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Mikhail Bryushininy Vladimir Kulikov, and Igor Sokolov
A.F. loffe Physical Technical Institute, 194021, St. Petersburg, Russia
(Received 21 September 2004; revised manuscript received 27 December 2004; published 25 April 2005

We report the simultaneous combined excitation of the space charge and photoconductivity gratings in
photorefractive Bj,SiO,y and Bij,TiO5q 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 estimatedrfdype photorefractive BpSiO,o and
Biy,TiOyy crystals: u=(1.1-1.4Xx102cm?/Vs (Bi,SiOy A=532nm, T=296-298 K, u=1.5
X102 c?/V's (Bi15Si0s0 AN=442 nm,T=293 K), and ©=3.1X 1072 cn?/V's (Bi;5TiOy, A=532 nm, T
=293 K).

DOI: 10.1103/PhysRevB.71.165208 PACS nunider72.20.Jv, 42.70.Nq

I. INTRODUCTION Bi,SiO,p) is in the rangews/2m7=10-100 Hz while the
eigenfrequency of the photoconductivity grating with the

The evolution of photoinduced charge in semiconductolg, e ‘spatial period can reach considerably higher values:

materials mainly occurs in two basic stages: formation of the, | ;5. -0 91-1 MHz. The situation is partly similar to the
photoconductivity distribution and creation of the space"é’ﬁt scattering on the acoustic waves where interaction of
charge!? For the crystal placed in an external electric field particles with comparable momeriiaave vectorsand com-
the relaxation of photoconductivity and space charge distrip|ete|y different energiefrequenciestakes place.
butions has complex behaviofoscillation and running As is known from the oscillation theory, the behavior of
charactex. The existence of two eigenmodésranchesof  systems with two degrees of freedom has distinctive features
space charge oscillation was predicted in Ref. 4. One of thesgith respect to the one in systems with one degree of free-
eigenmodes describe oscillation of the space charge trappedm. These features result in such effects as incoherent para-
on the local levels, while the other is associated with themetric amplification, generation, wideband parametric fre-
oscillation of the density of electrons in the conduction bandyuency division, etc. Considering two eigenmodes of space
(conduction electrons The former branch is historically charge oscillations in photorefractive media one can expect
called “space charge wave.” To avoid the complexity wesome analogs in holographic recording.
shall use the term “running grating of the conductivity” for  For the realization of the simultaneous excitation and in-
the latter one. The dispersion laws of these waves—i.e., daeraction of the space charge wafe,, K) traveling along
pendences of the temporal oscillation frequency on the spahe dc electric field with the velocity/K and electron
tial frequencyK—can be written as follows: conductivity grating(wp, —K) running in the opposite direc-
- -1 tion with velocity -w,/K the third oscillation((},0) satis-
wso= (muKLo) ™, @ fying the conditions gnalogous to the energy and momentum
o = K uE ) conservation laws is requiredssc+ wp.={), K-K=0. The
pe ™ NMEO, electric field with frequency) can play the role of such
where 7, is the Maxwell relaxation timey is the mobility,  oscillation and provide necessary coupling.
andL, is the drift length of electrons in dc electric fiels). In this paper we shall study one of the possible manifes-
A number of approaches for investigations of the runningtations of this phenomenon: namely, the excitation of the
space charge and conductivity gratings has been realized Ispace charge wave provided by the interaction of the running
the present timé;16 photoconductivity grating with an applied ac electric field.
In spite of the large number of publications dedicated toThe effect is observed and investigated using opficahd
the subject of space charge waves the question of simultalectrical® methods. The first one is based on light diffrac-
neous excitation and interaction of the eigenmodes mertion on photorefractive volume holograms; the second one
tioned above is still unsolved. Most of the proposed opticalises the non-steady-state photoelectromotive force Efféct
techniques use the interference pattern with the specified spénronstationary holographic photocurrent
tial frequencyK and temporal frequencay for the excitation
of either space charge wave or running photoconductivity
grating. This is due to the fact that the eigenfrequency of For calculation of the space charge and conductivity dis-
space charge oscillations in high-resistive crystalsch as tributions suppose the photorefractive crystal placed in exter-

Il. THEORETICAL ANALYSIS
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conditions (r=consj. This assumption means that we ne-

A : . :

U glect the trap saturation effects, and it restricts the values of
acosQt U, electric field and spatial frequencyE,< E,=eNy/ e€oK,

whereN, is the density of trapsg is the dielectric constant,
ande, is the free space permittivi&? The electrons nonuni-
formly captured at donor levels produce the space charge
densityp and corresponding electric fiel distributions:
JE
€€g— = p. 6
(A) 0 0 =P (6)
The density of space charge varies due to electron transport,

and this process is governed by the continuity equation

y=Acoswmt Y:

| — CB P Ji
: L 4dezy, (7)
light A X
Wi The electron current, is defined by the drift and diffusion
- —-0-—-0-0—=0 D components:
an
- = - A jo= eunE+keTu (8)
VB where u is the electron mobilitykg is the Boltzmann con-

stant, andT is the temperature. Equatior{5)—8) can be

FIG. 1. (Color onling Scheme for observation of the combined rewritten in the form convenient for further analy$fs:

excitation of running space charge and conductivity gratito). an n ee °E
The model of semiconductor with the electron photoconductivity E =g- ; - ?m 9
and one type of the partially compensated donor cerftegomn).
2 2
o o . : n

nal dc and ac electric fields is illuminated by the interference _ERTE | ,ui(nE) + KeT (9—2 (10
pattern formed by two plain light waves one of which is e xdt = X e X
phase modulatedFig. 1): In the general case the solution of this set of equations is

1(x,) = 1o[1 +m cogKx + A coswt)]. 3) difficult, so let us suppose the contrast of the interference

pattern and amplitude of phase modulation to be small
Herely, m, andK are the average light intensity, contrast, (m,A<1). This will allow us to linearize the equations and
and spatial frequency of the interference pattern, Arehd  to search the solution fam(x,t), E(x,t) distributions as the
o are the amplitude and frequency of phase modulation. Theums of stationary and running gratings:
external dc and sinusoidal ac voltages applied to the crystal

1
can be presented as follows:

n=ng+ > n™Plexpi[Kx+ (pw+qQ)t]}

Ueyi= Ug + Up cosQt. (4) p.a=-1
1
We consider the widely used model of semiconductor - .
with monopolar photoconductivity and one type of partially * E__ln Plexplil- Kx+ (po+ atl}, (11)
compensated donor leve(Fig. 1).%? The illumination pro- P
vides generation of electrons from donor levels to the con- E E
duction band where they move due to the diffusion or drift E=Ey+ —A exp(iQt) + —A exp(—iQt)
mechanisms and recombine back. The concentration of elec- 2 2
trons in the conduction bana changes in accordance with 1
the balance equation + 2 E*P4exp(i[Kx + (pw + qQ)t]}
. p.a=-1
@ - - n + }&le' (5) 1
a T ex + > EPexpli[- Kx+ (po+qtl}. (12
p.g=-1

whereg(x,t)=(aB/hv)l(x,1) is the electron generation rate
«a is the light absorption coefficieng is the quantum effi-  For the complex amplitudes with indices “+1” and “~1" we
ciency,hv is the photon energyis the electron lifetimej,  shall also use the notations with indices™and “—"—e.g.,

is the density of the electron current, aads the electron n**YD=n** The valuesE, and E, are defined as corre-
charge. It should be noted here that we consider the densigponding voltage amplitudes divided by the value of inter-
of trapping centers to be independent of the experimentatlectrode spacindi: Eq=Uy/L and Ex=U,/L. We assume
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that both the electrodes are Ohmic and the inhomogeneity of D,=(1+ KZL%)[5 - 12w - Q) 7yKLo]
electric field in the volume is negligible. .

Let us analyze the case of a “relaxation-type” semicon- ~i6KLo[1 ~ (= Q) 7yKLo], (22)
ductor: andL=u7E,.

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

Note that the opposite cadee., 7=7) is slightly more ¢ q | he f tth
complicated for the analysis. However, the application of'cduency constant and equal to the frequency of the space
r(;harge oscillation:

strong electric fields decreases the time constant of the corr-
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- ©= Q=" 0 (24)
graphic recording: The choice of negative sign in the right-hand side of @4)
will be clear below when we shall analyze the frequency
KLo>1+K2L3, (14)  characteristics of the non-steady-state photo-emf and diffrac-
. : tion efficiency.
whereLo=urEy andLp=(ksTur/€)? are the drift and dif- The corresponding complex amplitudes of electron den-
fusion lengths of photocarriers. This assumption is rathegity and electric field are the following:
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 fields(in contrast to the exponential one in the diffusion

T< ™ - (13)

®,Q ~ e, (23)

mA
™= - gy MKLALL +K2LE +i2wr=KLg), (25

regime.?

In this paper we shall develop two approaches. In the Ett= m—AEOKLA[l + K2|_2D +iQowr-KLy)], (26)
former one the frequency of an ac electric field is equal to the 8D3
eigenfrequency of photoconductivity oscillation, and the dif-
ference frequency lies in the range of the space-charge-wave
excitation: Dy= (1 +K2LZ)[(1 +K2LE)? + K2La/2 - K2L5 + 3wrKL,

Q= wpe, (15) - 20?7 +i[(1 +K2LE)*(Bwr - 2KLo)
+ K2LA(2wT = KLo)/4]. (27)

=0 ~ o (16 Let us now proceed with the calculation of the non-

The complex amplitudes introduced in E¢$l) and(12) steady-state  photo-emf and diffraction efficiency
and necessary for further analysis have been calculated. Bamplitudes—values which will be measured in the experi-
low the most interesting terms presenting gratings with spament. As was shown in Ref. 15 the non-steady-state photo-
tial frequency K and oscillation frequency @-) are emf in crystal biased by voltage source is defined by the

given: averaged drift component of the photocurrent:
L
e TIMA Q)KL (17 =2 f eun(x,HE(X,H)dx. (28)
n - 8Dl no w ™ As ) L 0
As seen from Eqgs(11), (12), and(28) the signal with fre-
wee_ —IMA quencyw—{) is produced by the following combination:
B =—5p B (18)
1 j74(t) = Ref2eu(n™ E P+ n BT + 0T ET0+ nTO%ET

+n*tO0E 0" 4+ n O ET0 4 n 0RO~ 4 ntOE*0)

i3mA
=t 8D, No(w — Q) 7KL, (19 X exli(w—- )]} (29)
The different nature of the items in this expression should be
., —i3mA pointed out. The first four components are associated with
E= 8D Ea, (20) the resonant excitation of the space charge waves with tem-
2 poral frequencyw—{). The last four components in E(R9)
where are just mixing of the “fast” gratings with temporal frequen-
ciesw and(). It is reasonable to expect that the former group
D;=(1+K2L3)[1 +(w—Q)myKLg] produces larger contribution to the total current. This suppo-
_ > 20 Lo 2 sition is proved by the numerical calculation. Substituting the
=i[(1 +KLp)" + KLA/4)/KL, (21 calculated above termd7)—(20) into Eq. (29) we can write
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down the expression for the complex amplitude of the non- ®
stationary photocurrent as ©0)
- 0-0 m2A 1—(w—Q)7’MKL0 ........... b A
e 0. X LR
! -
1 + ((1) - Q) ’TM KLO:| (30) ((DP“’-K)
(Do)’ ' @K)
The frequency transfer function of the non-steady-state ©0)
photo-emf—i.e., the dependenge}(w—-Q)—has two reso- ’
nant maxima ab»— () = + ws. The amplitudes of the resonant 0 K
maxima atw—Q=-ws. and ato—Q = are the following:
5 FIG. 2. (Color online Diagram illustrating the interaction of
jw—ﬂ ~ ma o0EAKLo (30) running space charge and conductivity gratings with applied ac
r 4 (1 +K2L%)2+ Ksz\/4' electric field. The arrows show the space charge grating, K)
traveling with the velocityws/K along the dc field, the photocon-
) mPA 00En ductivity grating(wpe, —~K) running with the velocity wp /K in the
Irg =71 3 m (32 opposite direction, the photoconductivity gratifg, K) driven with
D

the velocityw/K along the dc field, and the external ac fi€fd, 0)
The resonant maximum for the negative frequency differencaith frequencyQ. The half-tone lines show the dispersion laws for
is approximately KL, times larger than for positive fre- the space charge wave,{K) and running photoconductivity grat-
quency difference. This fact is associated with the principaind @pd=K).
distinction in the physical mechanism of grating’s excitation
in these frequency regions. w=wp: and its amplitude is expressed by HE&1). This

For the negative frequency difference range-()<0) resonant peculiarity can be explained as follows: since the
the space charge wave is originated from the interaction oéxcited space charge oscillations at combination frequency
an external field with the photoconductivity grating propa-are due to the interaction of the external ac electric field and
gating in the direction opposite to the dc field. When thethe photoconductivity grating, the amplitude of the latter
oscillations of the interference pattern are synchronized witlshould affect the detected signal amplitude. The photocon-
the movement of drifting electrons the resonant enhancemenuctivity grating is resonantly excited at=w,.. So the reso-
of the photoconductivity grating takes place. Thus the simulnant dependence of the low-frequency sigitl? versus
taneous generation of the running space charge and photphase modulation frequenay (or the frequency of an ac
conductivity gratings, which are the eigenwaves in this caseelectric field()) can be expected as well.
should be observed. The diffraction efficiency of thin phase hologram re-

For positive frequency differencéw—{)>0) the space corded in photorefractive crystal equals
charge wave arises due to the interaction of the external field 3. 5
with the conductivity grating driven in the direction of the dc 7(t) = [mnrET (/A% (34
field. The photoconductivity grating is not an eigenmode of

miconductor in thi It iust follows the movement %Nhere n, andr are the refractive index and electro-optic

fr? CO." l:_CO_ i fscase. tgus .Otﬁ Sd et' 0 e}de f.slgcoefﬁcient of the crystal for wavelengi, of the probe read-
€ oscillating Interierence pattern in the direction ot dc field. light, E*(t) is the complex amplitude ofK spatial com-
The diagram illustrating the interaction of the space

charge and photoconductivity gratings with the applied acponent of the e_Iec_tric field, an_d is t_he thi_cl_<ness O_f the

field is presented in Fig. 2. As seen from the figure in thecrystal. The oscillations of the dlﬁractlon_efflmency with fre-

former case the aopli d' 'f. Id les t . d quencyw—Q are produced by the following components:
pplied ac field couples two eigenmodes o

semiconductor satisfying the equationg .+ wp.=(), K-K 77 (t) = R2qA(E*00) E** + ETOYET™)" + (E*0%) E**0

=0. In the latter case the only eigenmode—namely, the space Omy et .

charge wave—is excited. The fulfillment of the resonant con- +E*O7(E9) Jexdi (0 - O]} (35)

ditions for both the space charge wave and photoconductivit¥|
grating ensures observation of larger signal's amplitudes. first and two last terms of the expression—similar to the ones

. _Q . . . _
The dependence™}(w) with the fixed frequency differ mentioned above for the nonstationary photocurrent analysis.

encew—{) [Egs.(23) and(24)] can be measured in the ex- Direct substitution of E ;

. . o gs(18) and (20) into Eg. (35) pro-
_penment as V\.'e”' Direct SUb.St'tUt'on of _Eq(525) ar_ld (26) vides the expression for the complex amplitude of the dif-
into Eq. (29) gives the following expression for this depen- fraction efficiency:

dence:

ere,q=wngrd/)\p. One can note the difference between two

s mzA 2, 2 . nw—Q ~ I_AqZE E |:i _ i:| (36)
J = 4_D30'0EAKL0[1 +K LD + |(2(1)'T_ KLo)] (33) 8 0~A Dl (DZ)* .

The analysis of the denominator in this expresdisee Eq. This frequency transfer function has two resonant maxima.
(27)] revealed that the resonant maximum can be observed dhe oscillation amplitudes of the diffraction efficiency at
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were performed inn-type photorefractive BpSiO,; and
Bi;,TiO,q crystals. The crystals were grown under conven-
tional conditions; they were not specially doped. However,
the photorefractive BpTiO,q crystal contains(3.0—4.2

X 104wt % of chromium???2 The typical sample dimen-
sions were 9.X25x25mn (Bi;;Si0,y), 9.2x2.5

X 3.2 mn? (Biy,TiO,0). The crystals had one of the standard
holographic orientation: the polished front and back surfaces
(9.2x 2.5 mn?) were parallel to the plan€l10) and electric

field was applied along thel 10] axis. The silver paste elec-
trodes were painted on the lateral surfaces. The interelec-
trode spacings were equal kG=2.5 mm.

FIG. 3. (Color online Experimental setup for the investigation The second harmonic of the Nd:YAG laser was used as a
of the combined excitation of space charge and photoconductivitgource of coherent radiatiof\ =532 nm P,,;=10 mW).
gratings using the diffraction and non-steady-state photo-emf techithe laser light was split into two beams, one of which was
niques.EOM is the electro—optic modulatolM is the laser diode phase modulated with frequenay using an electro-optic
module(\,=650 nm), TL is the tungsten lamp, BM is the balance modulator ML-102A. The amplitude of phase modulation
mixer, Amp are the amplifiers, antPF and RF are the low-pass was equalA=0.61. The light beams were expanded and di-

and rejection filters, respectively. rected on the crystal’s surface where they formed oscillating
interference pattern with an average intensity

resonant frequencias—Q=-w., andw—-Q=wg are the fol- =25 mW/cnt, contrastm =0.98, and spatial frequendy

lowing: =190 mm™. The crystal was placed in dc and ac electric

voltages:Ug,=Ug+ U, cosQt. The presence of the dc volt-

-0 _ _ mPA 9°EoEAKLo ageU, is the necessary condition for the generation of run-

Ir1 8 (1+K2L3)?+K23%/4’ (37 ning gratings. The ac voltage with an amplitudg and fre-
quency() couples running gratings of the space charge and
Mm2A OREAE conductivity. _ _ _
o~ i—q—OZAZ. (38) The weak probe laser beam with intensity,
16 1+Kp =7 mW/cn? was produced by the laser diode moduig

Like in Egs. (31) and (32) these resonant peaks differ by =650 nm. The polarization of probe beam in the middle of
factor of ~2KL, due to the same reason: the simultaneoushe crystal was at 45° with respect to tfie10] and [001]
excitation of two eigenmodes is more efficient. axes. The intensity oscillations of the diffracted probe beam
The dependence of the diffraction efficiency amplitudewere detected by the conventional photodiode connected to
7~ on the frequency of phase modulatian, with fixed  transimpedance amplifier. The output electrical signal was
difference frequencw - =-wy; can be calculated substitut- measured by the lock-in nanovoltmeter Unipan-232B

ing Eq. (26) into Eq. (35): =1.5x 10°-1.5X 10° Hz,7,,=1—100 $. The measurements
mPA were carried out at the difference combination frequency
7P = - ——qPEAKLA[1 + K22 +i(207—- KLg)]. |lo-Q|. The reference voltage with this frequency was
8Ds formed in the balance mix¢éK174PS) via multiplication of

(39 voltages applied to the crystal and electro-optic modulator.
The harmonics of the reference voltage with frequenaies
), andw+() were suppressed by the low-pass filter.

; . . The light from a 100-W tungsten lamp was used for the
This frequency dependence along with the signal deDer\'ncrease of the total light intensity; additional illumination

dence of the non-steady-state photo-emf effect (33)]_ can  also decreased the contrast of the interference pattern. It was
be utilized for direct measurements of the photocarrier’s drift) . \«oq and filtered(\,=480—590 nm and its intensity

mobility u=wp/ KEq. _ . . .
. . . value wasl,=200 mW/cni. The total light intensity was
we havedcgngd(la'rer:jﬂhers thi'smplej't CE’:‘I_Sﬁ of thmr r:i(;lot_équal tolp=1,+1,=230 mW/cni, while the contrast of the
?ramfrf:hcor[he mfs'?h ya sorfl?hg rl?ﬁ Ila. € g_eneba s_interference pattern was reduced nte=ml,/1,=0.11. The
1on oT the theory for Ie cases of thick holograms I absorbey q.q light transmitted through the crystal was cut by the red

ing and optically active mate_rial_s can be0 done as require(gIter (ks 16=600—2700 nm The crystal's temperature was
using the approaches known in literatfife: measured with the PtRh-Pt thermocouple.

The investigation of the effect using the non-steady-state
IIl. EXPERIMENTAL SETUP photo-emf technique was performed with the similar ar-
rangement(Fig. 3). In this approach the non-steady-state
The scheme of the experimental setup for the investigaphotocurrent arising in the crystal’s volume generates the
tion of the combined excitation of space charge and conducsorresponding voltage drop on the load residtpr 18 k().
tivity gratings in photorefractive crystals using the light dif- Then this signal was amplified, filtered, and measured by the
fraction technique is presented in Fig. 3. The experimentsock-in nanovoltmeter Unipan-232B. The HeCd laser was

The resonant maximum with amplitud87) is observed at
frequencyw=wy
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used as a source of coherent radiatiot=442 nm P,
=3 mW). The interference pattern with an average intensity
l,=8.4 mW/cnt, contrastm=0.92, and spatial frequendy
=25 mni! has the amplitude of phase modulatidrr0.8.
The measurements were carried out in photorefractive

PHYSICAL REVIEW B 71, 165208(2005

3 o

N

R

Bi, SiO,,
A=5321m

Bi1,Si0,g without probe beam and additional illumination. B}
The crystal's dimensions were ¥®BXx 1 mn¥. The front

In"l (%)

(Hz)

and back surface$10x 1 mn?) were polished to optical 10° 5 ; 3
quality. The silver paste electrodé&x 3 mn¥) were painted 0 '
on the lateral surfaces. The interelectrode spacing was equal 10% 5 N . || 4
to L=1 mm. The sample was placed between two styrofoam i * . Nﬂ'
linings in order to prevent mechanical oscillations due to 10° 4 E(ki’,/m) » g
piezoelectric effect. e
In the experiments using standard diffraction and non- oot e et e
steady-state techniqués® the only dc voltagel, was ap- o/2n (Hz)

plied to the crystal, and the signal was detected at the fre-
quency of phase modulatiom. The output signal was
measured by spectrum  analyzers = SK4-56(f
=0.01-50 kHzAf=3 Hz), SK4-58 (f=0.4—600 kHzAf
=100 H32, and lock-in nanovoltmeter Unipan-232B.

FIG. 4. (Color onling Frequency transfer functions of the dif-
fraction efficiency oscillations excited in BEiO, at the frequency

of phase modulationv (standard techniqueE,=0). The depen-
dences are measured for four values of the applied dc electric field:
Ey=5.6 kV/cm (V), 8.0kV/em (4A), 12 kV/em (O), and

16 kV/cm (O). 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 amplitud&,. The inset presents the

dependence of the first resonant frequency on the applied dc field.
For the determination of eigenfrequencies of space charge

and conductivity oscillations let us discuss the results of the
diffraction measurements in photorefractivg SO, using  resonant maximum is wide; this can be due to nonlinearity of
standard technique of signal excitation. the space charge formation for large contrast of the interfer-
The diffraction efficiency of the hologram was defined asence patters?
n=lp/1p, wherely, is the intensity of the probe beam for the ~ The non-steady-state photo-emf technique provides the
first order of diffraction. The diffraction efficiency of the unique opportunity for the direct determination of the photo-
stationary hologram recorded in the electric fiflg=Uy/L  carrier drift mobility. The value of the second resonant fre-
=16 kV/cm was equal tap,=2.0%. Figure 4 presents the quency measured for the specifiédand E; is associated
frequency transfer function of the diffraction efficiency os-
cillations »*“ measured at frequency of phase modulation
The first resonant maximum is observed in the low-
frequency range(w/2m=27-110 Hz. When the electric
field is increased the signal amplitude increases as well and
the first maximum shifts to lower excitation frequendiEf.
4, insej. The shoulder at frequencias/27=10-50 kHz
was observed as well. Perhaps, for larger applied electric

IV. EXPERIMENTAL RESULTS

A. Diffraction measurements

fields this shoulder could transfer into the second maximum,
but field amplitude€,> 8 kV/cm shift this shoulder beyond
the investigated frequency range. The signal amplitude at
w/27m>50 kHz was so small that utilization of spectrum
analyzer with appropriate frequency range and larger detec-
tion bandwidth(SK4-58 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 Bi;,SiO,q crystal is presented in Fig. 5. Two resonant

eV

)
8

® /2n
o
3

10
LG

MRALLL |
10° 10

1 il
100 10

10*

o2 (Hz)

FIG. 5. (Color online Frequency transfer functions of the non-

maxima on the frequency dependences were observed. TRg ,qy.state photo-emf excited in B8O, versus frequency of
increase of an applied field amplitude shifts the first andyhase modulatiow (standard techniqu&,=0). The dependences
second maxima to the low- and high-frequency bands, reare measured for four values of the applied dc electric fiEl:

spectively (Fig. 5, insel. As was shown in Ref. 16 such =56,8.0,12,16 kv/cm. The arrows shows the directions of curve
signal behavior is associated with the resonant excitation advolution with increasing fiel&,. Dependences of the firé®) and

running gratings of the space charge and conductivity desecond(O) resonant frequencies versus applied dc field are pre-

scribed by the dispersion lawis) and(2). Note that the first

165208-6
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TABLE I. Drift mobility of electrons in Bi,SiO,q crystal esti- TABLE II. Material parameters used for approximation of the
mated from the frequency transfer function of the non-steady-statexperimental dependences in Fig. 6 by Ef).
photo-emf|J*(w)|.

Eo (kV/cm) Ea (kV/icm) v (M9 ur (Cm/V)

E, (kV/em) T (K) w (cm?/V s)
5.6 1.4 0.83 1.&107
5.6 294 0.8% 107 8.0 2.6 1.7 1.%107
8.0 296 141072 16 5.6 1.8 7.X10°8
12 298 2.1x1072
16 300 2.8<1072

is the typical manifestation of the space charge wavEse
experimental curves are well fitted by E®6) with the pa-
with the electron mobility valuéTable ). The obtained data rameters presented in Table Il. Different values of the
are in good agreement with the values measurednaxima in the region of negative and positive difference
earlierl6.24.25 frequencies is an important peculiarity of the frequency
The preliminary experiments allowed us to estimate cortransfer functior(Fig. 6). One can notice another feature: the
responding resonant frequencies which can be used for furalues of thewr product estimated from this frequency de-
ther analysis of the simultaneous generation of the spacgeendence noticeably decrease at large applied fi@ldsle
charge and photoconductivity gratings. II). In fact, decrease of the quality factor of the space charge
For the realization of such regime the frequency of thewave is observed. This decrease is most probably due to
external ac field was settled to be approximately equal to theffects of trap saturation and it is not associated with any
frequency of the second resonant maximum. Small deviadecay of thewr product. According to Ref. 26 trap saturation
tions (0.3—1.0 kH2 of frequencyQ /27 from the resonant effects reduce quality factor aEy>[(Na/ee)(e/K2ur
frequency valuev, /2 are acceptable since the width of the +kgT)]¥2. For Bi;,SiO,q crystal withN,= 10 cm3, e=56,
second resonant maximum reaches 15—130 (sde Fig. 5. and ur=10"°cn?/V this reduction should appear &,
The amplitude of an external ac electric field was choser=10 kV/cm, which well corresponds to the observed behav-
noticeably smaller than the value of the dc fiecEh=U,/L  ior. The proper description of the effect in trap saturation
=1.4-5.6 kV/cm, so possible shifts of the resonant fre- regime can be done by the appropriate modification of the
guencies are expected to be negligible. basic equation s¢Egs.(5)—(8)] and subsequent calculations.
Figure 6 presents the frequency transfer function of the The dependence of the diffraction efficieny’ ™| mea-
diffraction efficiency oscillations excited at a difference com-sured at negative combination frequency versus amplitude of
bination frequencys - (). Two maxima were observed at this the applied ac fielcE, is presented in Fig. 7. This depen-
dependence: the first one at the negative difference frequenéience seems to be linear in the regigg=0-1.0 kV/cm.
(w—Q)/27=-(100-33 Hz (E,=5.6—16 kV/cm and the The higher fields cause the noticeable saturation of the signal
second one at the positive frequenty—Q)/27=40 Hz  amplitude. This behavior can be explained as follows. The
(Eo=16 kV/cm). The increase of the external dc field leadsinteraction of the ac field with the running photoconductivity
to the growth of the signal amplitude and corresponding shif@rating is more efficient for higher amplitudes of an ac field;

of the resonant maxima to lower frequencies. This behaviolis also results in the growth of space charge wave. How-
ever, large ac fields perturb the propagation of the photocon-

0.06 . —— . ductivity grating. As is knowrt®25the excitation of running
BiSi0, | | photoconductivity gratings occurs when the moving light
/\ =532 nm pattern is synchronized with the propagation of photocarriers
_ 0.044 ! \L T drifting in dc electric field. Higher values of the applied ac
IS |
i: f,/ — ﬁ 0.03 . . . . . .
£ 0024 °° 1 Bi,Si0,, -
. T A=532nm
425 5 — saaa 0.02 -
0.00 T T III/ T T §
-1000  -100  -10 10 100 1000 =
(0-Q)/2r (Hz) ig 0.01 - -
FIG. 6. (Color online The frequency transfer function of the
diffraction efficiency oscillations excited in BiSiO,g at the com- 0.00 —
bination frequencyw—(). The dependences are obtained for three 0 1 2 3 4
values of the applied dc field and for three corresponding frequen- E, (kV/cm)
cies of the applied ac fieldEy=5.6 kV/cm, Ep=1.4 kV/cm,
Q/27=15kHz (A), Ep=8.0kV/cm, Ep=2.6 kV/cm, Q/2m FIG. 7. (Color online Dependence of the diffraction efficiency

=33 kHz (), and Ey=16 kV/cm, Ep=5.6 kV/cm, andQ/2x amplitude |7*™?| versus amplitude of an ac electric fieE,.
=130 kHz (O). The approximation of the experimental depen- Bi,SiO,, E=8.0 kV/cm, Q/27=33 kHz, and (w—Q)/27=
dences by Eq(36) is shown by the solid lines. -54 Hz. The solid line shows the approximation by ERj).
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0.012 — —T— T T 1x10° ——TT T — T
0010 - &104_' Bi,TiO, | ]
1 1 \ A=532 nm
0.008 - . 1 { 1
] 6x10™ - B
~~ ~~
& 0.006 . S g
—_— ] 2 -4
T §  4x10” -
"= 0.004 - = I ¢ 3
] 4 ¢ [
0.002 - 2107 4 g 7
0.000 N — 0 A
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FIG. 8. (Color online Dependence of the diffraction efficiency FIG. 9. (Color onling Dependence of the diffraction efficiency
amplitude || versus frequency of phase modulatioan The  amplitude |7 versus frequency of phase modulation.
measurements are carried out for two values of dc field and correBi;,TiO5, Eg=12 kV/cm, E,=0.92 kV/cm, and (w-Q)/27=
sponding combination frequencieBy=8.0 kV/cm, (w—-Q)/27= —-10 Hz. The solid line shows the approximation by E2p).

-48 Hz (O), Ep=12 kV/cm, and (0—Q)/27=-38 Hz (@).

Bi1,SiOy, EA:0.92 !(V/cm. The approximation by Eq39) is frequency dependend€ig. 9): u=3.1X 103 cm?/V s and
shown by the solid lines. ur=1.4x107 cm?/V (T=293 K).

The obtained drift mobility values in BjSiO,, and
121105 crystals are lower by 2—3 orders of magnitude than
the actual band and HalP® mobilities. Such difference is

field comparable with the dc bias lead to considerable changgi
of drift velocities; the synchronization is partially lost, lead-

ing to the reduction of the running photoconductivity grating usually attributed to the process of strong trapping of photo-
amplitude. This causes the saturation of the resulting SPaC8actrons on the shallow levéfs or large polarons
charge wave and corresponding detected signal. The Oti)ﬁfluence”

tained experimental dependence is approximated by 3.
with wr=2.1x 1077 cn/V.

The dependence of the diffraction efficiency versus fre- B. Non-steady-state photo-emf measurements
quency of phase modulatiof*™*(w)| was measured in In this subsection we consider the application of
Bi;;SiOy crystal for the constant combination frequensy  another—namely, the non-steady-state photo-emf technique
~ (= -wy (Fig. 8. The experimental curves demonstrate thefor the detection of the discussed processes D, at
behavior typical for running photoconductivity gratings: the \ =442 nm.
growth of the dc electric field increases the amplitude of the  Figure 10 presents the frequency transfer functions of the
detected signal and shifts the resonant peak to higher modypn-steady-state photo-emf measured ip®iO,, crystal for
lation frequencies2). The resonant frequency values arethree values of the applied dc fiel,. If the value of an
slightly smaller than those obtained for the non-steady-statgpplied electric field is increased, the signal amplitude in-
photo-emf experimentsFig. 5. The approximation of the creases as well. Initially, the first resonant maximum appears
experimental dependences by E80) allowed determination jn the low-frequency regiofiw/27~ 100 H2. When the dc
of the drift mobility of electrons as well as ther product  fie|d reachesE,~6 kV/cm the shoulder is observed on the
(Table 11). frequency transfer function at/ 27~ 3 kHz. The further in-

The mobility measurements were carried out in photoregrease of an applied field amplitude transforms this shoulder
fractive Bi;»TiO5 (Fig. 9. This crystal has sufficiently lower

photoconductivity and corresponding resonant frequency of 04

space charge oscillations)s, Thus the minimal possible T
combination frequency(w-Q)/27=-10 Hz was settled 05 B0y ||
close to the resonant frequency. The amplitude of the de-
tected signal was significantly lower than the one in 'ﬁ
Bi,SiO,q crystal due to the same reason: the smaller con- E 29 ]
ductivity grating excites weak space charge wave. The elec- -
tron mobility and thewr product were estimated from the 0.1 ]
TABLE lIl. Material parameters of the BjSiO,, crystal esti- 0.0 f——rrrrm— v
mated from the frequency dependence of the diffraction efficiency LN (U L L (U
amplitude| 7" w)|. o/2n (Hz)
Eo (KV/cm) T (K) w (CmIV's) wr (cm2/IV) FIG. 10. (Color online Fre_quen_cy tre_lnsfer functions of the_ non-
steady-state photo-emf excited in{E8i0,, Standard technique
8.0 296 1.1x 1072 1.9x 1077 (Eo=0). The dependences are measured for three values of the ap-
12 208 1.4 1072 1.1x 1077 plied dc electric field:Eq=6 kV/cm (A), 10 kV/em (), and

14 kV/cm (O).
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FIG. 11. (Color online Frequency transfer function of the non- FIG. 12. (Color online Dependence of the non-steady-state

steady-state photo-emf excited in;B8iO,, by the combination photo-emf amplitudéJ®~?| on the amplitude of the applied ac field.
technique. The dependences are obtained for two values of the aphe measurements are carried out for two resonant frequencies:
plied dc field and for two corresponding frequencies of the appliedw-Q)/27=-20 Hz (®) and (w—-Q)/27=+20Hz (O). E,

ac field: Eg=10 kV/cm, Q/27=5.9 kHz (O), Eg=14 kV/cm, and =14 kV/cm and(}/27=8.8 kHz.

0/27=8.8 kHz(®). Eo=3.5 kV/cm.

into the second resonant maximum. The growth of the ap(w—ﬂ)/2w250 Hz (E=10kviem and (w-()/2a
plied field shifts the first and second maxima to lower- and™30 HZ (Eo=14 kv/cm). The increase of the external dc
higher-excitation_frequency regionS, respective|y_ For ex_fleld causes the grOWth of the Slgnal amplltude as well as the
ample, the resonant frequencies equal/27=25 Hz and  shift of the resonant maxima to lower frequencies. This be-
wpe/ 2m=5.6 kHz for the electric fieldE,=10 kV/cm and ~ havior is typical for the space charge wa¥eBhe resonant
wso/ 2m=20 Hz andwp/2m=9.1 kHz for the electric field maxima turned out to be wide. This fact can be attributed to
Eo=14 kV/cm. It was showtf that such signal behavior is the nonlinear limitation of the space charge field for large
associated with the resonant excitation of the space chargmntrasts of the interference pattern. The inhomogeneity of
and photoconductivity running gratings. The first resonancehe light distribution through the sample thickness can be
is very wide which can also be attributed to the nonlinearanother reason of such behavior.
character of the space charge formation for large contrast of Figure 12 presents the dependences of the non-steady-
the interference pattefi.The light intensity inhomogeneity state photo-emf amplitude at resonant frequencies versus am-
can be another reason for such behavior: strong light absorplitude of the applied ac field. These dependences seem to be
tion (a~ 30 cnmi'!) makes the space charge relaxation time inlinear in the investigated range of ac field amplitudes. The
the surface layer smaller than in the crystal’s bulk. saturation of the signal amplitude can be expected for such
Direct measurements of the photocarrier’s drift mobility values of an ac fiel&, when KLy~ 2 [see Eqgs(31) and
were carried out using the non-steady-state photo-emf tect{32)]. For u7~ 10" cn?/V (see, for example, Ref. 1@&nd
nique. The mobility value was estimated from the position ofK=25 mn1? this saturation effect should be observed for
the second resonant frequency for fixkdand Ey values: Ex~8 kV/cm.
1=0.015 cnd/V's. This estimation is in good agreement
with an electron mobility valug.=0.016 cni/V s measured
earlier at the wavelengthh=458 nm'® Nevertheless, the
large light absorption the parameters estimated from the In this paper we have considered the combined excitation
high-frequency resonant maximum seem to be rather correeff two eigenmodes in semiconductor: the running gratings of
since the resonant frequency and the shape of the resonahe space charge and photoconductivity. The novel technique
peak are not defined by parameters dependent on light intelsased on the diffraction efficiency measurements allowed us
sity [Egs. (33) and (39)]. to detect the space charge wave originated from the nonlin-
Let us proceed with the combined excitation of the spacear interaction of the running photoconductivity grating with
charge and photoconductivity gratings. The frequency of anhe applied ac field.
external ac field was settled approximately equal to the fre- The most important feature of this approach is the differ-
quency of the second resonant maximuihi27=5.9 kHz  ence between the spatiotemporal characteristics of the arising
for Eg=10 kV/cm and(}/27=8.8 kHz for E;=14 kV/cm.  space charge wave and the spatiotemporal characteristics of
The amplitude of an external ac fie{,=3.5 kV/cm was  the external driving forcellumination and applied field In
chosen to be considerably smaller than the dc field value. this sense, the experiments presented in the paper is another
Figure 11 presents the frequency transfer function of thelemonstration of the eigennature of the space charge wave—
non-steady-state photo-emf excited at difference combinathe oscillation which properties are defined by the material
tion frequencyw—-. Two maxima are clearly seen at this parameters rather than external forces.
dependence: the first one is observed for the negative differ- The combined excitation of the photoconductivity and
ence frequency (w—Q)/27=—-(50—-200 Hz (Eo  space charge waves is very promising for the investigation of
=10kV/cm and (0-Q)/27=—-(20-200 Hz (E, fast processes in high-resistive semiconductors. The mea-
=14 kV/cm) and the second one for the positive frequencysurement of the actual drift mobility of photocarriers in

V. CONCLUSION
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wide-gap semiconductors with complicated structure of re- The nonlinear interaction of applied ac field with running
combination levels is an important example of the tasksgratings of the photoconductivity and space charge is not
where detection of high-frequency signals is necessary. Inestricted to the results obtained in this paper. Further experi-
deed, the resonant frequency of the photoconductivity gratmental investigations in other wide-gap semiconductors
ing can reach 100 MHz in BjSiO, crystal?® Due to the should be carried out, and more detailed theoretical analyses
large values of Maxwell relaxation timen, ~1 m9, oscil- including trap saturation, optical activity, and absorption ef-
lations of the space charge field and corresponding diffract€Cts should be performed to complete description of the
tion efficiency should be negligible in this frequency range:Phenomena discussed.

the reduction coefficient ibwry)™*. This makes observation
of the high-frequency resonances practically impossible. In
contrast to the standard techniques the developed approach The authors acknowledge the financial support from a
of combined excitation allows the detection of fast processegrant of the President of the Russian Federat®rant No.
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