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Spin-dependent recombination (SDR) has been studied via photoluminescence of samples grown by
molecular-beam epitaxy (MBE) consisting of many thin GaAs wells separated by thin AlGaAs barriers. The
photoluminescent-intensity enhancement with circularly polarized optical pumping is observed to be as
much as 46% above the intensity level seen with linearly polarized pumping. Electron-spin polarizations as
large as 0.84 have also been generated. Similar but smaller effects are seen in the emission from the
relatively thick GaAs buffer layer which is grown by MBE prior to the growth of the superlattice. The
SDR and electron polarization p of the multilayers and the GaAs. buffer layer have been studied as a
function of the pump intensity and a transverse magnetic field B (Voigt-geometry—Hanle effect). Both
pulsed and cw laser pump sources were used. It is observed that SDR is absent at very low pump intensities
and generally goes through a maximum as the pump intensity is increased. In all cases, the decrease of
SDR with B is faster than that of p. It appears that these data cannot be adequately described
quantitatively by the theory used earlier by others in a study of SDR in the donor-acceptor pair
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photoluminescence of Al,,Gag¢As.

INTRODUCTION

Many papers have appeared on optically induced
luminescence and oriented electron spins in GaAs.
However, to the authors’ knowledge, this is the
first report of photoluminescent studies of spin-
dependent recombination in this material. Spin-
dependent recombination (SDR) has been regarded!
as a manifestation of the Pauli exclusion principle
which prohibits two electrons with the same spin
occupying the same orbital state. As in earlier
work of Al, ,Ga, cAs,? it is assumed that there is
present in the material a nonradiative recombina-
tion center which has an unpaired electron, i.e.,
it acts as a paramagnetic center. These centers,
which are of unknown origin in this and earlier
work, can become polarized parallel to the opti-
cally oriented majority-electron spins generated
with circularly polarized light when the latter are
present in sufficient number density. As a con-
sequence, the minority-electron spins are opposite
to that of the polarized unpaired electrons-and can
recombine nonradiatively via these centers. At
the same time the effective lifetime of the major-
ity-spin electrons is increased since they cannot
recombine through these polarized centers. -
Therefore, this effect can lead to enhanced lum-
inescence when pumping preferentially into one
electron-spin state with circularly polarized light
compared to that observed with linearly polarized
light where both electron spins are generated
equally.

These effects have been studied in this work with
superlattice samples grown by molecular-beam
epitaxy (MBE) consisting of many thin GaAs wells
separated by thin A1GaAs barriers.® Such multi-
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layer structures can exhibit very large electron-
spin polarizations at high densities and hence are
well suited for studies of SDR.*

EXPERIMENTAL

The main emphasis here is on samples from a
wafer which was designed to be an efficient source
of optically generated polarized electrons.*® The
structure consisted of a GaAs substrate ((Zn]~ 1.6
% 10'® em™) with a (100) growth surface, molecu-
lar-beam-epitaxy grown 1-pum-thick buffer layer
of GaAs ([Be]~2x10'® ¢cm™), 106 periods of 63-A
wide GaAs wells and 52-A Al,, Ga, ,,As barriers
((Be]~2x 10'® cm™), and finally, a 1000-A GaAs
cap ((Be]~ 10" cm™). The AlGaAs barriers are
sufficiently narrow so that the structure is really
a superlattice, i.e., there is coupling between the
wells.®>'® Data obtained with a sample from which
the thin GaAs cap had been removed lead to the
conclusion that the GaAs cap has no significant
influence on the results to be discussed.

For the optical pumping, two differént sources
were utilized, a pulsed tunable optical parametric
oscillator (OPO) and a cwKr* laser. In the case
of the OPO, the linearly polarized incident light
pulses, ~ 0.3 usec in duration, were sent through
a 60-Hz electro-optic modulator driven by a sine
wave whose amplitude was adjusted for a maxi-
mum retardation of the linear input polarization
of £ thus generating right and left circularly
polarized light. With OPO pulse operation at
~ 40 Hz, each successive input pulse was shifted
by ~3 cycles of the 60-Hz modulation. The gen-
erated photoluminescence was detected in the back-
ward direction, ~24° off normal incidence, and
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passed through a fixed circular polarization analy-
zer (A wave plate plus linear polarizer) before
entering a -m monochromator. Gated detection
of the photoluminescence at the OPO pulse rate
therefore gives the average photoluminescent
signal I, generated for right (+) and left (-) hand-
ed inputs, linear (L) inputs, or whatever, depend-
ing upon the exact phase of the QPO pulses with
respect to the modulator voltage. This signal was
ratioed with that from a monitor of the pumping
light, placed downstream from the modulator, to
yield the magnitude of the SDR which is here de-
fined as Rgp=Ip (£)/I5 (L)

The photoluminescent signal at exactly one half
the OPO repetition frequency (~ 20 Hz) was also
detected and ratioed with the photoluminescent
signal at the OPO repetition frequency. When the
~ 20-Hz photoluminescence pulses are in phase
with the positive or negative voltage peaks of the
modulator voltage, this ratioed signal is
Iy ®)/3[1,(+)+1,,(-)]. The deviation of this signal
from unity is

ZIPL(i) - 1=IPL(+ ) "IPL("‘) -
T4 (9 I (), (5 P

which is the polarization of the luminescence.
Therefore, in this mode of operation, one can
display Ry, and p simultaneously with a two-pen
chart recorder.

For the cw source, the input polarization was
chopped (+) and (-) mechanically at 480 Hz. The
photoluminescent signal detected at 240 Hz was
ratioed with that detected at 480 Hz to determine
the polarization p. To obtain Rgpwith the Kr*
source, dc measurements were made using a
calcite element to determine the polarization of
the input beam.

The samples were mounted in a variable tem-
perature Dewar, but most of the measurements
were taken at < 10°K. Both as-grown samples
and samples annealed for 2 h at 800°C were mea-
sured. It has been noted earlier that annealing
the multilayer samples usually improves the
photoluminescent efficiency.” In this case anneal-
ing increased the photoluminescence from the
GaAs buffer layer by ~ 2.5 and that from the multi-
layer by 4 to 9, the exact value depending upon
the pump inténsity. Annealing also usually results
in a Stokes shift of the photoluminescence-inten-
sity peak of the multilayer by a few meV.

m

RESULTS

Under the appropriate optical pumping condi-
tions, photoluminescence from the wafer can be
seen from the GaAs cap, the multilayer structure,
the GaAs buffer, and from the GaAs substrate.
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FIG. 1. Photoluminescent (PL) intensity and polari-
zation versus wavelength for an annealed sample. The
three intensity peaks are identified with the multilayers
(7935 A), GaAs buffer layer (8280 A), and the GaAs
substrate (8365 A). The sample at ~10°K was pumped
at 7632 A with 12 kW/cm?, The fine structure on the
luminescence is due to spin-dependent recombination
(SDR).

Figure 1 shows the photoluminescence intensity
versus wavelength for the annealed sample when
pumped by the OPO at 7632 A with 12 kW/cm?.
Excitation spectra show that the three resolved
peaks can be assigned as follows: GaAs wells
(7935 ), GaAs buffer (8280 ), and the GaAs
substrate (8365 A). The fine structure on the plot
represents SDR. However, in this plot its mag-
nitude was somewhat time constant limited due to
the fast scan speed used. In all cases I ()
>In(L). For accurate measurements of Ry or p
neither the detected wavelength nor the pump was
scanned.

Also shown in Fig. 1 is the polarization p vs )
obtained simultaneously with the photoluminescent
spectrum. Note that except in the region of the
substrate photoluminescent peak, p is greater
than the maximum obtainable from bulk GaAs in
the absence of SDR, namely, p=0.25.2

The excitation spectrum for the multilayer
photoluminescence and its p are shown in Fig. 2
for an as-grown sample. The monochromator was
set on the peak of the multilayer luminescence
7910 A (shifted 25 A from the annealed-sample
photoluminescence peak), and the input intensity
12 kW/cm? scanned in energy. Again, as shown
in Fig. 2(b), SDR is clearly discernible with
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FIG. 2. The excitation spectrum for the multilayer
polarization (a) and its photoluminescence intensity
peak (b) for an as-grown sample. Thez =1 electron
ton =1 light and heavy-hole exciton transitions are
clearly resolved at 7810 and 7885 A, respectively.
The magnitude of the polarization is given by the size
of the vertical swings in the upper part of the figure.
The fine structure in the photoluminescence near the
heavy-hole transition is due to SDR.

Ip(£)> [PL( L) and reaches a maximum at the in-
tensity peak (7885 A) which is the n=1 electron to
n=1 heavy-hole exciton transition E,;.*>** Thus
there is a 25-A stokes shift in the emission at ‘ne
photoluminescence peak. The second peak
(7810 A) is the =1 electron to n=1 light-hole ex-
citon transition E,,. The polarization p, given ap-
proximately by the magnitude of the vertical
swings shown in the figure, is about 0.35 at the
highest energy, decreases to~0.03 at E,;,, and
then increases to 0.84 at E,,, the highest value re-
ported for band-edge photoluminescence to date.
These higher values may again be slightly time
constant limited. However, the most important
point here is that the photoluminescence polariza-
tion p becomes very large which therefore also
indicates an equally large electron spin polariza-
tion.*

Figure 3 shows an excitation spectrum for the
GaAs buffer layer of the annealed sample with the
detector set at 8290 A. The average pump inten-
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FIG. 3. The excitation spectrum for the GaAs buffer
layer polarization (a) and its photoluminescence (b).
The dip in the photoluminescence at 7885 A is due to
absorption by the heavy-hole exciton transition in the
multilayers. While p ~0.23, the SDR is small and both
are nearly constant. This sample had been annealed.

sity incident on the sample was about 5 kW/em?.
However, the incident intensity decreased by a
factor of about 3 from right to left, and that trans-
mitted to the buffer layer increased by a factor of
about 5 when the multilayer became transparent.
The high-energy side of the figure reflects the ab-
sorption due to the multilayers and clearly shows
the E,, transition at 7885 A. These data show con-
clusively that the photoluminescence at 8290 A
was generated deeper in the structure than the
multilayer. The drop off in photoluminescence at
~ 8180 A is due to the decrease in absorption that
occurs when the pump wavelength passes through
the GaAs buffer band edge. Note that p is ~0.23
and does not change as the excitation wavelength
moved through the multilayer exciton transition.
This shows that the large electron-spin polariza-
tion density atE,,, ~0.8 as shown in Fig. 2, does
not migrate into the wide GaAs buffer layer suf-
ficiently to affect the net-spin polarization in the
layer. The SDR is relatively constant at R~ 1.07.
However, both p and Rg, vary with the photolumin-
escence wavelength detected and the pump inten-
sity.

The excitation spectrum for the photolumines-
cence from the GaAs substrate (not shown) ob-
tained with the detector set at 8375 A shows Ry,

a few percent above unity and a polarization < 0.1.
These results are consistent with similar data ob-
tained with the bare substrate material.
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The polarization and SDR have been measured
as a function of incident pump intensity I, for both
the multilayer and the GaAs buffer layer. The E,,
exciton transition was pumped for the multilayer
while the buffer layer was excited at 8036 & so
that there would be no pump absorption in the
multilayer. The monochromator was set at about
8260 A for the buffer layer which is considered to
represent best its photoluminescent spectrum over
the I, range investigated. For the multilayer, the
detector was set at the wavelength of the peak of
the photoluminescence which is not very sensitive
to1,.

The data for the annealed sample are shown in
Fig. 4 for 1, from 0.2 to 200 kW/cm®. Additional
data obtained for both the annealed and unannealed
samples with the Kr* laser at 7525 A show that
Rg,,~ 1.0 for sufficiently small,. Both the p and
R, for the multilayer increase somewhat with7,
and then fall off at the highest pump intensities.
The highest value of Ry, is 1.46. The decreases
of p and Ry with], could be due to a saturation of
the SDR centers. Also, band filling, which will be
shown to occur at the highest s i,’s, could lead to a
decrease of p. For the GaAs buffer layer, p and
Ry, are roughly correlated and presumably drop
off for sufficiently highI, due to saturation effects.
Note that for the GaAs buffer, p can be significant-
ly larger than theory,® 0.25, in some regions, an
effect that is probably due to SDR.

The equivalent data for the as-grown sample are
shown in Fig. 5. Since the photoluminescence due
to the multilayer from this sample is less than
that for the annealed sample by a factor of 4 to
9 (the factor depends on7,) saturation and/or band
filling effects should require higher values of | ’
than for the annealed samples. This is the case
as can be seen from Fig. 5. In fact, the SDR from
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FIG, 4. The polarization p and spin-dependent re-
combination Rgp, for the multilayer (ML) heavy-hole ex-
citon photoluminescence peak and the GaAs buffer-layer
photoluminescence versus pump intensity for an anneal-
ed sample.
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FIG. 5. The same as Fig. 4 but for an as-grown sam-
ple.

the multilayer does not appear to saturate at all
over the J, range covered. The photoluminescence
from the buffer layer increased by about 2.5 upon.
annealing so that saturation of p and R, are ob-
served with the as-grown sample but at higher in-
tensities than with the annealed sample.
Band-filling effects in the GaAs wells are ob-
served at the highest pump intensities with both
the annealed and as-grown samples. As expected,
the effects are largest with the annealed samples.
The excitation spectrum for the buffer layer shown
in Fig. 6 demonstrates the effect clearly. The
monochromator was set at 8250 A and the average
incident pump intensity was ~ 200 kW/cm?. At
this intensity, E,, is broadened but still resolved
in the excitation spectrum of the multilayer photo-
luminescence (not shown). At the same time, the
E,; exciton transition is barely resolved in the
multilayer photoluminescence but is clearly dis-
cernible in p due to the consequent reduction that
occurs in p at this transition as shown for exam-
ple in Fig. 2. However, neither E,, nor E,, is re-
solved in the buffer-layer excitation spectrum
shown in Fig. 6. Throughout this plot, the local
peaks in the photoluminescence are due to circu-
larly polarized input polarizations. Band filling is
pronounced in the photoluminescence on the low-
energy side of the broadened E,, transition where
the multilayer becomes transparent. In this re-
gion, the GaAs buffer photoluminescence peaks
represent increased transmission of the circular
polarized pump through the multilayer. This in-
crease results from the considerably higher elec-
tron Fermi level obtained with the highly polar-
ized (p=0.7) electrons generated with circularly
polarized pumping over that obtained with linearly
polarized pumping. These band-filling effects are
only observed when pumping near the multilayer
bandedge. The decrease in p shown in Fig. 6 as
the multilayer becomes transparent is due to the
resultingincreased I,onthe GaAs buffer layer and



21 SPIN-DEPENDENT RECOMBINATION IN GaAs 1573

ENERGY (eV)

1.54 1.65 1.57 1.59
T T T

(a)

PL INTENSITY

AN

(b)
or -

Ip=041

1 1 ]
8000 7900 7800

WAVELENGTH (A)

FIG. 6. The polarization of the photoluminescence of
the GaAs buffer layer (a) and its intensity (b) versus
photon excitation energy for an annealed sample pumped
at 200 kW/cm?, The wide swings in the photolumines-
cence near 7910 & are due to band filling in the GaAs
wells which is most pronounced with circularly polar-
ized light.

is consistent with the data in Fig. 4. These band-
filling effects must tend to reduce both p and Ry,
in the photoluminescence near the E,, transition of
the multilayer.

The depolarization effects due to a magnetic
field B transverse to the pump light propagation
direction (Hanle effect)® are shown in Fig. 7 for
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FIG. 7. Variations in the multilayer photolumines-
cence polarization p and spin-dependent recombination
Rgp due to a transverse magnetic field for an annealed
sample. The sample was pumped at the z =1 heavy-
hole exciton transition with 160 kW/cm?,
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FIG. 8. Transverse-magnetic-field dependence of p
and Rgp, for an as-grown sample pumped at the z =1
heavy-hole exciton with 98 kW/cm?,

theluminescence from the multilayer of the an-
nealed sample with a pump intensity of 160 kW/
cm? at E,,. The polarization p decreases very
little with field, suggesting that the electron life-
time and spin-relaxation time are both very short.
In contrast, the SDR drops rapidly with field.
Figure 8 shows similar data for an as-grown sam-
ple pumped at E,, with 98 kW/cm?. At lower pump
intensities, e.g., ~ 10 kW/cm?, the same trends
are observed for the multilayer luminescence.
Equivalent data for the GaAs buffer emission
(8270 A) of an as-grown sample pumped with 13
kW/cm? at 8082 A are shown in Fig. 9. For the
GaAs buffer layers, the R again drops off faster
than p, but the decrease of p with B can be as
large as a factor of 3 or 4. When Ry for the buffer
layer drops below about 1.1, p is always less than
theory, i.e., <0.25.2

A limited amount of SDR data have also been ob-
tained with a second multilayer wafer. This wafer
had 46 periods of 54-A GaAs wells and 52-A
Al, ;Ga, ,As barriers. Both sides of the multilay-
er were clad with~ 1 pm of Al, ;Ga, ,As and all
the MBE -grown layers were undoped. Some po-
larization data for this sample have been reported
earlier.? Electron-spin polarizations as large as
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FIG. 9. Dependence of p and Rgp, at 8270 A on a trans-
verse magnetic field for the GaAs buffer layer of an as-
grown sample. The sample was pumped at 8082 A with
13 kW/cm?.
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0.7 were achieved, but the largest Ry, observed
was 1.1 at ~ 80 kW/cm®. Again the Ry decreased
with B more rapidly than p.

At low pump intensities with the Kr* laser when
no SDR is present, I,< 1 W/cm?’ the Hanle plots
of p~! vs B? are very flat for the multilayer lumin-
escence of the as-grown sample suggesting that no
significant electron-spin relaxation occurs over
the 0 to 4-kG magnetic field range explored. How-
ever, for all the other samples, plots of p™* vs B?
are observed to deviate from linearity at small B,
i.e., B<1kG. These data are therefore “anoma-
lous” in the sense that p' vs B? is not linear as
required by the simple theory that says p should

. be Lorentzian in B.® These samples are said to
exhibit “Hanle anomalies.”

DISCUSSION

The magnitude of the SDR observed with the
principal wafer described herein is much larger
than that seen by the authors in any other material.
Examination of tens of samples grown both by
MBE and liquid phase epitaxy shows that the usual
level is a few percent or less. Subsequent wafers
grown in approximately the same manner as the
principal wafer failed to exhibit multilayer lumin~
escence with either a very large p or a very large
Ry, However, the principal wafer was one of the
first grown after recharging the MBE ovens which
suggests that these effects may be influenced by
an impurity whose concentration decreases with
growth time. It is also observed® that the photo-
luminescence intensity, i.e., efficiency, increases
with time after the MBE ovens are recharged.
What the two wafers discussed herein have in
common for the multilayer part of the structure
is a large spin polarization and at least some cou-
pling between the wells. However, bulk GaAs sam-
ples heavily doped, [Zn]~ 10" em™, can also ex-
hibit large polarizations, i.e., close to the theo-
retical limit, but Ry, is generally at most only a
few percent from unity.°

The SDR phenomena reported herein are repro-
ducible in the sense that they are observed in all
samples cleaved from a given wafer. Also, in
the same sense, the effects of annealing are re-
producible. In addition, it was verified that these
SDR phenomena are not due to strains in the plane
of the layers. Such strains can cause effects
which look like SDR.® The present effects are
found to be isotopic about the normal to the plane
of the layers.

Weisbuch and Lampel? (WL) derive expressions
for both p and R, in terms of the polarization P
= (N, —=N.)/(N,+N.) of the paramagnetic centers N
and the electron polarization

p1=p/(1+7/7)), @)

where 7 and 7 are the electron lifetime and spin-
relaxation time, respectively, in the absence of
SDR. The quantity p; is determined by the band
structure and equals 0.5 for bulk GaAs and 1.0 for
the E,, transition when pumped in multilayer struc-
tures. The values of p, and hence 1+7/7_ were
estimated by WL from the magnetic field depen-
dence of p and R, Then the center polarization

P can be estimated from the WL relations:

Rgp=[1+(1+7/7 ) p; P][1 - (147 /7 JP?] (3)
and
20=(1+7/7 )(p;+ PN(+7/7 )p, PT7, )

which apply at B=0. The WL data on donor-accep-
tor pair photoluminescence of Al ,Ga, ;As give
Rg,=2.3, p,=0.8, and 2p=0.7 which are consistent
with P~ 0.6-0.7 in Egs. (3) and (4).

While similar analyses of the present data have
been obtained and will be discussed, the results
must be viewed with caution. The WL approach
requires that the nonlinear behavior of p™* vs B2
for small B results from SDR. However, of all
the samples studied in this investigation only the
multilayer luminescence of the as-grown samples
from the principal wafer failed to exhibit a Hanle
anomaly when there was no SDR at low pump in-
tensities. Another difficulty is that the WL model
assumes the photoluminescence intensity is a lin-
ear function of the pump intensity I,,. In the pres-
ent case the photoluminescence peak from the
multilayer is observed to vary as I,** up to about
10 kW/cm? after which it tends to saturate, i.e.,
it actually goes sublinear inJ,. The I, dependence
of the photoluminescence from the GaAs buffer
layer is not so easy to ascertain due to the over-
lapping substrate photoluminescence. However,
the photoluminescence intensities measured at a
fixed wavelength near the GaAs buffer photolumin-
escence peak again increases superlinearly with
I, over much of the region of interest here. In
the earlier work by WL, the pump dependence of
the photoluminescence intensity was not given.

In any event, the WL-type analysis has been
tried with the present data. For these analyses,
plots of p™' vs B? are extrapolated to B=0 to yield
p, which turns out to be unity for the GaAs buffer
material when the SDR is large. Thus, although
P~0.3 and 0.2 would seem to fit the B=0 buffer-
layer data for the as-grown and annealed samples,
respectively, the values of P are suspect for the
reasons given above. Again the multilayer data
in Fig. 7 yield P~ 0.4, but this sample always
shows a Hanle anomaly for the multilayer polari-
zation.
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Several Hanle runs have been made on the multi-
layer photoluminescence of an as-grown sample
from the principal wafer with sufficiently high
pumping intensities to generate an Ry of ~1.2.
One of these runs is shown in Fig. 8. Recall that
this sample does not exhibit a Hanle anomaly at
very low],, where Ry;,=1.0. The various data on
Ry, yield P~ 0.3 from Eq. (3), while the p data
give P~ 1 from Eq. (4). Thus it does not appear
that any of the present data can be described sat-
isfactorily by the WL approach.

CONCLUSIONS

This extensive study of SDR in multilayers con-
sisting of many thin GaAs wells separated by thin
Al Ga,. As barriers, and in essentially bulk GaAs,
demonstrates that this effect can be far from trivi-
al in MBE -grown material. The data show that
the biggest effects are observed with layers that
exhibit a large electron-spin polarization, which
we find, in the case of multilayers, correlates
with low levels of photoluminescence, i.e., a low
quantum efficiency. The pump intensity depen-
dence of the SDR is reasonable in the sense that
Rgp~ 1.0 as J,—~ 0 and saturation effects can be ob-

served with sufficiently high pump intensities.

The decrease of p and Rg;, with a transverse mag-
netic field is qualitatively as expected, e.g., p is
always less than or equal to the maximum theo-
retical value for Ry~ 1.0. However, none of the
data on the various samples can be described
quantitatively in terms of the existing theory,
namely that of Weisbuch and Lampel.? Complica-
tions with the present multilayer data involve the
observed superlinear dependence of the photolum-
inescence on], and in all but one case, the low
field Hanle anomalies. An added complication
with the GaAs buffer-layer data may arise from
the fact that the buffer-layer photoluminescence is
not completely resolved from that of the GaAs sub-
strate.
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