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The effects of overall and spatial rectification of space charge W@@8/9 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 In this paper, we selected InP:Fe crystals because they

The effects of space charge wa¢@CW) rectificatiort— satisfy all necessary condjtions for optical e_xcjtation of
have been discovered and studied in detail in photoconducCWs. They have a relatively high dark resistivityo®
tive crystals of the sillenite family(Bi;;MO,, where M —10° Q cm),*** allowing the application of an electric
=Si,Ge,T) which are in fact dielectrics in the dark. In this field. Their band gap is equal to 1.35 é¥providing high
paper, we report on SCW rectification effects in a semiconphotoconductivity at available laser wavelengths. This mate-
ductor material. The SCWs under consideration are associial has been successfully employed for the detection of an
ated with processes of trap recharging, and they are eigemttrasonic motion of a scattering surface by using the tech-
modes of charge carrier oscillations in the presence of anique of holographic two-wave mixin.The data presented
applied electric field. These waves have an unusual disper-in Ref. 13 indicate a high probability for the excitation of
sion lawQ,,~ K}, whereQ,, is the eigenfrequency arid,, ~ SCWs.
is the wave number of the SC¥%.Due to a second-order
nonlinearity in the process of space charge formation, the Il. THEORETICAL BACKGROUND

effects of overall and spatial rectification arise. The effect of h K dth hod lati
overall rectificatiod3 reminds one of rectification in nonlin- " the present work, we used the method of an oscillating

ear optics in which a static homogeneous polarization arisel§terference pattern. The crystal was illuminated by two co-

due to a second order nonlinearity of the crystals under illuN€rent laser beams, one of which is phase-modulated with

mination. In the case of overall rectification of SCWs anth€ frequencyQ) and the amplitude of phase modulation
additional direct current arises in the crystals because thd19- D- . _ . .
grating of the excited charges moves together with the result- Un_der the conditiory < 1 the intensity patteriV(x, 1) is
ing grating of the space charge field, and there is a phagdescribed by the expression

shift between these gratings different frami2. Spatial rec- W(x,t) = W[ 1 +m cogKx+ 6 cos Q)]
tification of SCWs arises when there are both running and ’ L .
static gratings of the charges in the crystal. An electric fiéld ~ Wp + Wymy cosKx = 5Wom 6 sin(Kx + Qt)

and a currerftoccur, homogeneous in space but oscillating in 1 .
time. All these effects sho%v resonanceps because they a?e as- = 2Wom sin(Kx - Ot). (1)
sociated with a resonant excitation of SCWs. Here, W, is the average light intensityy is the contrast
SCWs exist only under an externally applied electric field.ratio of the light pattern and =27/ A is the wave number of
In the absence of an applied field, the well known effect ofthe grating with the grating spacing.
non-steady-state photoelectromotive fotpaoto-EMB can
generate either an alternating current if an oscillating inter-
ference pattern is us&dr a direct current for a running
patternt® 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 ®— InP:Fe
found. Investigations of SCWs in semiconductors are of in-
terest not only for scientific reasons but also for applications, F|G. 1. Schematic diagram of the experimental setup. The
e.g., improving the sensitivity of sensors for weak vibrations.wavesAg and Az exi # cogQt)] interfere inside the InP:Fe crys-
Under resonance conditions of SCWs the detected signatal. The voltageU across the loading resist& was measured. A
are two or even three orders of magnitude higher than fatw operating Nd:YAG lasefA=1064 nm was used as a light
from the resonance. source.

iBcos(Qt)

As A 7€
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The incident light causes photogeneration of carriers an@lectric constant. The expression fo® in (4) differs from
the formation of space charge gratings in the crystal. Thehat in Ref. 17 by the presence of the paramebeandq. It
static partWym, cosKx of the intensity pattern leads to a follows from (3) that the relative variation of the direct cur-
standing space charge grating, and the dynamic part given bgnt at the resonangat the minimum of the direct curreyis
the last two terms in Eq(l) leads to two running space proportional tom?6?Q?.
charge gratings propagating in opposite directions. Resonant For spatial rectification, we also have taken into account
excitation of the SCW occurs whdf and() of the running the quality factorQ in the form given in(4). A calculation
gratings coincide withK,, and Q),, of an eigenmode of the similar to that of Refs. 7 and 16 yields for the simplest case
SCW. (m=<1, <1, one type of charge carrigréhe amplitude
The effects of SCW rectification are associated with al;(w) of the alternating current density, as
second-order nonlinearity in the current. For one type of

charge carriers and neglecting diffusion, the expression for ; o wdEg\1 + 0’4
the current density reads ! (L +g)V(1 +9)%+ (qu)?
J(x,t) = eun(x,t)[Eq + E(x,1)]. (2 1
X = .

Here, u is the carrier mobilityn(x,t) the density of car- V[(1 - 0d)? + (do/Q)?|[(1 + wd)? + (dw/Q)?]
riers (including photoexcited carriexsg, the applied field (5)
andE(x,t) the space charge field. It turns out that both terms
n(x,t) and E(x,t) are proportional to phase factors of the ~ The resonance occurs at
type {exdi(Kx+Qt)]+exp(iKx) © 1
+complex conjugated terrhs As a result, the product floo= —tes. (6)

-2\1/2°
n(x,t)E(x,t) contains terms of the form{exdi(Kx 2mmy 2wmyd(1+Q7)

+QOt) Jexp(—-iKx)} describing spatial rectification and of the and at the resonance, the amplitude of the alternating current
form {exgdi(Kx+Qt)]exd—i(Kx+Qt)]} describing overall is proportional todE;M?Q.
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 The direct and alternating currents were detected by mea-
by inhomogeneities of illumination and/or internal electric suring the voltage across the loading resifo(Fig. 1). For
field was not considered, as in other theoretical paf®gs,  direct current measurements, the technique of double-phase
Refs. 3 and 1y To take into account this broadening, we modulatior® was used to exclude low-frequency fluctuations
modified the calculations of Ref. 16 by introducing an effec-of the current in the circuit. The crystal used has a size of
tive quality factorQ that contains an empirical parameter 2 5x 3.65x 0.4 mn¥. Electrodes of thin Cr layers were de-
For the simplest casen<1, #<1, one type of charge car- posited onto the crystal and then covered by thin Au layers.
riers) the overall rectification, i.e., the variation of the direct The spacing between the electrodes was 2.5 mm and the dark

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

current due to SCW excitation is described as

Jo(w) = IEo {1— m_,_mF {
(1+0q) 2(1+q) 8(1+9q
1 1 H
C(1-wd)?+ (do/Q)?  (1+wd)?+(dw/Q)?]]

3

Here, o is the average conductivity of the illuminated
crystal; Eo=Uqy/L with the applied voltagéJ, and the dis-
tancelL between the electrodes; characterizes a reduction
of the applied field in the crystgtue to possible screening

resistivity of the sample 810’ ) cm. The investigations
have been performed with a Nd: YAG laserat 1064 nm.
Here, the crystals are relatively transparent with an absorp-
tion of 4.3 cmi’. The total intensity was chosen aA),
=77 mW/cn?, the contrast ratio asy=0.47, and the ampli-
tude of phase modulation & 0.3

Figure 2 shows the direct and alternating currents as a
function of the frequency=Q/2.

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 réfigo

effecty compared to the expected applied field, so that 1=0.3m) =Jo(6=0)]/3o(6=0). The resonance frequenclyes

+g=Ey/E;; with the real field inside the crystdt,;, m
=m(1-oy4/ o), with the dark conductivityryg; w=Q7,, with
the Maxwell relaxation timen,; andd=K7uEy/(1+q), with
the lifetime of carriersr. The expression fo@ has the form

_1,B+9), B
d Eo (1+0)E,
Here,Ep=KD/ u is the diffusion field with the diffusion

coefficientD, andE,;=eNa/ €K is the saturation field with
the electron charge, the trap concentratioN,, and the di-

Q™ (4)

=0,/ 2 is determined from the experimental data of the
alternating current. Figure 3 illustrates the dependende.of
on K. The solid line represents the dispersion law for SCWs

1
Qp=—""—7,
GKEg
with G=(1+Q Y27, 7l (1+q).
Excellent agreement is obtained between the experimental

data and the theoretical function describing the dispersion
law. Figure 4 shows the resonance frequefigy and the

)
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FIG. 2. Frequency dependence of the direct currelgto) FIG. 4. The dependence of the resonance frequehgy
-Jo(0=0)1/J5(6=0) (squarep and the alternating currerly (tri-  (squarepand of the amplitude of the alternating current at the reso-

angles at Ey=7 kV/cm, Wo=77 mW/cnf, K=2.07um™, m nance J;(f.d (triangleg on the applied electric fieldE, at W,
=0.47, andf=0.37. The solid curves are calculations according to =77 mwW/cnf, K=1 um™%, m=0.47, andd=0.3x. The solid curve

Egs.(3) and(5). is a calculation according to Eq7).

amplitude of the alternating current at the resonah¢g.J
as a function of the applied electric fielk).
The dependence of the resonance positiorEgragrees

find the diffusion lengthLp =3 wm and the drift length_g
~60 um at Ej=7 kV/cm. Since the mobility of the elec-

very well with the dispersion law. With the discussion of thetronS Is  known —in S"T"'ar InP:Fe. cr-yst.als(,u
=1470 cni/V s), we can estimate the carrier lifetime as

dependence of the amplitude(f,.9) on Ey, we have to take —2%10°s. It foll ; h ) had is al
into account the heating of the sample for fields larger than_ X s. It follows rom t e experiments t @ IS al-
7 kV/cm. Omitting the experimental data taken at 8 andMost mdependent fro”.( ina wide range. From this fact as
9 kV/cm, the dependence points to a linear law, well as from direct estimations of the parametér&p, and

i -1
The whole set of solid curves corresponds to calculationgq' It can b.e cpncluded that fd'(<.l mm Fhe factorb
with 7,=4x10°%s, og/0=0.1, and the fit parametei® plays a dominating role for the effective quality fac@tand

=1.44, q=3.07, andur=3.2x 10 cr?/V. Here, n, was " be estimated as 0.4-0.5. Thus, it is an additive term
obtained from measurements without electric field using th escribing the effect of inhomogeneous broadening that al-

photo-EMF analysi€, and o4/c at Wy=77 mW/cn? was ows us to explgin two main experimental facts: the weak
taken from direct measurements of the photoconductivityfjependenc.e ain a v.wde'range oK anq the small .Va'“‘? of
These values ofy, and w7 can be compared with the pub- Q. The main uncertainty in the numerical estimatiorbab
lished datary=10"%s in the dark? 7,,=3x 10 s under connected with _the parameuq_ebecause itis very _se_nsmve to
llumination of 1.14 Wiert (Ret. 13 and wr=(107-6 4ot o B o e patie which

6 12,14 i H )
X 10°%) enf/v. Using the obtained produgtr, we can may be reduced in the crystal by light scattering due to
T T I imperfectionst® Thus, the obtained value gfcan be consid-
ered as an upper limit.

The high value of the parametbkieads 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 of r, as well as to a variation of the internal elec-
tric field. We have estimated an inhomogeneity of illumina-
tion in our experimentsincluding the inhomogenity of illu-
mination due to light absorptiorsmaller 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-

K (um™) ductors such as GaAs:Cr that the internal field in the sample
can vary strongly®2?*We therefore expect that the main con-

FIG. 3. Resonance frequendy,s as a function ofK at E, tribution inb originates from an inhomogeneity of the elec-
=7 kV/cm, Wy=77 mW/cn?, m=0.47, and#=0.37. The solid tric field. In particular, the relatively high value gfindicates
curve is a calculation according to E@). a strong screening effect in our sample.

Jres (kKHz)
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IV. CONCLUSIONS tors, for material characterization, and for the optimization of
] various optical sensors and photo-receivéi large variety
The presented data unambiguously prove strong effects @ff semiconductors can be studied by the technique used. One
SCW rectification in the semiconductor material InP:Fe. Thepf the most interesting materials can be CdTe:Ge, where

excellent agreement between experiments and theoreticghrametric excitation of SCWs has already been fatind.
predictions for the dispersion law of SCWs shows the valid-

ity of the general concept of SCWSs in semiconductors. The ACKNOWLEDGMENTS

strong inhomogeneous broadening of the SCW resonance

originates from an inhomogeneity of the internal electric Financial support by the Deutsche Forschungsgemein-
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