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time ~ 0.5 psec estimated by taking an electron velocity
of ~ 10 cm/sec in the conduction-band quasielectric
field of =18 kV/cm. The latter results from the sum
of the quasifield due to the grading (15 kV/cm) and the
space-charge field (—3 kV/cm) arising from the accu-
mulation of holes in the SQW, generated by charge
transfer from the acceptors in the graded region. On
the other hand, holes experience a quasielectric field
F= 5 kV/cm equal to the difference between the field
due to the grading (8 kV/cm) and the above space-
charge field. The hole velocity can then be estimated
from phhF to be = 2 x 10 cm/sec, taking pi, h = 40
cm /Vsec. These estimates show that the space-charge
field in our structures is set up in a subpicosecond time.
This is much faster than the rise times commonly found
in photorefractive materials which rely on multiple trap-
ping and emission to establish the space-charge field. As
we shall see the separation of carriers depicted in Fig.
1(b) creates, in our experiments, fields of a few kV/cm.

The subsequent decay of the space-charge field is an
extremely nonlinear process. The complexity of the de-
cay process is partly due to nonuniform absorption which
creates a concentration gradient of holes, decreasing with
increasing band gap. The space-charge field decays by
hole drift and diffusion. Holes move toward the SQW
under the inAuence of the combined eA'ects of the
quasifield, the photoinduced space-charge field, and the
concentration gradients. The latter will act in a direc-
tion opposing that of the other fields. Taking these
eA'ects into account leads to an estimate for the time re-
quired by the holes to transfer into the SQW of
=40-70 psec.

We can model the profile of the photogenerated holes
from the absorption coefficient which is proportional to
(Aco E~)'~. The car—riers generated in the SQW do
not contribute to the space-charge field since they are
not spatially separated and are therefore not included in
the estimate of the photovoltage. Using the absorption
coefficient to calculate the carrier distribution immedi-
ately after pumping, and assuming all the electrons have
moved to the SQW, the peak photoinduced voltage
across the structure is well approximated by

3 NQ'p
5 e

where d is the length of a single graded region, N is the
number of superlattice periods, and p is the photogen-
erated hole density averaged over all the graded regions.

For the experiments large (0.5 and 1.0 mm) openings
were etched through the substrate to eliminate absorp-
tion eA'ects in the substrate. A selective etch was used in
the final step to stop uniformly at the back Al Gai —As
window. The remaining membrane was only 3 pm thick
and was left free standing.

The pump-probe experimental setup consisted of a
100-MHz harmonically mode-locked yttrium aluminum
garnet laser which produced 50-psec pulses with 10 W of

2K 3 xr =—n r&4V+ —,
2

' (2)

where n is the refractive index, ri4 is the electric-optic
coefficient, and V is the voltage across the crystal. If the
relative angle between one of the index ellipse principal
axes (e.g. , X') and one of the axes of an analyzer, which
establishes the two observed polarization directions, is p
as in Fig. 2, then the ratio of the transmitted intensity
(I,~) with polarization along A' to the total incident in-
tensity (I;) is given by

= —,
' fl —sin(2&)cos(I )j . (3)

It is clear from (3) that for a constant retardation I, the
intensity of the transmitted polarization is cyclical in p.
Thus, by rotating the sample 360 about an axis perpen-
dicular to the (001) surface, the signal level will oscillate

average power. The 1.06-pm light was split 75:25 with
the 75% portion frequency doubled in a LiIO3 crystal.
The second harmonic was used to synchronously pump a
dye laser. The dye laser produced a 4-psec pulse with
150 mW of average power and was used to create the
free carriers. The remaining 25% of the 1.06-pm beam
was pulse compressed in a fiber-grating pulse compres-
sor. This synchronous 1.06-pm pulse was 2 psec long
and was used to probe the induced birefringence. The
probe beam was focused to a diameter of 50 pm which
was intentionally smaller than the pump beam which was
focused to a 75-pm diameter. The larger pump focus al-
lows the probe beam to sample a more uniformly
pumped region. The pump beam is chopped with an
acousto-optic modulator at 31 kHz and the 1.06-pm
probe beam is synchronously detected using standard
lock-in techniques. The structure is transparent to the
probe beam.

The electric field created by the separation of electrons
and holes produces a birefringence which, in crystals
with 43m symmetry, can be described by an index ellip-
soid with principal axes aligned along the (110) direc-
tions [X' and Y' in Fig. 2(a)j. If a linearly polarized
beam is oriented along a principal axis, the transmitted
intensity is insensitive to the birefringence since only the
phase has changed. However, if the linearly polarized
beam is oriented at some angle with respect to the two
principal axes, its components along the principal axes
experience unequal phase shifts. This produces a polar-
ization rotation of the transmitted beam. For circularly
polarized (CP) light the birefringence causes the circu-
larly polarized beam to become elliptically polarized.
The diA'erential phase shift, called retardation, can then
be accurately measured by diAerentially detecting ap-
propriate orthogonal polarizations (separated by a polar-
izing beam splitter) of the transmitted probe beam. The
phase retardation between the Y' and A" polarizations of
circularly polarized light, after propagating through the
crystal, is given by
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FIG. 3. The measured electro-optic effect as a function of
delay between the pump and probe pulses. The data for the
five different sample positions of Fig. 2 are shown. The signal

depicted is the difference between two transmitted orthogonal
polarizations of the initially circularly polarized probe beam
normalized to the intensity of a single polarization. Note that
for the angles 45, 135, 225, and 315, the magnitude of the
signal is equal to the retardation 2I 0 [see Eq. (4)].
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through two periods with maximum signal levels occur-
ring when the (110) crystal axes are 45 with respect to
the detected polarization directions.

There is an expression similar to (3) for the transmit-
ted Y polarization. By subtracting the two detected sig-
nals (A'-I ) the dc component of the signal (and the asso-
ciated noise) is removed and the signal strength doubles.
The difference signal, now normalized to a single polar-
ization component (I;~ =I;y), is given by

Irx Ir Y =2sin(2&)sin(I 0) = 2sin(2&)I o,
IiX

(4)

where I 0 is just the field-dependent part of I in (2) and
sin(I O) has been approximated by the argument since
typically I p ~ 10 rad.

FIG. 2. Schematic of the electro-optic measurement tech-
nique used to measure the photoinduced space-charge field.
The probe beam is circularly polarized before entering the
graded-gap structure. The induced birefringence is observed as
a difference signal between the two orthogonal polarizations X
and Y. Inset: The peak value of the measured signal

[(Ig+ IgY)/Iz] (normalized to unity) as a function of sample

angle together with the expected angular dependence (continu-

ous line) given by Eq. (4). The angle refers to the relative in-

clination of the crystal (011) direction with respect to the E
axis of the analyzer.

The peak value of the measured signal [(I&~ I&~)/—
I;~l is shown in Fig. 2(b) as a function of sample angle

The response clearly follows (4) with the zeros and
maxima occurring at the proper orientations. This is an
unambiguous signature of the electro-optic effect and,
therefore, of a macroscopic electric field. Figure 3 shows
the measured signal as a function of delay for five

different sample orientations. The rise time of the signal
is limited by the pulse-to-pulse jitter which was mea-
sured by two-photon absorption in GaP to be 10 psec.
The decay of the signal is exponential in the first 100
psec after the pump pulse with a time constant of 80
psec. Holes which move unhindered toward the SQW
are responsible for this decay time; the measured time
constant compares favorably with the previously estimat-
ed hole transit time. The initial fast decay is followed by
a slowly decaying tail with a time constant of 1-2 nsec.
This longer time constant is likely due to trapping
and release of holes by ionized acceptor states in the
A16aAs. Deep donors associated with the DX or EL2
center may also contribute to the long decay, by becom-
ing ionized during illumination. The excellent symmetry
of the data also confirms the absence of any absorption
affects. It is important to note that recombination,
which occurs in the SQW, does not affect the time evolu-
tion of the signal since it does not change the distance
between the centroids of the hole and electron charge
distributions.

Using )I. =1.06 pm, n=3.48, r~4=1.4x10 ' cm/V,
and Eq. (2), the total voltage across the sample is given
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by (Io/3. 0x10 ) V. For the data of Fig. 3, the peak
photovoltage is 0.25 V. This corresponds to an average
space-charge field strength of 1 kV/cm. The estimate of
the expected induced voltage and field strength requires
a careful assessment of the power absorbed in the
graded-gap region. From the absorption measurements
and calculations one can show that nearly half of the
pump power is absorbed in the SQW. This corresponds
to an absorption coefficient of 2.8x10 cm ' at the
pump wavelength. ' From the experimental parameters
of 6-mW average pump power at 6100 A (a=1000
cm ', in the graded region) the expected average carrier
density in the graded-gap region is p=4.6x10' cm
Using Eq. (1), a total voltage of 0.48 V is expected
across the entire structure. Thus our measured retarda-
tion corresponds to a photoinduced voltage which is of
the order of the value estimated from the photogenerated
carrier density. The time response may be controlled
through the photoexcited carrier density which deter-
mines the induced space-charge field. The response did
become faster with increasing pump power as expected.

Note that time-varying space-charge fields associated
with the macroscopic polarization of asymmetric quan-
tum wells gives rise to a displacement current which can
be detected via photocurrent experiments. "

The induced birefringence was measured for a variety
of pump wavelengths. For a pump energy of 1.92 eV
most of the created carriers were near the minimum of
the graded structure with the majority of carriers created
in the SQW and a small electro-optic effect was mea-
sured. The highest pump energy, 2.07 eV, created car-
riers throughout the entire graded structure and pro-
duced a large electro-optic effect. The decrease in signal
is anticipated since the number of photoexcited
electron-hole pairs and the separation of the centroids of
the holes and electrons both decrease with increasing
wavelength.

As a further test of the importance of the graded-gap

structure, a reference sample with the superlattice re-
placed by a GaAs region was grown and processed iden-
tically to the sawtooth superlattice structure. This refer-
ence structure did not show any electro-optic effect.

Finally, it is interesting to compare this effect with the
conventional PRE. The graded-gap structures reported
here have an intensity modulation of 1 x 10 with a 2-
pJ/pm fiuence. Short creation times for conventional
photorefractive effects in GaAs have been reported with
efficient intensity modulation; however, the effect re-
quires pump fluences of 0.3 mJ and has an unreported
decay time. '
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