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The effects of overall and spatial rectification of space charge waves(SCWs) have been seen in a semicon-
ductor material. A technique of optical excitation of SCWs has been applied to investigate InP:Fe. Excellent
agreement with the predicted dispersion law was revealed. The concept of an effective quality factor of SCWs
was introduced to describe a strong inhomogeneous broadening of the resonance. A reasonable agreement of
the experimental data with the proposed model has been found.
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I. INTRODUCTION

The effects of space charge wave(SCW) rectification1–4

have been discovered and studied in detail in photoconduc-
tive crystals of the sillenite family(Bi12MO20 where M
=Si,Ge,Ti) which are in fact dielectrics in the dark. In this
paper, we report on SCW rectification effects in a semicon-
ductor material. The SCWs under consideration are associ-
ated with processes of trap recharging, and they are eigen-
modes of charge carrier oscillations in the presence of an
applied electric field.5 These waves have an unusual disper-
sion lawVw,Kw

−1, whereVw is the eigenfrequency andKw
is the wave number of the SCW.5,6 Due to a second-order
nonlinearity in the process of space charge formation, the
effects of overall and spatial rectification arise. The effect of
overall rectification1–3 reminds one of rectification in nonlin-
ear optics in which a static homogeneous polarization arises
due to a second order nonlinearity of the crystals under illu-
mination. In the case of overall rectification of SCWs an
additional direct current arises in the crystals because the
grating of the excited charges moves together with the result-
ing grating of the space charge field, and there is a phase
shift between these gratings different fromp /2. Spatial rec-
tification of SCWs arises when there are both running and
static gratings of the charges in the crystal. An electric field4,7

and a current8 occur, homogeneous in space but oscillating in
time. All these effects show resonances because they are as-
sociated with a resonant excitation of SCWs.

SCWs exist only under an externally applied electric field.
In the absence of an applied field, the well known effect of
non-steady-state photoelectromotive force(photo-EMF) can
generate either an alternating current if an oscillating inter-
ference pattern is used9 or a direct current for a running
pattern.10 However, these effects are not associated with the
excitation of eigenmodes of charge carrier oscillations so that
no resonance phenomena connected with SCW excitation are
found. Investigations of SCWs in semiconductors are of in-
terest not only for scientific reasons but also for applications,
e.g., improving the sensitivity of sensors for weak vibrations.
Under resonance conditions of SCWs the detected signals
are two or even three orders of magnitude higher than far
from the resonance.

In this paper, we selected InP:Fe crystals because they
satisfy all necessary conditions for optical excitation of
SCWs. They have a relatively high dark resistivity(106

−108 V cm),11–14 allowing the application of an electric
field. Their band gap is equal to 1.35 eV,15 providing high
photoconductivity at available laser wavelengths. This mate-
rial has been successfully employed for the detection of an
ultrasonic motion of a scattering surface by using the tech-
nique of holographic two-wave mixing.13 The data presented
in Ref. 13 indicate a high probability for the excitation of
SCWs.

II. THEORETICAL BACKGROUND

In the present work, we used the method of an oscillating
interference pattern. The crystal was illuminated by two co-
herent laser beams, one of which is phase-modulated with
the frequencyV and the amplitude of phase modulationu
(Fig. 1).

Under the conditionu,1, the intensity patternWsx,td is
described by the expression

Wsx,td = W0f1 + ml cossKx + u cosVtdg

< W0 + W0ml cosKx − 1
2W0mlu sinsKx + Vtd

− 1
2W0mlu sinsKx − Vtd. s1d

Here,W0 is the average light intensity,ml is the contrast
ratio of the light pattern andK=2p /L is the wave number of
the grating with the grating spacingL.

FIG. 1. Schematic diagram of the experimental setup. The
wavesAS andAR expfiu cossVtdg interfere inside the InP:Fe crys-
tal. The voltageU across the loading resistorRL was measured. A
cw operating Nd:YAG lasersl=1064 nmd was used as a light
source.
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The incident light causes photogeneration of carriers and
the formation of space charge gratings in the crystal. The
static partW0ml cosKx of the intensity pattern leads to a
standing space charge grating, and the dynamic part given by
the last two terms in Eq.(1) leads to two running space
charge gratings propagating in opposite directions. Resonant
excitation of the SCW occurs whenK andV of the running
gratings coincide withKw and Vw of an eigenmode of the
SCW.

The effects of SCW rectification are associated with a
second-order nonlinearity in the current. For one type of
charge carriers and neglecting diffusion, the expression for
the current density reads

Jsx,td = emnsx,tdfE0 + Esx,tdg. s2d

Here,m is the carrier mobility,nsx,td the density of car-
riers (including photoexcited carriers), E0 the applied field
andEsx,td the space charge field. It turns out that both terms
nsx,td and Esx,td are proportional to phase factors of the
type hexpfisKx+Vtdg+expsiKxd
+complex conjugated termsj. As a result, the product
nsx,tdEsx,td contains terms of the form hexpfisKx
+Vtdgexps−iKxdj describing spatial rectification and of the
form hexpfisKx+Vtdgexpf−isKx+Vtdgj describing overall
rectification.

A rather general treatment of SCW rectification is pre-
sented in Ref. 16. However, the effect of inhomogeneous
broadening of the resonance of SCWs which can be caused
by inhomogeneities of illumination and/or internal electric
field was not considered, as in other theoretical papers(e.g.,
Refs. 3 and 17). To take into account this broadening, we
modified the calculations of Ref. 16 by introducing an effec-
tive quality factorQ that contains an empirical parameterb.
For the simplest case(mø1, uø1, one type of charge car-
riers) the overall rectification, i.e., the variation of the direct
current due to SCW excitation is described as

J0svd =
sE0

s1 + qdH1 −
m2

2s1 + qd
+

m2u2

8s1 + qdF2

−
1

s1 − vdd2 + sdv/Qd2 −
1

s1 + vdd2 + sdv/Qd2GJ .

s3d

Here, s is the average conductivity of the illuminated
crystal; E0=U0/L with the applied voltageU0 and the dis-
tanceL between the electrodes;q characterizes a reduction
of the applied field in the crystal(due to possible screening
effects) compared to the expected applied field, so that 1
+q=E0/Eint with the real field inside the crystalEint, m
=mls1−sd/sd, with the dark conductivitysd; v=VtM, with
the Maxwell relaxation timetM; andd=KtmE0/ s1+qd, with
the lifetime of carrierst. The expression forQ has the form

Q−1 =
1

d
+

EDs1 + qd
E0

+
E0

s1 + qdEq
+ b. s4d

Here,ED=KD /m is the diffusion field with the diffusion
coefficientD, andEq=eNA/ee0K is the saturation field with
the electron chargee, the trap concentrationNA, and the di-

electric constante. The expression forQ in (4) differs from
that in Ref. 17 by the presence of the parametersb andq. It
follows from (3) that the relative variation of the direct cur-
rent at the resonance(at the minimum of the direct current) is
proportional tom2u2Q2.

For spatial rectification, we also have taken into account
the quality factorQ in the form given in(4). A calculation
similar to that of Refs. 7 and 16 yields for the simplest case
(mø1, u,1, one type of charge carriers) the amplitude
J1svd of the alternating current density, as

J1svd =
sum2vdE0

Î1 + v2/4

s1 + qdÎs1 + qd2 + sqvd2

3
1

Îfs1 − vdd2 + sdv/Qd2gfs1 + vdd2 + sdv/Qd2g
.

s5d

The resonance occurs at

f res=
vres

2ptM
<

1

2ptMds1 + Q−2d1/2, s6d

and at the resonance, the amplitude of the alternating current
is proportional touE0m

2Q.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The direct and alternating currents were detected by mea-
suring the voltage across the loading resistorRL (Fig. 1). For
direct current measurements, the technique of double-phase
modulation18 was used to exclude low-frequency fluctuations
of the current in the circuit. The crystal used has a size of
2.533.6530.4 mm3. Electrodes of thin Cr layers were de-
posited onto the crystal and then covered by thin Au layers.
The spacing between the electrodes was 2.5 mm and the dark
resistivity of the sample 63107 V cm. The investigations
have been performed with a Nd:YAG laser atl=1064 nm.
Here, the crystals are relatively transparent with an absorp-
tion of 4.3 cm−1. The total intensity was chosen asW0
=77 mW/cm2, the contrast ratio asml =0.47, and the ampli-
tude of phase modulation asu=0.3p.

Figure 2 shows the direct and alternating currents as a
function of the frequencyf =V /2p.

There is a clear maximum of the alternating current and a
minimum of the direct current, indicating that SCWs are ex-
cited and rectification effects are detected. For the direct cur-
rent, the experimental data correspond to the ratiofJ0su
=0.3pd−J0su=0dg /J0su=0d. The resonance frequencyf res

=Vres/2p is determined from the experimental data of the
alternating current. Figure 3 illustrates the dependence off res
on K. The solid line represents the dispersion law for SCWs

Vw =
1

GKwE0
, s7d

with G=s1+Q−2d1/2tMtm / s1+qd.
Excellent agreement is obtained between the experimental

data and the theoretical function describing the dispersion
law. Figure 4 shows the resonance frequencyf res and the
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amplitude of the alternating current at the resonanceJ1sf resd
as a function of the applied electric fieldE0.

The dependence of the resonance position onE0 agrees
very well with the dispersion law. With the discussion of the
dependence of the amplitudeJ1sf resd on E0, we have to take
into account the heating of the sample for fields larger than
7 kV/cm. Omitting the experimental data taken at 8 and
9 kV/cm, the dependence points to a linear law.

The whole set of solid curves corresponds to calculations
with tM =4310−6 s, sd/s=0.1, and the fit parametersQ
=1.44, q=3.07, andmt=3.2310−6 cm2/V. Here, tM was
obtained from measurements without electric field using the
photo-EMF analysis,9 and sd/s at W0=77 mW/cm2 was
taken from direct measurements of the photoconductivity.
These values oftM and mt can be compared with the pub-
lished datatM =10−4 s in the dark,12 tM =3310−5 s under
illumination of 1.14 W/cm2 (Ref. 13) and mt=s10−7−6
310−6d cm2/V.12,14 Using the obtained productmt, we can

find the diffusion lengthLD<3 mm and the drift lengthL0
<60 mm at E0=7 kV/cm. Since the mobility of the elec-
trons is known in similar InP:Fe crystalssm
=1470 cm2/V sd, we can estimate the carrier lifetime ast
<2310−9 s. It follows from the experiments thatQ is al-
most independent fromK in a wide range. From this fact as
well as from direct estimations of the parametersd, ED, and
Eq, it can be concluded that forK,1 mm−1 the factor b
plays a dominating role for the effective quality factorQ and
can be estimated as 0.4–0.5. Thus, it is an additive term
describing the effect of inhomogeneous broadening that al-
lows us to explain two main experimental facts: the weak
dependence ofQ in a wide range ofK and the small value of
Q. The main uncertainty in the numerical estimation ofb is
connected with the parameterq because it is very sensitive to
the contrast ratiom. The maximum value ofm is limited by
the contrast ratio of the light interference patternml, which
may be reduced in the crystal by light scattering due to
imperfections.19 Thus, the obtained value ofq can be consid-
ered as an upper limit.

The high value of the parameterb leads to a rather strong
inhomogeneous broadening of the spectrum of the SCW.
Two major mechanisms of broadening can be proposed.
First, an inhomogeneity of the intensity of illumination leads
to a variation of the conductivity and, as a consequence, to a
variation oftM as well as to a variation of the internal elec-
tric field. We have estimated an inhomogeneity of illumina-
tion in our experiments(including the inhomogenity of illu-
mination due to light absorption) smaller than 20%. Second,
an inhomogeneity of the internal electric field results from
non-ohmic contacts and the geometry of the contacts. It is
well known from investigations of semi-insulating semicon-
ductors such as GaAs:Cr that the internal field in the sample
can vary strongly.20,21We therefore expect that the main con-
tribution in b originates from an inhomogeneity of the elec-
tric field. In particular, the relatively high value ofq indicates
a strong screening effect in our sample.

FIG. 2. Frequency dependence of the direct currentfJ0sud
−J0su=0dg /J0su=0d (squares) and the alternating currentJ1 (tri-
angles) at E0=7 kV/cm, W0=77 mW/cm2, K=2.07mm−1, ml

=0.47, andu=0.3p. The solid curves are calculations according to
Eqs.(3) and (5).

FIG. 3. Resonance frequencyf res as a function ofK at E0

=7 kV/cm, W0=77 mW/cm2, ml =0.47, andu=0.3p. The solid
curve is a calculation according to Eq.(7).

FIG. 4. The dependence of the resonance frequencyf res

(squares) and of the amplitude of the alternating current at the reso-
nanceJ1sf resd (triangles) on the applied electric fieldE0 at W0

=77 mW/cm2, K=1 mm−1, ml =0.47, andu=0.3p. The solid curve
is a calculation according to Eq.(7).
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IV. CONCLUSIONS

The presented data unambiguously prove strong effects of
SCW rectification in the semiconductor material InP:Fe. The
excellent agreement between experiments and theoretical
predictions for the dispersion law of SCWs shows the valid-
ity of the general concept of SCWs in semiconductors. The
strong inhomogeneous broadening of the SCW resonance
originates from an inhomogeneity of the internal electric
field. The data obtained from such experiments can be useful
for the study of kinetic electronic properties of semiconduc-

tors, for material characterization, and for the optimization of
various optical sensors and photo-receivers.22 A large variety
of semiconductors can be studied by the technique used. One
of the most interesting materials can be CdTe:Ge, where
parametric excitation of SCWs has already been found.23
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