0 +K?L2) tiwmyA(0)A(w)

| 0= ; : (58
: 1+®+K2Lé—wZTMTD+Iw[TD+TM(1+®+K2L%)]
|
where
STM OTT l+ | (l)TD
A=t S RNy 10T, Y 100 , | ,
The frequency transfer function described by E&8) and
(59 is presented in Fig. fcurves b and  The calculations
were performed using Eq6L8), (50), and(51) for stationary
concentrations and material paramet€38). We also as- < 107 T
sumed thatM;=1x10*° m~3, S;=10 n?J ! [choosing S
suchS; we satisfy condition(57)]. The characteristic cutoff <
frequencies are given by the following expressions: s
= 104 1
1+0+K2L2
w1~ I (60)
o+ m(1+ O +KLE) . :
oy o,
1 10° T T T
Wo~ 7 61 102 104 108 108 1010
2 Te[1+StMq/Sp(Np—Na)] (61 P
©(s)
w3~ 1 , (62) FIG. 7. The frequency transfer function of the photo-EMF for
Tr+ 70 /(1+ 0@+ 15/ 7y + K2L3) different light intensities |,=3%x10°, 3x10°, 3x10" W/m?

(curves(a), (b), and (c), respectively. The calculations are per-
formed using Eq(17) for K=6.3X 10®* m™ !, m=0.2, A=0.1.
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1 1+0+K2L3 1 time and reducing the effective electron mobility. However,
Wy~ 7-_+ T—+ T when this level is filled strongly the characteristic timg
M P T tends to its actual valugsee Eqs(55) and (58)] and suffi-

1 cient light generation from this level leads to photocurrent

> (63) increase with respect to standard estimation of (B§).
T+ 7p/(1+ 0O+ 75/ 7y +K2LH)

Calculatingw,, w3, w, we have supposeli;<rp+ my(1 V. CONCLUSION
) 2 2 i i i it . .
+O+K°Lp). For the considered range of light intensities 14 s mmarize, we have analyzed the influence of shallow

lo=0-10° W/m? the following relation is satisfiedry  {rans on the effect of non-steady-state photo-EMF. We have
=30T;. The amplitude of the photc_)-EMF signal for the fre- yarived the general expression for amplitude of the photocur-
quency rangeu;<w<w, can be written as rent for apparent filling degrees of deep and shallow levels.
L 0.5MA 0 ELA(0) 1+ SrMg /So(No— Nau) We analyze th(_e photocurre_nt behavi_or with respect to tem-
j~ : 70EGA(0)[1+SMo/Sp(Np—Na)] _ poral and spatial frequencies and discuss the case of high
(1+0+ KZLg)(1+ O+ rp/my+1p/Tr+ KZL%) illumination levels. The general calculations were performed

(64)  for the crystal's parameters typical for photorefractive

Bi;,SiOy0.

For low frequencies of phase modulation<{w,) the e believe that influence of shallow traps is not restricted
effect of photo-EMF is described by standard expressiog considered cases. The effect of non-steady-state photo-
(55) since A(0)~1. As seen from Fig. 7 the presence of EMF in other photoconductive crystals.g., semi-insulating
shallow trapS reveals itself Only for hlgh excitation frequen'GaAg with different material constants, may reveal pecu-

cies (w>wy). In contrast to the low intensity approximation |iarities at other characteristic temporal and spatial frequen-
[Mo<M+, StM<Sp(Np—N,)] the influence of the shal- cjes.

low level for the case of high light intensitiefM,
~Mt, SsMg~Sy(Np—N,)] leads to the increase of pho-
tocurrent at high frequencies of phase modulatiocompare
Figs. 2 and V. I. Sokolov thanks Alexander von Humboldt Foundation

This fact can be explained as follows: when the shallowfor financial support. Support by the NATO Grant No. SfP
level is filled slightly it play a role of an electron reservoir 973252 and RFBR Grant Nos. 98-03-32791 and 99-03-
leading to the increase of the photoconductivity relaxation32768 is acknowledged.
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