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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 photorefraatitgpe Bi;,SiO,o grown in an argon
atmosphere.
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The subject of space-charge waves covers a wide range afote laser testing including laser ultrasonic diagnostics.
physics from plasmas, acoustics, and semiconductors to the Let us consider the model of a semiconductor with two
relatively new area of photorefractive optits. Space- levels from which photoelectrons are generdfEiy. 1(a)].
charge waves can be regarded as quasiparticles in solids aki¢e confine ourselves to photoexcitation from the deep donor
are of great interest not only in the case of photorefractivdevel (with total densityNp) and both light and thermal ex-
materials but also in the case of many semiconductors. Thegitation from the shallow levelwith total densityM ). The
determine the dynamic behavior of the space-charge distrshallow level is assumed to be empty in the dark and the
bution in the crystal and can be excited optically by variousdeep one is partially fille¢with density of vacant states,).
methods*~" A powerful technique is to use the spatially os- The balance equations for the model of photoconductor dis-
cillating interference pattern created by two coherent lasecussed can be written 4s
beams. Then, if the frequency of oscillation and the grating

spacing of the interference pattern coincide with the fre- IN/9t=Spl (Np—=Na—N) = ypn(Nao+N), (1)
guency and the wavelength of the corresponding space-
charge wave, a resonance excitation of the space-charge IM/dt=—(B+StHM+ yn(M1—M). 2

wave 0occurs. Space—.chlarge _and photoconductivity WaVe3areN is the density of deep centers emptied by ligNg(
play an important role in inducing non-steady-state photocur-

rents in photorefractive crystdls. This effect provides a =Na+N is the total concentration of ionized donpr is
unique op?portunity for direc)': mea.surement of t%e photoeIeCJEhe density of shallow centers filled with electronsis the
tron’s drift mobility from the position of the corresponding density of free electronsy, and Sy are the light excitation

. . . cross sections from deep and shallow levglss the thermal
resonance maximum in the frequency transfer function of the """ ~
photocurrent:10 excitation rate from the shallow levely and y; are the

The effect of the non-steady-state photo-EMF and mosf2Pture constants for deep and shallow traps, respectively,
and| is the light intensity.

holographic technlqu_es are usually analyzed using the one- For the photocurrent amplitude calculation we have to add
level model of a semiconductor. However, space-charge and

hotoconductivity relaxation in BjSiO,, crystals occur in 0 the balance equatiori$) and(2) the continuity and Pois-
P ) y . D20 CTY : son’s equations and the expression for the current dehsity:
two steps: fast and slow. This behavior is well explained by

means of a band transport model with deep and shallow J(N—M—n)/dt+e Ldivj=0, 3)

11-14

traps:
In this paper we analyze the resonant excitation of space- @) (b)
Spectrum
_/\_ analyzer

charge and photoconductivity waves and their detection us-
ing the non-steady-state photoelectromotive force effect. We qc
M
—eoleoe—eN

Phase
modulator\

consider the model of a semiconductor with a shallow energy T
level and present numerical calculations for the commonly
used B{,SiOy crystal?~¢8911-18t is important to point out
that application of an external electric field completely
changes the physics of the phenomenon and here we deal
with the resonantexcitation of theeigenwavesn the mate-

rial and not with theforcedexcitation of the effect as in Refs.

8 and 14. The investigation of photocurrent generation is

useful not only for a better understanding of space-charge FIG. 1. Model of photoconductor with a shallow lev@ and
waves, but also for practical applications, for instance, forexperimental setup for measurements of the non-steady-state pho-
the detection of weakly phase-modulated laser beams for reecurrent(b).

- - *N,

Bi,,SiOy, (Ar)
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ivE= —M- 101 T L T T T T T
divE e(N M n)/Efo, (4) ?\I\Pm” éﬁ)rz (,Or3
j=eunE+eDgradn. (5) 102 4 : -
Herej is the electric current densitf is the electric fielde &
is the dielectric constant, is the free space permittivityy E 10°
is the electron mobilityD = ukgT/e is the diffusion coeffi- <
cient, e is the elementary charg&g is the Boltzmann con- — 104
stant, andT is the temperature. =
Suppose a crystal is illuminated with the oscillating inter- 105
ference patterm(x,t) =1,{1+ mcogKx+A coswt)]}, where
I is the average light intensitK is the spatial frequency of 106
the interference patterm is the contrast, and is the am-
plitude of phase modulation. Theoretical analysis of the non- 10° 10° 10° 10°
steady-state photocurrent generation was performed with the o/2n (Hz)
following simplifying assumptions: a negligible dark con-
ductivity, a low-contrast light patternn{<1), and low- FIG. 2. Theoretical dependencies of the photocurrent amplitude
amplitude vibrations of the interference pattet<€1). No  |j“| on the oscillation frequency (I,=10* W/m?, m=0.2, A

assumptions were made on the occupancy of the two levets0.1): () Eq=0, K=1.00x10° m™*, (b) E,=6Xx10° V/m, K
and the prevalence of any activation mechanism for the shalk 1.89x10° m™*, (c) Eq=2X10° V/m, K=1.89x10° m™*.

low level. h bination ti fel he d d shall
We have obtained a general expression for the photocuf'€ fécombination times of electrons to the deep and shallow

rent amplitude. It is too bulky, however, so we shall discusdraPS;:Lp= VD 7p, Lo=pu7pE, are the average diffusion and

the most interesting case of linear generation from the deefi"ift lengths of photocarriers. s=[ e€okp T/€*(Na+No) (1
level, low filling degree, and negligible light excitation from —Na/Np)]*? is the Debye screening length,and Z

the shallow level: =1+0+K’LE(1+iEo/Eg) and O=[(1+Na/No)(1
—NA/Np)] ™! are dimensionless parameters(@<1).
No<Np—N,, My<My, Sil<pB, The frequency dependence of the photovoltage amplitude
is shown in Fig. 2. The material parameters used for numeri-
SiMg<Sy(Np—N,), BTp>1. (6) cal calculations are taken from Refs. 5, 11, and 16. Depend-

ing on the amplitude of the applied electric fidig, spatial

. , . frequency K, and material parameters, the frequency re-
dens!t!es[defmed from Eqs(1) and (2) and the neutrqlllty sponse of the photocurrent can have from one to three
conditon Ng=Mgy+ng], and Tp=(Splg+ ypno) maxima

— _1 - . .
~(yono) " is the inverse of the sum of the generation and | o4 g first consider the low-frequency range of photocur-

ipn recombination rates for the deep level. The .ﬁfth condi— ent excitation whem< B. For such modulation frequencies
tion (BTp>1) states that the number of free carriers excitedy . offactive electron lifetime is the real valug'~ 7' (0)

from the shallow level during the lifetime of the ionized deep_T (1+ 7_1,8‘1) It can be shown that foKLy>1+©
= 7D T :

level is larger than the number of carriers captured at this . : .
level 9 P + KZL% there is a maximum in the frequency dependence of

Under these assumptions the expression for the photocu}jje non-steat;zly-ftajte photocurre.nt ab;y~(Z|/|'(0)
rent amplitude is simplified to +mu(1+O+K L5 +iKLg)|. The existence of such a peak

is associated with the excitation of space-charge wades.

HereNg, M, andng are the stationary and spatially uniform

0.25m2A0o(Z* ) " Hi2Eg— wry(Eg+iEq)] Eor Ls<Lp the _resonant _frequenciyél isa decre_asing _fu_nc-
= 5 : - 5 tion of the applied electric fiel&Ey."” However, if the finite
Z-w ' rytio[ 7 +1y(1+ 0 +KLE+iKLg)] screening length_s is taken into account,; tends to a

1 . nonzero limit for high electric fieldEy—©: w,;—Tg*
0.26m*A0oZ " [12Ep— wu(Eo—iEq)] [compare to Eq(16) in Ref. 9. °
Z* — 0?7 rytio[ 7+ y(1+ O+ KL —iKLy)] For the intermediate range of excitation frequencies when
R0 w1<w<B and for the case of a relaxation type semicon-
ductor[ 7/ (0)<| 7y (1+© + K2L3 +iKL)|] a second maxi-
Hereoy=euny is the average photoconductivity of the crys- mum is observed in the frequency transfer function. Two
tal, Eq is the external electric fieldzy=KkgT/e is the dif-  types of this maximum can be considered in this case. The

fusion field, 7y, = €€/ o is the Maxwell relaxation time, first one corresponds to the resonant excitation of a photo-
conductivity wave and is detected ab,,~KLy/7'(0)
it =u'EoK, wherep' = u/(1+ 77187 1) is the effective mo-
=1 (w)=7p| 1+ rwﬁ‘l (®) bility of electrons. Such a resonant maximum exists in the

frequency range (£ © +K?L3)/7' (0)<w<p. This charac-
is the complex and frequency-dependent effective electroteristic frequencyw,, is an increasing function df, andK,
lifetime, 75=[¥p(Na+Ng)]™%, 7r=[yr(M1—Mg)] * are  but when it approaches the thermal excitation ratethe
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corresponding peak disappears. Thus there is an optimurelocity vy,=— uEq [during the actual electron lifetime
value of the external electric field that maximizes the ampli-(75*+ 77 %) 7] andvy,= — u’ E, [during the effective elec-

tude of the resonant peak: tron lifetime 7 (0)]. If the phase and drift velocities are not
matched, i.e.ypp#vg,, this mentally selected electron out-

B TT 2 runs or lags behind the packet whose phase velacityis
Eo~ m\/%(“_@J’ KZLp), ©  determined by the external influentgx,t). As a resolj?t, the
concentration density distributiom™ = exd =i(Kx+ wt)] be-
L comes blurred. At resonant frequencies andw,; the pho-
jo~ —im“Agop \/ T _ (10) toconductivity wave and all the photocarriers migrate syn-
8Zu'K TD(1++K2L2D) chronously ¢,,=vg,) giving rise to the appearance of

corresponding resonant peaks. For waves traveling in the di-
The second type of maximum can be observed at anothggction of the applied electric field, i.e., for" * exd =i(Kx
characteristic frequencym,~(1+0+K2LE)/7'(0). This  — )], the phase and drift velocities have opposite signs.
peak in the frequency response of the photocurrent is defhis means, in particular, that “smoothing” of the photo-
tected only for specific relations between the amplitude ofonductivity wave takes place for any modulation frequency
the applied electric fiel&E, and the spatial frequency of the , and this component does not contribute to the resonant
interference  pattern K:  KLo,KLp,KLs<1, Lo excitation of the external photocurrent.
~[(1+0)(L5+L3H]1°% Itis important to point out that the Let us write down the corresponding complex amplitude
origin of this maximum is not associated with the resonaniof the space-charge electric field formed in the crystal bulk
excitation of photoconductivity waves. The characteristicfor E,>E,, ©<1:
frequencyw,,, depends weakly on spatial frequenky and
the amplitude of this maximum increases with increadfng iy —i0.25MAE,
value. S ot tialr (kL]
For high excitation frequenciesw(>77') the effective @ TMT TIOLT T 7w 0
lifetime of electrons is the real value as wetf:~75. The Itis seen from Eq(13) that the time-dependent electric field
third resonant peak is observed in this case at the followingrating amplitude is strongly decreased for high excitation
frequency: frequenciesw> w,;. For example, this amplitude calculated
at w,5 and for the parameters used in Fig. 2, liicg is only
w3~KLo/7p=puEK. (1)) 3x10 3 V/m. This fact may greatly complicate the observa-

. - tion of the effects discussed using conventional holographic
The presence of such a peak is a characteristic feature of tqgchniques 9 grap

model dlscugsed. Thlslm%xm;;w_zcanikl)e oti)?er%ed |nhthe fre- The influence of the space-charge field on the transient
quency region wyz>(1+0+ p)7p +7r”. In other response of the photocurrent in semiconductor photodetec-

words, this condmpn means that ph.otoconducnwty WaveSors used in astronomy applications was studied in Ref. 17.
are resonantly excited if an electron in the conduction ban

n our opinion, alternative methods can be based on nonreso-

is captured by neither deep nor shallow traps during the pesant measurements of the non-steady-state photoctitfent
riod of interference pattern oscillation. The values of effec-;¢ \vall as the concept presented in this paper.

JosOF i . .
tive " and actualu mobilities can easily be obtained from 1o conventional experimental setup for observation of

the characteristic resonant frequencigs and wrs in the  he non-steady-state photocurrents is presented in Fiy. 1
frequency dependence of the non-steady-state photocurrenk siandard single-mode He-Ne laser with an average power
The non-steady-state photocurrent amplitude for the segs; Po=40 mW (A =633 nm) was used as the basic source of
ond and third resonances can be estimated from the expregaherent radiation for formation of a recording interference

ston pattern. To form the interference pattern with a specified
) ) . fringe spacing and to cause its sinusoidal vibrations within
—10.25m"A0EeZ (12) the sample volume, we used a conventional Twyman-Green
1+0+K2LE+ 1p /(14 B w?,,5) ' interferometer. An electro-optic phase modulator ML-102A
’ produced phase modulation of the laser beam. The non-
We have assumed here that,,w 3> w1, |7'[<|7y(1  steady-state photocurrent was measured using a standard
+®+K2L§,+iKLO)|, andEy>E,. SK4-56 spectrum analyzer. Figure 3 presents the frequency
The origin of the resonance maxima in the frequencydependence of the non-steady-state photocurrent flowing in
transfer function can be explained as follows. The light in-n-type photorefractive BySiO,q grown in an argon atmo-
tensity distribution (x,t), which is an external periodic driv- sphere. These crystals have several distinct features with re-
ing force in our case, contains waves running in the oppositepect to sillenite crystals grown in an air atmospHhéreirst,
direction with respect to the applied electric field,&0): these crystals have rather high photoconductivity in the red
=+ exd +i(Kx+wt)]. These light waves give rise to analo- region of the spectrum, comparable with the photoconductiv-
gous waves of free carrier concentratiom™* ex +i(Kx ity of the usual sillenite crystals in the blue-green region of
+ot)]. The phase velocities of these waves arg, the spectruni. Second, in all investigated crystals for mod-
= —w/K. For Eg>E4 andm<1 each separate electron mi- erate light intensity of the red light we observed an unusual
grates in the semiconductor crystal with the average drifrelation between the lifetime of the photocarriefsand the

o
Jror3™
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108 {0 N observation of the second resonance possible and photocur-
(b) rent measurements are done in the relaxation time regime
. [7(0)<7y|1+O®+K2L3+iKLy/]. The drigt rznobility
104 o 2 value was found to beu’=(4.3+0.4)x10"® m?/Vs(l,
OM =60 W/n?) and corresponds to the values of effective mo-
105 4 0127 =345 kHz§ bilities observed in conventional sillenitésThus we think
2 : that crystal growth in an oxygen-free atmosphere affects
5 mainly the deep levels, changing the properties of the shal-
106 (a) E low levels only slightly. The mobility turned out to be de-
oo O : pendent on the light intensity, which can be associated with
107 II:| S = N — both fiIIiInglof shafl_lolv(\j/ levels and heating of the crystal in the
external electric field.
102 10° 104 10° In conclusion, we have reported resonant excitation of
ol27 (Hz) space-charge and photoconductivity waves in semiconduc-
tors with shallow energy levels. We predicted the appearance
FIG. 3. Frequency dependencies of photocurrent measured iaf several resonance maxima in the frequency transfer func-
Bi;,SiO, grown in argon atmospheré €633 nm,K=5.05x10*  tion of the photocurrent and showed that observation of a
m~1, 1,=60 W/m?, m=0.2,A=0.2):(a) E;=0, (b) Eo=10° V/Im. photoconductivity wave with conventional holographic tech-
niques is unlikely.

il (A/m?)
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