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Nonresonant enhancement of the nonstationary holographic currents in photoconductive crystals
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We report the nonresonant excitation of the nonstationary holographic currents in an external sinusoidal
electric field. The theoretical analysis of the effect has been performed for the conventional model of semi-
conductor with one type of partially compensated donor level. We demonstrate that the application of an ac
field sufficiently increases the photocurrent amplitude. At the same time the frequency transfer function of the
effect maintains the form typical for the diffusion mechanism of photocurrent excitation. The dependencies of
the current amplitude and characteristic cutoff frequency versus applied voltage are utilized for the determi-
nation of the photocarrier’s. = product. The advantages of the proposed technique are discussed. The experi-
ments are carried out in a photorefractivéype Bi;,SiO,q crystal. The signal enhancement-e60 dB has
been achieved and ther product is found to bg.r=(0.8—1.2)x 10" m?/V.
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. INTRODUCTION cluding laser ultrasonic diagnostits!’ There is also a num-
ber of fields where adaptive detection of low-frequeKity

Investigation of the space-charge grating formation in100-H2 phase-modulated optical signals is necessary. An
semiconductors and, in particular, wide-gap materials is verymportant example is detection of slow periodic thermal
important since it provides information about the main fun-changes in experiments on detection of weak optical
damental characteristics of the material such as type of ph@bsorption:® One can use photodetectors with low photocon-
toconductivity, Maxwell relaxation time, characteristic trans-ductivity and large Maxwell relaxation time. But this will
port lengths of photocarriers, volume charge distributionfesult in a low photoresponse of detection and additional
mobility, and lifetime. There are two modern optical tech- problems in matching photodetector with preamplifier. To
niques for such measurements. The first one is based on tiselve these problems authors of Ref. 14 have suggested the
recording of the dynamic holographic gratings in photore-application of dc field for the resonant enhancement of the
fractive crystals. The amplitude of the space-charge gratingphotocurrent amplitude. In our point of view utilization of
can be enhanced using nonstationary mechanisms of recordhe nonresonant technique for the signal amplification pre-
ing: the first approach uses application of a dc electric fieldsented below is more convenient for the mentioned tasks.
to the crystal illuminated with a running interference In this paper we present investigations of the nonstation-
pattern’® and the second one employs application of an a@ry photocurrent generation in an external ac field. We show
electric field along with a stationary interference patteth. both experimentally and theoretically that the frequency
In both cases the space-charge field grating amplitude growigansfer function of the effect is similar to the response of the
as «E2 until saturation or nonlinearity effects become effect in the diffusion regime of excitation, i.e., linear growth
substantial. Both approaches can be utilized for electro- Of the signal for low modulation frequencies up to a certain
optic materials only since they require light diffraction on the characteristic cutoff frequency and frequency-independent
recorded holographic grating. rggion for high _modulation frequencies. We propose a tech-

The nonstationary ho'ographic Curre7nts)r non_steady_ n|que fOI‘ the S|gna| enhancement a.nd determ|nat|0n Of the
state photoelectromotive foftéhoto-EMBP] can be consid- 47 product. In Sec. Il we analyze theoretically the holo-
ered as the alternative optical technique. This method doe@aphic photocurrents in an external ac electric field, in Sec.
not involve light diffraction from the recorded hologram and /!l we describe the experimental setup, in Sec. IV we present
can be used for centrosymmetric and even amorphoud€ results of the nonstationary photocurrent measurements
materials’'° The photo-EMF is the holographic-related phe- in n-type photorefractive BtSiO,, and in Sec. V we dis-
nomenon and reveals itself as an alternating electric currer@uss the possibilities of the proposed technique.
in a semiconductor crystal illuminated by an oscillating in-
terference patteril'2 Resonant excitation of the nonsta-
tionary holographic currents in an external dc field has al-
ready Dbeen realized in wide-gap photorefractive This section presents calculations of the nonstationary
sillenites:*~" No investigations of the photocurrent excita- photocurrent amplitude excited in an alternating electric
tion in an external ac field has been carried out up to Nowield. Suppose a crystal is illuminated with the oscillating
The study of the nonstationary holographic currents in annterference pattern formed by two plane light waves, one of

external alternating electric field is useful not only for better\ynich being phase modulated with frequensyand ampli-
understanding of the space-charge field formation and chafyge A -

acterization of the wide-gap semiconductors, but also for
practical applications, namely, the detection of weakly
phase-modulated laser beams, and remote laser testing in- I[(x,t)=1g[1+mcogKx+A coswt)]. D

Il. THEORETICAL ANALYSIS
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—e+—e oL\ N <<N The sinusoidal electric field with amplitudé,,; and fre-
e o eN, AT quency ) is applied to the crystaEq(t) = EqCOSOL.
OO The calculation procedure simplifies substantially if we

assume the contrast and amplitude of phase modulatidn
FIG. 1. Model of semiconductor with one type of partially com- to be small:m,A<1. Then we can look for the solution of
pensated donor level. Eqgs.(7) and(8) to the lowest order with respect to the small
parameters presentimgx,t), E(x,t) as the sums of station-
Herel is the average light intensityn is the contrast, and  ary and running gratings:
is the spatial frequency of the interference pattern. We con- L
sider the widely used model of semiconductor with one type _ oq )
of partially compensated donor leVeFig. 1). The balance n—n0+p qul n™Plexp(i[Kx+ (pw+qQ)t]}
equation for the concentration of electrons in the conduction '
bandn can be written as follows: L
+ > n~Pdexpli[ —Kx+ (po+qg)t]}, (9
an n 19, p.a=-1

)

— =gt - —.
at T X E = E%* exp(i Ot) + E® exp( —iQt)
Hereg(x,t)=(apB/hv)l(x,t) is the electron generation rate 1

(?‘ is the light gbsorption coefficiens i_s the quantum (_affi- i E E*Plexp{i[Kx+ (pw-+qQ)t]}
ciency, andhv is the photon energy 7 is the electron life- p.g=-1

time, j. is the density of the electron current, aads the
electron charge. We assume low illumination levels when the
generation and recombination rates are linear functions of
the light intensity and electron concentration, respectively,
i.e., for the considered model conditioh,+N<Np, Np It is important to point out that for the solution of similar
+N>n that are fulfilled[Np is the total concentration of tasks two basic approaches can be used: the utilization of
donors,N is the concentration of donor centers emptied bytruncated Fourier seriggas was also done in this papend
light, and N, is the concentration of the compensating ac-the time averaging techniqdeThe former covers all time
ceptor stategFig. 1)]. In this case the electron lifetime is scales'® the latter is convenient for arbitrary wave forms of
independent on the light intensity and determined by the conthe external field.

centrationN, only. The effects of trap saturation are ne- For the case of cyclic boundary conditi6rike total cur-
glected as wel(screening lengths are small compared to therent averaged over the interelectrode spadingpntains the
inverse value of the spatial frequencin order to calculate drift and displacement components. The photocurrent signal
the distributions of the electron concentration, electric fieldis defined by the drift oné:

and resulting photocurrent, E¢R) should be added by the

1

+ > EPYexpli[ — Kx+ (po+g)t]}. (10)
p.g=-1

continuity and Poisson equations and by the expressions for Co E L
the chargep and electron currerit, densities: M= LJo eun(x,HE(x,t)dx. (1)
ap  dje We confine ourselves to the analysis of the first harmonic of
ot ax ©) photocurren{with frequencyw) which can be written in the
form of the following combination of coefficients introduced
JE in Egs.(9) and (10):
6605 =pP, (4) 1
jo=2eu >, (nTUE-0CD 4 pt0UE-1(-0)
p:e(N_n)l (5) q=-1
5 +n WETOCD 4 nm0ap+i(-a)), (12)
) n
Je=eunE+ kBT“[TX’ ©  The higher spatial and temporal harmon(aed even subhar-

. o . o monic9 of valuesn(x,t), E(x,t) and resulting photocurrent
whereE is the electric fieldu is the electron mobilitye is  j(t) become substantial only for the case of large contrast
the dielectric constant, an is the free space permittivity, and amplitude of phase modulatian; A ~ 1 129-22Although
kg is the Boltzmann constant, antl is the temperature. these problems are rather interesting and widely discussed in

Equations(2)—(6) can be represented as follows: the literature the most valuable applications of the holo-
) graphic photocurrents for the semiconductor material charac-
3_”: N eg IE ) terization(Sec. ) are based on the measurements of the first

at 9 T e Jxdt’ harmonic of the signal.
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Let us consider the case of a “relaxation-type” semicon-frequency-independent region for high frequencies of phase
ductor, i.e.,7<7y (7y=e€€y/eun, is the Maxwell relax- modulation® These two regions are separated by a corre-
ation time. We suppose that the frequency of phase modusponding cutoff frequency,
lation w is much smaller than the frequency of the external
electric fieldQ); the period of the ac field is larger than the 1
carrier lifetime 7 and shorter than grating relaxation time wo L+ K2L2 4 K2L2/(1+ K2L2)]

™ -

17

w<(), (13 For low spatial frequencies of the interference pattern
(i.e., for K2L2D<1) the most striking peculiarities can be
T,\_,|1<Q< L (14 observed. In this case the expressions for the photocurrent

amplitude and corresponding cutoff frequency can be written
We have obtained all complex amplitudes of the electroms follows:

concentration and electric field necessary for calculation of

the first harmonic of the photocurrent signal. Some of them . mA _inM(1+Lg/L%)
are given below j“= 0oEp
2 1+iwry(1+K3LY)
m imKL
n+oo:En0, 01— 02 — m2A —iwmy(1+EYE?)
2\/2(1+K2L3) = ooE (18

P1+iwny(1+EYEZ)’
o imA(1+iwry)(1+K2L3)n/4
1+K2L3+iomy[(1+K2LE)2+K2L3]

wo=[Tm(1+ KLY *=[rw(1+EJET L. (19

_ Here E, =kgT/eLp, Ey=(Ku7) ! are the characteristic
I —mA(1+iwmny)KLong/4y2 values of the electric field As seen from Eq(18) the de-
1+ K2L2D+inM[(1+K2L2D)2+ KZLg] ' pendepce of the photo.current amplitude on electric field has
an S-like shape. The signal growsEébetweerEL andEy,
due to the corresponding increase of the electric-field grating

E*00— _j_— ED+EOL02)1 amplitudese*% E*10 [Eq. (15)]. Beyond this region K,

1+K2LG <E_, Eo>Ey) the signal is independent on the electric
field. The external field does not affect the photocurrent am-

Lol imE, plitude while the effective drift length is smaller than the

E :2\/§QT (1+K2L2)’ diffusion one Ly<Lp). For high values of the applied elec-

M o tric field (the so-called long drift length regiman enhanced

o 2 transfer of electrons characterized by the large effective drift
E10_ MA[Ep(1+K°Lp) +EoKLo]/4 lengthL , takes place. Under these conditions the nonstation-
1+K2L2 +iwmy[ (1+K2L3)2+K2L2)' ary photoconductivity grating is blurred leading to the satu-

ration of the signal amplitude. The corresponding cutoff fre-
B . quency wg [Eq. (19)] falls down when drift lengthL,
Etil MA(L+iwm)Eo/4\20 7y . (150 becomes comparable to the spatial period of the recorded
1+ K2L3+iowry[(1+K2L3)?+K2LE] grating Lo=K ! or Eo=Ey).

The dependencies of the photocurrent amplitytieand
cutoff frequencyw versus the ac field amplitudg, can be
used for the determination of transport parameters of photo-
excited carriers in semiconductor materials. Indeed, the char-
acteristic breakpoints in these dependencies give the values
of the diffusion and drift lengths of photocarriers and conse-
quently theu 7-product value.

We have also calculated the maximum gain of the photo-
current signaj “(w> wg) which can be obtained in the sinu-

HereEy=E,,,/\2 is the effective value of the external elec-
tric field, Ep=(kgT/€e)K is the diffusion field,oco=eung is
the average conductivity, o= u7E, is the drift length of
photocarriers, antlp = (kg T 7/€)¥? is the diffusion length.

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

. —0.5m*Ago[Ep+EoKLo/(1+K2LE)JiwTy

1+iomy[1+K2LE+K2L2/(1+K2LE)] soidal ac field:
(16)
H H ; lim j‘“ 21 2 2 2
Let us list the main features of the nonstationary holo- _Egoe 1+KeLg+Lg/Lp
graphic photocurrents excited in the ac external field. As fol- ™ lim je - 1+K2L%+K2L§/(1+K2L2D)' (20
lows from Eq.(16) the frequency transfer function of the Eg—0

effect has the traditional form typical for the diffusion
mechanism of photocurrent excitation, namely, the linealt depends on the spatial frequency of the interference pat-
growth of the signal for low modulation frequencies and thetern: G,= 1/K2L3 for K’L3<1 andG,,=1 for K’L3>1.
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1 Q FIG. 3. Frequency transfer functions of the nonstationary pho-

tocurrent measured witftircles and without(squarep additional

infrared illumination (Bi,SiO,: A=442 nm, E =0, P,
— — — -1

FIG. 2. Experimental setup for measurements of the nonstation= 0-32 MW, m=0.65, K=5x10" m™?).

ary holographic photocurrents in the presence of alternating electric )
field. wo=(1+K2Lg)r L (22

Generator

From the dependencies of the photocurrent amplitude
measured at low spatial frequency of the interference pattern
The experimental setup used for the measurements of tk(e(2L2D< 1) and without additional illumination we estimated

nonstationary holographic currents under applied alternatingorresponding cutoff frequencieswy/27=330 Hz and
electric field is shown in Fig. 2. A standard He-Cd laser withw(/27r=2.6 kHz[Fig. 3 (squarel. The present and earlier
an average power &, ~1 mW (A=442 nm) was used experiment§ carried out in sillenite crystalgillumination

as the basic source of coherent radiation for formation of gvavelengthx =442 nm) have revealed that the values of
recording interference pattern. To form the interference patgytoff frequenciesw,, wj are close to each other. This
tern with a specified fringe spacing and to cause its sinUmeans that the lifetime- and Maxwell relaxation timery,
soidal vibrations within the sample volume, we used & CONgre comparablet~ 7y~ 100 ws1121n this case the cutoff
ventional Twyman-Green interferometer. An electro-optiCfrequencies are defined by more complicated expressions
phase modulator ML-102A produced phase modulation ofhan those of Eqg21) and (22):'2

the laser beanfwith frequencyw and amplitudeA =0.16).

IIl. EXPERIMENTAL SETUP

The voltage from the generator was amplified by conven- 1+ 717+ K213

tional transformer and then applied to the crystal. The pho- wo= PR (23
tocurrent signal was filtered and then measured by spectrum 7+ (1 7/ +KLp)

analyzer SK4-56 {=0.01-50 kHz, Af=3 Hz). In our - -
experiments we used amtype Bi;,SiO crystal with char- ,_i+ 1+7/7+KLg N 1+7/7+Kg
acteristic dimensions 2 3X10 mn?; the front and back o T r+ (14 1/ m+K2L2)
surfaces of the crystal (410 mnt) were polished, and the (24)

silver paste electrodes 34 mn?) were painted on the lat- _ o o )

eral surfaces. The interelectrode spacing was 1 mm. In ordé¥here 7, is the lifetime of the ionized donor state, arglis

to change the parameters of the matef@incentration of he Debye screening length. . _
the trapping centers, characteristic recombination times, 1he conditionr<ry is typical for most wide-gap semi-
etc?) the crystal was simultaneously illuminated by the light conductor materials. To fulflll_ this condltlo_n an_d to co_nduct
from the microscope lamp focused by lens and passeHhotocurrent measurements in the relaxation-time regime ad-

through the infrared filter KS-lS)\(]R=650—2700 nm, ditional infrared illumination of the crystal)\ﬁR=650
lig=13 mW/mn?). —2700 nm,l,g=13 mW/mn¥) was used. For the first and

second cutoff frequencies the following values were ob-
tained: wo/2m=800 Hz (ry=0.25 ms) and (/27
IV. EXPERIMENTAL RESULTS =13 kHz (r=12 us) [Fig. 3 (circles]. As seen from Fig.

o .
In this section we present the results of the photocurren{"’_ the seco_nd_cutoff freq“?”% IS remarkably Sh'f_te‘j to )
measurements carried out in the external electric field anqlgher excitation frequencies, which can be associated with
compare them with the data obtained for the diffusion excithe decrease of the electron lifetime. The grpwth of the first
tation regime. Figure 3 presents the frequency transfer fun@Utoff frequencywo was clearly observed. This fact was un-
tion of the holographic photocurrent excited in the 8iOx expected since infrared illumination should not influestze
crystal in the absence of an external electric field. Recall thaionary photoconductivity of the crystaland correspond-

the frequency response of the effect is usually characterizel9!y the value of the Maxwell relaxation timeNote that
by the corresponding cutoff frequencfes, even a 20%- 25% decayof the sample’s conductance in the

presence of the infrared light was observed. For this reason
21 the behavior olw, cannot be attributed to the growth of the
wo=[Tm(1+KLp)] (21 conductivity. The observed behavior can be explained by the
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FIG. 4. Dependence of the cutoff frequencies (squarel o
(circles on the spatial frequencK of the interference pattern Modulation frequency (Hz)
(Bi1,Si0y0: A=442 nm,Ey=0, Py=0.32 mW, m=0.65; infra-
red illumination is switched on The theoretical curves are calcu-

| FIG. 6. Frequency transfer functions of the photocurrent mea-
lated using Eqs(21) and(22).

sured forE,=0 (open circleg 53 V/imm(filled circles, 130 V/Imm

) (open squares 210 V/mm (filled squarey 410 V/mm (open dia-
fact that7~7y . In this case the cutoff frequency dependsmondg, and 1000 V/mm (filled diamonds. Bi,SiOy: A
both on the electron lifetime and the Maxwell relaxation —442 nm,P,=0.19 mW, m=0.65,K=5x10* m%, and infra-

time. The former vanishes with the additional illumination red illumination is switched on.
resulting in the slight change of the first cutoff frequency.

The dependencies of the corresponding cutoff frequencieshotocurrent amplitude measured for different values of
versus spatial frequency of the interference pattériare  electric field applied to the crystal is presented in Fig. 6. As
presented in Fig. 4. The experimental dependencies were fiseen from this figure all dependencies keep the form typical
ted using Eqs(21) and(22) providing the following estima- for the diffusion mechanism of the photocurrent excitation.
tions for the diffusion length of photocarriersLy No resonant peaks on the frequency response were observed
=12 um (u7=0.6x10"1° m?V) [from w,(K)], Lp even for the highest voltage applied. The giant enhancement
=1.6 um (u7=1.0x10"1° m?/V) [from w,(K)]. of the signal amplitude is another feature of the nonstation-

Investigation of the spatial frequency dependence of thery photocurrent excitation in an external ac electric field
holographic photocurrent gives another possibility for the(Figs. 6 and Y. The characteristic growth of the signal am-
diffusion length determination. For the diffusion mechanismplitude asxEj was observed in the regioB,=(0.2—2)
of recording E;=0) and for modulation frequencies higher x 10° V/m. The photocurrent amplification by a factor of
than the first characteristic cutoff frequency* wo) the  G,,=350 (~50 dB) has been achieved for low spatial fre-
simplest theory of the effect predicts the following depen-quencies of the interference patted§®(3<1). This value
dence of the photocurrent amplitude versus spatiajs even higher than the theoretical estimation of the maxi-

frequency? mum gain factor by Eq.(20): G,,=140-280 (K=5
x10* m % Lp=1.2-1.7 um).
RUSE: K . (25) The w7 product or diffusion length of photocarriers can
1+ K2|_2D be estimated from both the characteristic breakpoints on the

i . dependence of the photocurrent amplitude versus ac field

We performed these measuremeffiiy. 5 and obtained the  amplitude(Fig. 7). We have approximated this dependence
following estimation for the diffusion length of electrons: py £q. (18) and obtained the following valuess, =1.5

Lp=1.4 um (ur=0.7x10"10 m?/Vv).

Let us proceed to the case of nonzero alternating electric

) . <
field applied to the crystal. The frequency dependence of the £ 10
[}
E
= 0 =
g 10 g_ 100 J
QO [
£ 5 10t
& 3
€ 2
E 10 ] & 02 L : : : :
g 102 108 10* 105 108
h% . . External field amplitude (V/m)
104 108 10¢ 107
Spatial frequency (m™) FIG. 7. Photocurrent amplitudd®| (w>w,) versus effective

value of the external ac fiel€, (Bi;;SiOy: A=442 nm, P,
FIG. 5. Dependence of the photocurrent amplity@¥ on the  =0.19 mW, m=0.65, K=5x10* m !, w/27=2.0 kHz; infra-
spatial frequency K (Bi5SiO,g, A=442 nm, Ey=0, P, red illumination is switched ogn The measurement performed at
=0.32 mW, m=0.65; infrared illumination is switched ¢nThe zero field is shown aIE0=102 V/m. The solid line shows the the-
solid line shows the theoretical curve calculated using (E§). oretical curve calculated using EA.8).
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10° grom - - : - the effect seems to be more convenient for measurements of
phase-modulated optical signals of small amplitude. The
high-frequency alternating electric fielf& T,\_/ll) applied to
the crystal is more homogeneous than the dc fietdscreen-
ing effects are presentetf For this reason the measure-
ments performed in fast ac fields are expected to be more
plausible.
Determination of thewr product from the dependence of
photocurrent amplitude versus applied ac voltage is much
External field amplitude (V/m) easier than the standard technique based on the measure-
FIG. 8. Dependence of the cutoff frequeney on the effective mentsiof the photocurrent amplitude on the spatial 'frequency
value of the external ac fiel@, (BiSiOy: =442 nm, Py qf the mtgrference pattern, which is a.tlme consuming opera-
—0.19 MW, m=0.65, K=5x10* m "’ infrared illumination is tion and includes numerous mechanical movements and re-
switched on. The measurement performed at zero field is shown a@djustments_ _Of optical C_omponerﬂse_e, for example, Ref.
Eo=10% V/m. The approximation using Eq19) is shown by the 9)- The position of the first breakpoint on the dependence
solid line. J°(Ey), i.e.,E, (see Sec. )| does not depend both on spatial
frequency of the interference pattekn(for KZL%< 1) and
X10* VIm (Lp=1.7 um, ur=1.2x10"1° m?/V) forthe  average light intensityo, which minimizes corresponding
first breakpoint andEy=2.6x10° V/m (Lp=1.4 um, €xperimental errors. _
ur=0.8x10"1° m¥V) for the second breakpoint. To summarize, we have analyzed the influence of the al-
The behavior of the the first cutoff frequenay, versus  ternating electric field on the nonstationary photocurrent am-
applied electric field is similar to the drift mechanism of Plitude and dynamics of space-charge gratings in semicon-
recording—it shifts towards low excitation frequencigsg. ~ ductor materials. The simple technique for the-product
8). Approximation of this dependence by Eql9  determination is proposed. The nonresonant enhancement of
provides the value ofu7 product: ur=1.2x10° m?v  the signal of ~50 dB has been achieved im-type
(Ey=1.6x10° V/m). Bi;,Si0,y. We believe that influence of an ac external elec-
tric field is not restricted to the considered cases. The pro-
V. DISCUSSION posed technique can be used for characterization of other
photoconductive crystalée.g., semi-insulating ZnSe, GaN
The utilization of ac field for the photocurrent signal en- with different material constants, where the characteristic
hancement provides several important advantages over theakpoints will be observed at other values of the applied
application of dc field. First, the flat frequency response offield.

10 |

10" 4

First cut-off frequency (Hz)

10? 10° 10 108 10¢
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