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Abstract—A method is proposed to determine mobility-lifetime
products of photoexcited electrons and holes in semi-insulating GaAs-
AlGaAs quantum wells structures. The method is based on
photoconductivity measurements and optical investigation of
photorefractive material response in a wave-mixing setup using the
running grating technique.

A photorefractive effect (PR) can be employed to
extract the values of selected material parameters. The
parameter which is frequently determined in PR
measurements is the product of carriers mobility and their
average lifetime (recombination time). Such experiments
are usually carried out in a two-wave mixing setup where
two coherent plane waves illuminate a PR crystal and
form a sinusoidal interference pattern. Nonuniform
illumination induces periodic changes in the refractive
index. If the photorefractive grating is spatially shifted
with respect to the interference pattern nonreciprocal
energy transfer occurs between beams resulting in the
enhancement of a signal beam. To increase the phase shift
and, consequently, improve the PR gain two methods have
been developed: (1) the application of a fast alternating
AC external electric field with a stationary interference
pattern [1-2], (2) the moving fringe technique in the
presence of external an DC electric field [1,2]. In both
cases the PR gain (I') depends on the mobility-lifetime
product (u7) and the spatial period of the grating (A).
Experimentally obtained the I" on A dependence allows to
determine the product uz, treated as a free parameter, by
fitting the theoretical curve to measurement data. For
conventional PR materials, such as ferroelectrics and
sillenites, a theoretical curve is calculated on the basis of
standard material equations within the band transport
model [1,2], in which material properties are modeled by
assuming one deep trap level and one type of carrier,
usually electrons.

The described method is not sufficient in the case of
photorefractive semiconductors, which often have mixed
conductivity (electrons and holes). Moreover in
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semiconductors such as GaAs and InP under high electric
field (E>4-5kV/cm) nonlinear transport of hot electrons
has to be taken into account. This phenomenon is
associated with the intervalley scattering effect leading to
the dependence of electron mobility on an electric field
i.e. u=1(E) and the appearance of negative differential
conductivity (NDC) [2]. The materials having such
properties can be exemplified by semi-insulating
structures of multiple quantum wells (SI-MQW) GaAs-
AlGaAs. These materials exhibit strong resonant
nonlinearity connected with exciton interband transitions
in which electron-hole pairs are generated. Unlike
conventional PR materials, the SI-MQW structures for
wavelengths corresponding to exciton resonances reveal
interband absorption of an order of (5-10)x10%m ™ and a
quadratic electro-optic effect [2]. For this reason Sl-
MQW devices work as thin layers (~1um) in a
transmission geometry with strong electric field applied
along well planes. During the writing of interference
pattern, a thin diffractive grating is formed on which two-
wave mixing (TWM) and degenerate four-wave mixing
(FWM) occurs simultaneously, observed as higher
diffraction orders.

In this work we propose a method of determining
mobility-lifetime products for electrons and holes in an
SI-MQW sample, based on measurements of an
absorption coefficient, electrical conductivity, resonance
frequency of a moving grating and recording time of the
grating. In part, the results of such measurements were
given in the study [3], where TWM and FWM
experiments on a GaAs-Aly3Gag ;As MQW sample with a
stationary and running grating were described. In the latter
case, the sample was illuminated by two laser beams with
the frequency o passing through acousto-optical
modulators, allowing to obtain a frequency detuning of
one of the beams: i.e. ® = + Q, where Q << ®. As a
result, the superposition of writing waves of intensities of
I; and I, gave the interference pattern: 1(x ,t)=(1; + 1))[1 +
m-cos(Kx — Qt)], describing the light pattern with the
fringe contrast m moving with the velocity v = Q/K, where
K = 2n/A denotes the grating constant. For a given
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frequency Q = Q. one obtains the enhancement of the PR
response with the resonant frequency Qs increasing
linearly with the average light intensity (Io = 1, + I,) [3, 4].
In order to obtain theoretical relationships for quantities
of interest we refer to the system of material equations
given in [2, 5], where both bipolar carrier transport and
hot electrons nonlinear transport are included. Analytical
solutions of these equations can be found in small signal
approximation, i.e. for small fringe contrast (m << 1).
Neglecting the diffusion currents for large applied electric
fields, one obtains [4]:

(a) resonant detuning frequency (Qyes):
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where A = q(a/hv)ly and a is the absorption coefficient,
m, T denote average lifetimes for electrons and holes,
respectively, zn, 1(E), win(E) = (due/dE)ga denote,
consecutively: mobility of holes, mobility of electrons and
differential mobility of electrons, which can be negative.

(b) time constant of material response with step-like
switching of the writing beams and Q = Qs
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It should be noted, that in the experiments the ratio of
writing beam intensities was close to one, what
corresponds to high fringe contrast (m~1). To check the
validity of Egs. (1) and (2) we solved material equations
numerically by means of the finite difference method for
different values of m. It turns out that the influence of the
fringe contrast on both resonance frequency and response
time is small, hence the analytical solutions provide good
approximations, as can be seen in Figs. 1a and 1b. In
particular, the temporal evolution of space-charge field
amplitude can be described by a simple function Eg(t)=
E."(1-e"™). Note, that in the FWM experiments, the
temporal behavior of a diffracted signal is measured
instead of a space-charge field itself. For SI-MQW with a
quadratic electro-optic effect, the diffraction efficiency,
and hence the diffracted signal intensity, are proportional
to the square of the amplitude of a refractive index
grating, i.e. lgr(t) o [An(D)]? < [Eo + Eq(t)]*. Therefore,
the time response of an optical signal is not equal to the
space-charge field response time given by Eq. (2).
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Fig. 1. (a) amplitude of a space-charge field as a function of detuning
frequency Q calculated numerically and according to Eq. (1) for an
applied electric field of 7.5kV/cm, (b) temporal evolution of the space-
charge field after switching on the light at t=0 for resonant detuning
frequency.

In addition to the quantities Q. and z. the values of
absorption coefficient for a given wavelength and the
density of a current in an illuminated sample are needed:

j = A(/uhfh +ﬂere) Ea ' (3)

All measurements should be carried out with the same
intensity of sample illumination, and without changing the
applied voltage. From the above equations, with three free
parameters: unz, % and pgi7% One can obtain the
following equation:

3 i-K 2 it
Xh _(T-I_Qresrscj(xh +1)+[1+ gE:Cth = O’ (4)

where x,=14KE,. The equation (4) has one real solution
giving the required product 47 for holes, then the
product sz for electrons is determined from Eq. (3).

As an example, let us assume the following parameters as
in Ref. [3], obtained for wavelength A=830 nm, average
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intensity of writing beams l,=3mW/cm?, applied field
E.=7.5kV/cm and grating period A=20um.

The paper [3] contains the measured values of
resonant frequency detuning Q.=70kHz and time
constant of the diffracted signal z.=15us in the FWM
experiment. Taking the absorption coefficient « =9-10°
cm ™ and the current density j=26mA/cm? values, which
were measured for the similar SI-MQW (GaAs-
Aly3Gag7As) sample for an average light intensity of
3mW/cm?, one finds from Eq. (4): z,7=5-10"° cm?/V and
yerezz-loqcmzN. The correctness of determined values
of uz can be verified by performing a few measurements
of resonance frequency values for different grating
periods, and fitting the theoretical curve Q(A) plotted on
the basis of Eq. (1) (shown in Fig. 2) to experimental data.
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Fig. 2. Theoretical dependence of resonance frequency detuning
according to Eq. (1) versus the grating period (A).

For resonant wavelength (~830 nm) and moderate
external electric field (E, < 10 kV/cm), electron-hole pairs
are generated in GaAs well layers. Thus, both the current
flow and the PR effect occur primarily in gallium
arsenide. For GaAs the mobilities of holes and electrons
as a function of electric field are fairly well known [6].
This fact permits to evaluate the mean life-time of
electrons and holes which are given by z=1/(%N.), %=
1/(;Np), where %, » are recombination coefficients and
Ne, N, denote the trap concentrations for electrons and
holes, respectively. At present, the values of
recombination coefficients and trap densities can be only
estimated with rather rough approximation. This is due to
the proton implantation used in semi-insulating MQW
process technology [2, 7] as well as field-enhanced deep-
level-defect capture-cross-section [8] which can result in
the dependence y = HE). A more detailed knowledge of
the described parameter values is important in planning
the applications of PR semiconductors with mixed
conductivity and nonlinear transport, particularly for
devices in which the light propagates over longer
distances [9].
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