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Resonant excitation of space-charge and photoconductivity waves in semiconductors
with shallow energy levels
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We report resonant excitation of space-charge and photoconductivity waves in semiconductors with shallow
energy levels. We predict the appearance of several resonance maxima in the frequency dependence of non-
steady-state photocurrent excited in a semiconductor material. We show that both the effective and actual
mobilities of photocarriers can be estimated from the characteristic resonant frequencies. Experimental mea-
surements of the effective mobility are carried out in photorefractiven-type Bi12SiO20 grown in an argon
atmosphere.
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The subject of space-charge waves covers a wide rang
physics from plasmas, acoustics, and semiconductors to
relatively new area of photorefractive optics.1–3 Space-
charge waves can be regarded as quasiparticles in solids
are of great interest not only in the case of photorefrac
materials but also in the case of many semiconductors. T
determine the dynamic behavior of the space-charge di
bution in the crystal and can be excited optically by vario
methods.4–7 A powerful technique is to use the spatially o
cillating interference pattern created by two coherent la
beams. Then, if the frequency of oscillation and the grat
spacing of the interference pattern coincide with the f
quency and the wavelength of the corresponding spa
charge wave, a resonance excitation of the space-ch
wave occurs. Space-charge and photoconductivity wa
play an important role in inducing non-steady-state photoc
rents in photorefractive crystals.8,9 This effect provides a
unique opportunity for direct measurement of the photoe
tron’s drift mobility from the position of the correspondin
resonance maximum in the frequency transfer function of
photocurrent.9,10

The effect of the non-steady-state photo-EMF and m
holographic techniques are usually analyzed using the o
level model of a semiconductor. However, space-charge
photoconductivity relaxation in Bi12SiO20 crystals occur in
two steps: fast and slow.11 This behavior is well explained by
means of a band transport model with deep and sha
traps.11–14

In this paper we analyze the resonant excitation of spa
charge and photoconductivity waves and their detection
ing the non-steady-state photoelectromotive force effect.
consider the model of a semiconductor with a shallow ene
level and present numerical calculations for the commo
used Bi12SiO20 crystal.4–6,8,9,11–16It is important to point out
that application of an external electric field complete
changes the physics of the phenomenon and here we
with the resonantexcitation of theeigenwavesin the mate-
rial and not with theforcedexcitation of the effect as in Refs
8 and 14. The investigation of photocurrent generation
useful not only for a better understanding of space-cha
waves, but also for practical applications, for instance,
the detection of weakly phase-modulated laser beams fo
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mote laser testing including laser ultrasonic diagnostics.
Let us consider the model of a semiconductor with tw

levels from which photoelectrons are generated@Fig. 1~a!#.
We confine ourselves to photoexcitation from the deep do
level ~with total densityND) and both light and thermal ex
citation from the shallow level~with total densityMT). The
shallow level is assumed to be empty in the dark and
deep one is partially filled~with density of vacant statesNA).
The balance equations for the model of photoconductor
cussed can be written as14

]N/]t5SDI ~ND2NA2N!2gDn~NA1N!, ~1!

]M /]t52~b1STI !M1gTn~MT2M !. ~2!

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

5NA1N is the total concentration of ionized donors!, M is
the density of shallow centers filled with electrons,n is the
density of free electrons,SD andST are the light excitation
cross sections from deep and shallow levels,b is the thermal
excitation rate from the shallow level,gD and gT are the
capture constants for deep and shallow traps, respectiv
and I is the light intensity.

For the photocurrent amplitude calculation we have to a
to the balance equations~1! and~2! the continuity and Pois-
son’s equations and the expression for the current densi9

]~N2M2n!/]t1e21 div j50, ~3!

FIG. 1. Model of photoconductor with a shallow level~a! and
experimental setup for measurements of the non-steady-state
tocurrent~b!.
©2001 The American Physical Society03-1
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div E5e~N2M2n!/ee0 , ~4!

j5emnE1eD gradn. ~5!

Herej is the electric current density,E is the electric field,e
is the dielectric constant,e0 is the free space permittivity,m
is the electron mobility,D5mkBT/e is the diffusion coeffi-
cient, e is the elementary charge,kB is the Boltzmann con-
stant, andT is the temperature.

Suppose a crystal is illuminated with the oscillating inte
ference patternI (x,t)5I 0$11m cos@Kx1D cos(vt)#%, where
I 0 is the average light intensity,K is the spatial frequency o
the interference pattern,m is the contrast, andD is the am-
plitude of phase modulation. Theoretical analysis of the n
steady-state photocurrent generation was performed with
following simplifying assumptions: a negligible dark co
ductivity, a low-contrast light pattern (m!1), and low-
amplitude vibrations of the interference pattern (D!1). No
assumptions were made on the occupancy of the two le
and the prevalence of any activation mechanism for the s
low level.

We have obtained a general expression for the photo
rent amplitude. It is too bulky, however, so we shall discu
the most interesting case of linear generation from the d
level, low filling degree, and negligible light excitation from
the shallow level:

N0!ND2NA , M0!MT , STI 0!b,

STM0!SD~ND2NA!, bTD@1. ~6!

HereN0 , M0, andn0 are the stationary and spatially unifor
densities@defined from Eqs.~1! and ~2! and the neutrality
condition N05M01n0], and TD5(SDI 01gDn0)21

'(gDn0)21 is the inverse of the sum of the generation a
ion recombination rates for the deep level. The fifth con
tion (bTD@1) states that the number of free carriers exci
from the shallow level during the lifetime of the ionized de
level is larger than the number of carriers captured at
level.

Under these assumptions the expression for the photo
rent amplitude is simplified to

j v5
0.25m2Ds0~Z* !21@ i2E02vtM~E01 iEd!#

Z2v2t8tM1 iv@t81tM~11Q1K2LD
2 1 iKL 0!#

2
0.25m2Ds0Z21@ i2E02vtM~E02 iEd!#

Z* 2v2t8tM1 iv@t81tM~11Q1K2LD
2 2 iKL 0!#

.

~7!

Heres05emn0 is the average photoconductivity of the cry
tal, E0 is the external electric field,Ed5KkBT/e is the dif-
fusion field,tM5ee0 /s0 is the Maxwell relaxation time,

t85t8~v!5tDS 11
tT

21b21

11 ivb21D ~8!

is the complex and frequency-dependent effective elec
lifetime, tD5@gD(NA1N0)#21, tT5@gT(MT2M0)#21 are
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the recombination times of electrons to the deep and sha
traps,LD5ADtD, L05mtDE0 are the average diffusion an
drift lengths of photocarriers,LS5@ee0kBT/e2(NA1N0)(1
2NA /ND)#1/2 is the Debye screening length,12 and Z
511Q1K2LS

2(11 iE0 /Ed) and Q5@(11NA /N0)(1
2NA /ND)#21 are dimensionless parameters (0,Q,1).

The frequency dependence of the photovoltage amplit
is shown in Fig. 2. The material parameters used for num
cal calculations are taken from Refs. 5, 11, and 16. Depe
ing on the amplitude of the applied electric fieldE0, spatial
frequency K, and material parameters, the frequency
sponse of the photocurrent can have from one to th
maxima.

Let us first consider the low-frequency range of photoc
rent excitation whenv!b. For such modulation frequencie
the effective electron lifetime is the real value:t8't8(0)
5tD(11tT

21b21). It can be shown that forKL0.11Q
1K2LD

2 there is a maximum in the frequency dependence
the non-steady-state photocurrent atv r1'uZu/ut8(0)
1tM(11Q1K2LD

2 1 iKL 0)u. The existence of such a pea
is associated with the excitation of space-charge wave4,6

For LS,LD the resonant frequencyv r1 is a decreasing func
tion of the applied electric fieldE0.4,9 However, if the finite
screening lengthLS is taken into account,v r1 tends to a
nonzero limit for high electric fieldsE0→`: v r1→TD

21

@compare to Eq.~16! in Ref. 9#.
For the intermediate range of excitation frequencies wh

v r1!v!b and for the case of a relaxation type semico
ductor@t8(0)!utM(11Q1K2LD

2 1 iKL 0)u# a second maxi-
mum is observed in the frequency transfer function. T
types of this maximum can be considered in this case.
first one corresponds to the resonant excitation of a ph
conductivity wave and is detected atv r2'KL0 /t8(0)
5m8E0K, wherem85m/(11tT

21b21) is the effective mo-
bility of electrons. Such a resonant maximum exists in
frequency range (11Q1K2LD

2 )/t8(0),v,b. This charac-
teristic frequencyv r2 is an increasing function ofE0 andK,
but when it approaches the thermal excitation rateb, the

FIG. 2. Theoretical dependencies of the photocurrent amplit
u j vu on the oscillation frequencyv (I 05104 W/m2, m50.2, D
50.1): ~a! E050, K51.003106 m21, ~b! E0563105 V/m, K
51.893105 m21, ~c! E0523106 V/m, K51.893106 m21.
3-2
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corresponding peak disappears. Thus there is an optim
value of the external electric field that maximizes the am
tude of the resonant peak:

E0'
b

m8K
AtT

tD
~11Q1K2LD

2 !, ~9!

j v'
2 im2Ds0b

8Zm8K
A tT

tD~11Q1K2LD
2 !

. ~10!

The second type of maximum can be observed at ano
characteristic frequency:vm2'(11Q1K2LD

2 )/t8(0). This
peak in the frequency response of the photocurrent is
tected only for specific relations between the amplitude
the applied electric fieldE0 and the spatial frequency of th
interference pattern K: KL0 ,KLD ,KLS<1, L0

'@(11Q)(LD
2 1LS

2)#0.5. It is important to point out that the
origin of this maximum is not associated with the reson
excitation of photoconductivity waves. The characteris
frequencyvm2 depends weakly on spatial frequencyK, and
the amplitude of this maximum increases with increasingK
value.

For high excitation frequencies (v.tT
21) the effective

lifetime of electrons is the real value as well:t8'tD . The
third resonant peak is observed in this case at the follow
frequency:

v r3'KL0 /tD5mE0K. ~11!

The presence of such a peak is a characteristic feature o
model discussed. This maximum can be observed in the
quency region v r3.(11Q1K2LD

2 )tD
211tT

21 . In other
words, this condition means that photoconductivity wav
are resonantly excited if an electron in the conduction b
is captured by neither deep nor shallow traps during the
riod of interference pattern oscillation. The values of effe
tive m8 and actualm mobilities can easily be obtained from
the characteristic resonant frequenciesv r2 and v r3 in the
frequency dependence of the non-steady-state photocur

The non-steady-state photocurrent amplitude for the s
ond and third resonances can be estimated from the exp
sion

j r2,r3
v '

2 i0.25m2Ds0E0Z21

11Q1K2LD
2 1tD /tT~11b2/v r2,r3

2 !
. ~12!

We have assumed here thatv r2 ,v r3@v r1 , ut8u!utM(1
1Q1K2LD

2 1 iKL 0)u, andE0@Ed .
The origin of the resonance maxima in the frequen

transfer function can be explained as follows. The light
tensity distributionI (x,t), which is an external periodic driv
ing force in our case, contains waves running in the oppo
direction with respect to the applied electric field (E0.0):
I 66 exp@6i(Kx1vt)#. These light waves give rise to analo
gous waves of free carrier concentration:n66 exp@6i(Kx
1vt)#. The phase velocities of these waves arevph
52v/K. For E0@Ed andm!1 each separate electron m
grates in the semiconductor crystal with the average d
15320
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velocity vdr52mE0 @during the actual electron lifetime
(tD

211tT
21)21] andvdr52m8E0 @during the effective elec-

tron lifetime t8(0)]. If the phase and drift velocities are no
matched, i.e.,vphÞvdr , this mentally selected electron ou
runs or lags behind the packet whose phase velocityvph is
determined by the external influenceI (x,t). As a result, the
concentration density distributionn66 exp@6i(Kx1vt)# be-
comes blurred. At resonant frequenciesv r2 andv r3 the pho-
toconductivity wave and all the photocarriers migrate sy
chronously (vph5vdr) giving rise to the appearance o
corresponding resonant peaks. For waves traveling in the
rection of the applied electric field, i.e., forn67 exp@6i(Kx
2vt)#, the phase and drift velocities have opposite sig
This means, in particular, that ‘‘smoothing’’ of the photo
conductivity wave takes place for any modulation frequen
v and this component does not contribute to the reson
excitation of the external photocurrent.

Let us write down the corresponding complex amplitu
of the space-charge electric field formed in the crystal b
for E0@Ed , Q!1:

E115
2 i0.25mDE0

Z* 2v2tMt81 iv@t81tM~12 iKL 0!#
. ~13!

It is seen from Eq.~13! that the time-dependent electric fie
grating amplitude is strongly decreased for high excitat
frequenciesv@v r1. For example, this amplitude calculate
at v r3 and for the parameters used in Fig. 2, line~c!, is only
331023 V/m. This fact may greatly complicate the observ
tion of the effects discussed using conventional holograp
techniques.

The influence of the space-charge field on the trans
response of the photocurrent in semiconductor photode
tors used in astronomy applications was studied in Ref.
In our opinion, alternative methods can be based on nonr
nant measurements of the non-steady-state photocurre8,14

as well as the concept presented in this paper.
The conventional experimental setup for observation

the non-steady-state photocurrents is presented in Fig. 1~b!.
A standard single-mode He-Ne laser with an average po
of P0540 mW (l5633 nm! was used as the basic source
coherent radiation for formation of a recording interferen
pattern. To form the interference pattern with a specifi
fringe spacing and to cause its sinusoidal vibrations wit
the sample volume, we used a conventional Twyman-Gr
interferometer. An electro-optic phase modulator ML-102
produced phase modulation of the laser beam. The n
steady-state photocurrent was measured using a stan
SK4-56 spectrum analyzer. Figure 3 presents the freque
dependence of the non-steady-state photocurrent flowin
n-type photorefractive Bi12SiO20 grown in an argon atmo-
sphere. These crystals have several distinct features with
spect to sillenite crystals grown in an air atmosphere.18 First,
these crystals have rather high photoconductivity in the
region of the spectrum, comparable with the photoconduc
ity of the usual sillenite crystals in the blue-green region
the spectrum.8 Second, in all investigated crystals for mo
erate light intensity of the red light we observed an unus
relation between the lifetime of the photocarrierst8 and the
3-3
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Maxwell relaxation timetM,t8(0). This means, in particu-
lar, that photocurrent measurements are done in the lifet
regime without an external electric field. Nevertheless,
appropriate choice of the external electric field makes

FIG. 3. Frequency dependencies of photocurrent measure
Bi12SiO20 grown in argon atmosphere (l5633 nm,K55.053104

m21, I 0560 W/m2, m50.2, D50.2): ~a! E050, ~b! E05106 V/m.
e
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observation of the second resonance possible and photo
rent measurements are done in the relaxation time reg
@t8(0),tMu11Q1K2LD

2 1 iKL 0u#. The drift mobility
value was found to bem85(4.360.4)31026 m2/V s(I 0
560 W/m2) and corresponds to the values of effective m
bilities observed in conventional sillenites.9 Thus we think
that crystal growth in an oxygen-free atmosphere affe
mainly the deep levels, changing the properties of the s
low levels only slightly. The mobility turned out to be de
pendent on the light intensity, which can be associated w
both filling of shallow levels and heating of the crystal in th
external electric field.

In conclusion, we have reported resonant excitation
space-charge and photoconductivity waves in semicond
tors with shallow energy levels. We predicted the appeara
of several resonance maxima in the frequency transfer fu
tion of the photocurrent and showed that observation o
photoconductivity wave with conventional holographic tec
niques is unlikely.
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