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Various properties derivable from the photoluminescence of a multilayer structure consisting of many thin
GaAs layers (wells) separated by thin Al„Ga, „As layers (barriers) have been determined as a function of
temperature from 7 K to greater than 150 K. These measurements, which were made utilizing both fixed-
and tunable-frequency laser sources, include the following: the circular photoluminescence polarization p
generated by circularly polarized optical excitation, the magnetic field dependence of p in the Voigt
geometry (Hanle effect) to determine the electron lifetime 7. and spin-relaxation time r„ the excitation
spectrum for the p'eak of the photoluminescence which shows thirteen exciton quantum transitions
characteristic of multilayer samples, the photoluminescence spectra which exhibit five transitions in

emission, the excitation intensity I„dependence of the integrated photoluminescence intensity, and r and

v, as a function of I . The temperature dependence of v, suggests that there is a center with a binding

energy of about 5 meV that relaxes the electron spins at low temperatures. In the high-temperature region,
T&100 K, r, is close to that observed by others for lightly doped p-type bulk GaAs and is close to
estimates of v, for the D'yakonov-Perel' spin-relaxation mechanism. The absence of optical alignment with

linearly polarized pumping and the characteristics of the magnetic field dependence of p both argue against

significant hole polarization. The linear dependence of the integrated photoluminescence intensity on I leads

to a simple model for the radiative lifetime whose temperature dependence is found to be consistent with

expectations. Also, these data are used to estimate the nonradiative lifetime 7.„=5 X 10 sec which varies
little with T and the radiative lifetime 7„(T)= 3 )( 10 ' sec at 7 K, which varies —T" .

INTRODUCTION

Although the quantum nature of multilayer struc-
tures consisting of many thin GaAs wells separated
by thin AlGaAs barriers has been well documen-
ted,"few details and characteristics of the photo-
luminescence of such structures have been des-
cribed. A recent study' of radiative recombination
in such structures emphasizes the important role
of free excitons. In the present work, various
properties of a multilayer structure derivable from
photoluminescence studies have been obtained as a
function of temperature. These studies include:
circular polarized photoluminescence along with
the Hanle effect to determine the electron lifetime
& and the electron-spin-relaxation time 7„'4 the
photoluminescence spectrum, the integrated pho-
toluminescence intensity, and its pump power de-
pendence. Some of the data are interpreted in
terms of a simple recombination model which is
used to estimate the temperature dependence and
magnitude of the radiative and nonradiative life-
times. Other aspects of the data shed light on the
spin-relaxation mechanisms in these structures.
The &, data suggest that there is a shallow center,
-5 meV deep, that relaxes the electron spin at low
temperatures. In the high-temperature region T,
is probably determined by the D'yakonov-Perel'
process. ' The magnetic field dependence of the
circular photoluminescence and the absence of op-
tical alignment' argue against hole polarization in

the multilayer structures studied under the condi-
tions of the present experiments.

The samples chosen for discussion here are be-
lieved to be particularly suitable for fundamental
studies of photoluminescence because of their un-
usually high photoluminescence intensity coupled
with a photoluminescence behavior that can be un-
derstood on the basis of simple and reasonable
models. The results obtained are therefore
believed to be appropriate to relatively pure,
strain free, uniform, geometrically nearly per-
fect multilayer samples.

EXPERIMENTAL

The major portion of the data was obtained with a
wafer grown by molecular beam epitaxy (MBE) that
consisted of the following: a GaAs substrate with
a (100) growth surface, 1 p, m of Al, „Ga, „As,
30 periods of 260-A wide GaAs wells and 260-A
wide Alp 28Ga», As barriers, and finally, 1 p, m of
A lp 28Gap 7,A s. The layers were not intentionally
doped, which for bulk GaAs grown in this appara-
tus means P-type -10"cm '. The barriers are
sufficiently wide so that tunneling effects are in-
significant for this study.

For excitation two different laser sources were
utilized, a cw Kr' laser at 1.647 eV (7525 A).and a
pulsed tunable optical parametric oscillator (OPO).
The incident light was normal to the plane of the
layers and focused to a spot -200 p, m in diameter.
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The generated luminescence, detected in the back-
ward direction 24' off normal incidence, was passed
through a circular polarization analyzer (X/4
plate plus linear polarizer) before entering a —,'-
m monochromator equipped with a cooled photo-
multiplier. The instrumental resolution was suf-
ficiently high so as not to influence the results
presented herein.

With the Kr' source the linearly polarized beam
from the laser was chopped mechanically with X/4
plates to yield+ and —circular polarizations at
480 Hz. The photoluminescence signal IpL at 240
Hz was ratioed wi.th that at 480 Hz to determine
the circular polarization p of the photolumines-
cence defined as

I,„(+) I,„(-)
P I,„(+)+I,„() '

With the OPO, the linearly polarized incident light
pulses, -0.4 p, sec in duration, were sent through a
60-Hz electro-optic modulator driven by a sine
wave whose amplitude was adjusted for a maximum
retardation of +'/4. The OPO was operated at -40
Hz so'that each successive input pulse was shifted
by -2 cycles of the 60-Hz modulation. Gated
detection of the photoluminescence at the OPO
pulse rate, therefore, gives the average signal
generated, for+ or —inputs, linear (L) inputs, or
whatever, depending on the exact phase of the OPO
pulses with respect to the modulator voltage. This
signal was ratioed with that from a monitor placed
downstream from the modulator to yield the aver-
age photoluminescence level. Spin-dependent re-
combination ' i.e., [Ir~(+) Ip„(L)]/Iz, L(L), of a
few percent or more is easily detected with this
system but was not present in the sample studied
herein.

The photoluminescence signal at exactly one-half
the OPO repetition frequency (-20 Hz) was also de-
tected, averaged, and ratioed with the average
photoluminescence signal at the pulse repetition
frequency. When the -20-Hz photoluminescence
pulses are in phase with the + or —voltage peaks
of the modulator voltage, this ratioed signal is
I-(+)/2[l»(+)+I»(-)]. The deviation of this ra-
tioed signal from unity is the photoluminescence
polarization

Ipz(y) Ipz, (+) —Ipg(-)
l[IpL(+)+Ip. (-)l Ip.(+)+4.(-) '

Therefore, in this mode of operation the OPO rep-
etition frequency is accurately adjusted so that the
modulator peak voltage and OPO pulses are in
phase once about every 30 seconds. Thus the mag-
nitude of p can be determined from the amplitude
of the swings of the ratioed signal as a function
time. For some experiments, a calcite element

was used to produce a circular input polarization
constant in time.

The samples were mounted in a variable-tem-
perature cryostat. Provisions were also made to
apply a magnetic field & up to about 4.5 kG trans-
verse to the incident light propagation direction
(Voigt geometry) for Hanle measurements, ' i.e.,
P(~).

RESULTS
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FIG. l. Excitation spectrum for the multilayer struc-
ture showing four allowed heavy-hole exciton transitions
and three allowed light-hole exciton transitions, identi-
fied by E~ and E„&, respectively. Two forbidden transi-
tions E» and E&2 are also observed as peaks, two others
Ef3 and E&4 as shoulders. Widths in meV for the E~
transitions according to Eq. (16) in the text are indicat-
ed. Detection was at a photon energy indicated by
"pump" in the figure where there is a peak due to scat-
tered pump light.

Figure 1 shows part of the excitation spectrum
of the peak photoluminescence intensity using the
OPO for excitation with about 60 W/cm'. These
data were taken at 7 K where the peak of the photo-
luminescence spectrum is at 1.519 eV (8162 A).
For this run, the input and output circular polar-
izations were kept constant in time and both the
same, thereby enhancing the signals for the heavy-
hole transitions. ' All but two of the peaks in the
spectrum represent allowed two-dimensional free
exciton transitions between hole and electron
states each identified with the same quantum num-
ber n for the steps in the two-dimensional density
of states function. ' The allowed transitions are
identified by &„, where m signifies whether the
transition involves a light or heavy hole, l or h,
respectively. In these multilayer structures, the
light and heavy holes are split due to the potential
well for the valence band. ' The &» and E» trans-
itions can no longer be resolved for pump intensi-
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ties ~1.5 kW/cm' at 7 K. Two forbidden exciton
transitions' labeled &I, and &z, are also clearly
evident in Fig. 1. For these transitions the quan-
tum number n is not the same for the electron and
hole. The oscillations in the photoluminescence
with a period of -2 meV at energies a1.59 eV are
instrumental and result from less than perfect
ratioing of the signal and monitor. Exciton trans-
itions &» and &,„have also been observed with this
sample. The excitation spectrum in Fig. 1 dem-
onstrates that the Stokes shift of the photolumin-
escence peak is quite small, -1-2 meV. Also,
the photoluminescence intensity is unusually bright
for a multilayer sample and its width more narrow
than usual, -3 meV at the lowest temperatures.
This is therefore, a high quality crystal.

Most of the measurements have been made with
the Kr' laser, which places the excitation energy,
1.647 eV, between the E,„and &» transitions
where there is little pronounced excitonic struc-
ture such as that shown in Fig. 1 at the lower pump
photon energies. The photoluminescence signal,
and its polarization where possible, have been ob-
tained as a function of wavelength over the temper-
ature range -6 to -300 K. At the lowest tempera-
tures, essentially all the emission involves the n=1
electron level &„and the n =1 heavy-hole level

This indicates thermalization of the momen-
tum and energy of the carriers. However, as &

is increased, other levels, especially the higher-
hole levels, are thermally populated so that addi-
tional exciton transitions can be identified in emis-
sion. The electron- spin polarization is sometimes
useful in identifying these transitions since light-
and heavy-hole transitions have opposite polariza-
tion. An example of this is shown in Fig. 2 which
gives l~~() ) and p(X) for T =87.1 K. The I~~(X) data
show the main peak E,„at 1.511 eV (8205 A), and
shoulders of unresolved peaks at 1.515 eV (8183 A)
and 1.522 eV (8142 A). The decrease in p at 1.515
eV helps confirm that this shoulder is the ~» tran-
sition and the p increase at 1.522 eV is consistent
with the forbidden transition &» between electron
and hole states &„and &»„, respectively. A more
dramatic example of this method for identifying
transitions is shown in Ref. 3. The energies of
five different transitions observed in this manner
in emission are summarized in Fig. 3. As the
temperature is increased, transitions &„ first ap-
pear discernibly in emission when the temperature
reaches 2k& ~~„-&».

Figure 4 shows the full width at half maximum
(FWHM) in meV of the photoluminescence spec-
trum as a function of temperature. The data were
obtained with a pump intensity of a few watts per
square centimeter using the Kr' laser. It appears
that inhomogeneous broadening dominates at the
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lowest temperatures. The point at 195 K is higher
than an extrapolation of the lower-temperature da-
ta would suggest and is probably due, at least in
part, to increased contributions to the photolumin-
escence from transitions higher in energy than
@1h e'g' E2h, A least- squares fit to all the data
points in the figure gives &E», (meV) =2.66+ 8.5
& 10 &. A broadening linear in k& would give a
slope of 8.6 && 10~ meV/K. The width (FWHM) of
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FIG. 3. Various transitions identified in emission as
a function of the sample temperature for excitation at
1.647 eV.

FIG. 2. Photoluminescent intensity and circular po-
larization versus photon energy at 87 K with excitation
at 1.647 eV. Emission at E&& and E&& appear as shoulders
on the high-energy side of the peak. The polarization
is significantly reduced by the light-hole emission and
increases again at the forbidden transition.
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FIG. 4. Full width in meU at half-maximum intensity
(FWHM) of the photoluminescence as a function of tem-
perature. The straight line is a least-squares fit to the
data.

the E» transition as observed in the excitation
spectrum is about 3 meV, hence in agreement with
that observed in the photoluminescence.

The photoluminescence spectrum at V K has been
measured as a function of the pump intensity I~
from 0.15 to 20 W/cma with the Kr" laser at 1.64'7

eV. The logarithm of the integrated photolumin-
escence intensity

W~= IpL & dX,
0

which is approximated by the peak photolumines-
ence signal times the full width of the spectrum at
one-half the peak signal (FWHM), namely, W,
=I~„(peak) x FWHM, is shown versus logI~ in Fig.
5. A least-squares fit to the data is shown by the

solid line which has a slope of 1.00. This again is
unusual in that most similar structures examined
previously' exhibit slopes greater than unity,
which causes difficulties when one attempts to gen-
erate a simple model to explain the data. Similar
data at 50 and 150 K obtained over the same
range of l~ as that shown in Fig. 5 give ii'I ~(l~)'
with a =1.08 and 1.21, respectively. In addition,
the OPO was used to obtain ~,(l~) at 7 K for pump
photon energies E~ of 1.519 eV (a =0.95), 1.546 eV
(a=1.00). The value of &~ =1.519 eV represents
resonant excitation of the E» transition.

The photoluminescence spectra were also integ-
grated over X with a planimeter to determine 8'„
versus temperature. The results are shown in
Fig. 6. The decrease in W~ between '7 and 196 K iIt

about a factor of 10, which is considerably less
than that usually observed with quantum well
structures.

With sufficiently intense optical pumping using
the OPO and samples -1 mm long with cleaved
facets (mirrors), lasing can be achieved. Howev-

er, we have only been able tq obtain lasing on the

E» transition at both low and high temperatures.
In these experiments only the GaAs wells were
pumped.

Hanle data' on the photoluminescence polarization
have been obtained as a function of temperature .

and pump intensity. These data were taken at the
peaks of the photoluminescence spectra and have
been analyzed to determine the Hanle time &„ the
electron lifetime ~, and the electron-spin-relax-
ation time &, from the relations

I

p(o) = po(o)/(1+ 7/7. ), (4)

10
Ch

z
Kl

p(B)-'=.p(0) "[1+(r~&)'],

with the Hanle time &, given by

z -1 7-1+~-1
1

and

(5)
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FIG. 5. log of the integrated photoluminescent inten-
sity approximated by the FWHM times the peak intensity
versus log of the pump intensity. These data were taken
at 7 K with excitation at 1.647 eV. The straight line
least-squares fit to the data has a slope of 1.00.
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FIG. 6. Logarithm of the integrated photoluminescent
intensity W), versus temperature for excitation at 1.647
eV. The decrease of W)„with T is less than that usually
observed with multilayer structures.
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Y = Ig*l pa~h =3.8'I x 10' G ' sec ',
based on g* =-0.44 for electrons in Gahs. ' The
quantity p, (0) is the maximum theoretical photo-.
luminescence polarization in the absence of relax-
ation. It has been assumed that the emission in the
temperature range of most interest involves n =1
heavy holes, as for example in Fig. 2, mhich are
unpolarized. Also, the valence-band contribution
to the excitation mith the Kr+ laser is taken to be
the same as for bulk GaAs so that for this multi-
layer sample p, (0)=0.50. The value T, is indepen-
dent of this assumption. Some typical Hanle data
taken at several different temperatures are shown
in Fig. 7 in terms of p(B) ' vs B'. lt is important
to note that these data do indeed give linear plots
of p(B) ' vs B which shows that p is Lorentzian in
B as required to obtain meaningful times. ' Actual-
ly, very fem multilayer samples studied have
shown linear p(B) ' vs B' plots. In fact, even with
bulk material, we generally observe linear plots
only when the material is heavily doped P type,
e.g., [Zn] lO" cm-'.

Figure 8 shows a plot of p(0) ' and T, versus
temperature. The Hanle time goes through a max-
imum at -VO K while p(0) ' continues to increase
with temperature. The equivalent data for 7 and 7,
are given in Fig. 9. There is a fair amount of
scatter in the 7 data so that the points for T &50 K
were fitted via a least-squares analysis. Whereas
7 increases with & over the range measured, T,
goes through a maximum at about 60 K.

The pump intensity dependences of 7 and 7, were
also determined via Hanle runs. Over the same
excitation intensity range as that shown in Fig. 5,
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FIG. 8. Hanle time and photoluminescent circular
polarization versus sample temperature.

the I dependence of T and 7, at 7 K in units of 10 "
sec can be described by 2.3V+0.16 logI~ and 2.10
+0.35 logI~, respectively, with I~ in W/cm'. How-
ever, at 50 and 150 K, both T and ~, were, within
the experimental uncertainties, essentially inde-
pendent of I~ over the range studied. Thus the var-
iation of these times with I is relatively small.

REDUCTION OF DATA

Several aspects of the reduction of the raw data
require some comment. First of all, in determin-
ing T and 7, it has been assumed that the emission
observed at the peak of the photoluminescence in-
volves only the n =1 heavy hole, i.e., p, (0) in Eq.
(5) =0.5. Examination of the photoluminescence
spectra shows that this is certainly a good approx-
imation below about 90 K where, as can be seen in
Fig. 2, the Z» emission peak (shoulder) is shifted
from E» by more than one-half the FWHM energy
of the E» peak. For T ~ 90 K, there is undoubtedly
some contribution from &» at the peak photolum-
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inescence emission. If above 100 K, this contrib-
ution is considered to be at its full strength as in
bulk GaAs, which is certainly not the case here,
p, (0) =0.25. The result is then that the calculated
values of & should be halved, and the values of 7,
increased by «20%. However, the effects on v' and
&, due to contributions from E» emission do not
significantly alter the conclusions and interpreta-
tions given herein.

Another point that requires comment is that at
low temperatures the emission arises from the re-
combination of free excitons. In fact, the various
peaks in Fig. 1 show that excitation can involve the
generation of free excitons. This has prompted a
search in this sample and other multilayer struc-
tures for optical alignment' effects which require
a coherence between the electron and hole in the
generated excitons that is retained until radiative
recombination occurs. Optical alignment effects,
for example, produce linearly polarized photo-
luminescence from linearly polarized excitation.
Attempts to observe this effect in this sample and
other multilayer samples were without success.
Any linear polarization in the photoluminescene, if
present, must be less than a few percent. The ab-
sence of optical alignment and the straight p(B)"
vs B' plots (Fig. 7) both argue against significant
hole polarization under the present experimental
conditions. Hole polarization might have been ex-
pected here at low temperatures since the light and
heavy holes are split by the well potential.

For the analyses of the Hanle runs the hole pol-
arization was taken as zero and the g* factor em-
ployed was that for free electrons in GaAs, namely
-0.44.' However, since the g* factor for n =1
heavy holes in this type structure is zero, ' and the
e-h exchange energy is very small, -0.1 meV, "
g~ =-0.44 would seem appropriate for both free
electrons and excitons. The Hanle time T„7,7,
are all proportional to ~g*

~

'.

DISCUSSION

Since the data in Fig. 5 and other data discussed
above demonstrate that to a good approximation
W~ fx-I~", it is proposed that the differential equa-
tion describing the number of optically excited ex-
citons N„can be described by

dN„X gdt

where g is the generation rate, a linear function of
I~, and 7 is the lifetime. The steady-state solution
is N„=g7 so that the photoluminescence can be de-
scribed by

W~ ~N„/T„=g7 /7 „,
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FIG. 10. Logarithm of the electron lifetime divided by
the integrated photoluminescent intensity, which is pro-
portional to the radiative lifetime, versus log T. The
straight line least-squares fit has a slope of 1.5. The
theoretical relation given by Eq. (12) is shown dashed.

where T, is the radiative lifetime and

V-' =~-'+T-'.
n

In Eq. (10), v„ is the nonradiative lifetime for the
excitons. The internal quantum efficiency 7l, =r/7 .
Hence for constant g, an assumption which will be
discussed later, g, is proportional to W, . There-
fore, the data in Fig. 6 show that g, drops by an
order of magnitude between V and 200 K.

Equation (9) suggests that a plot of gr/W, ~ 7„vs'
T would give the temperature dependence of 7,.
This calculation has been made and the result is
shown plotted as log7 /W~ vs logT in Fig. 10. A

least-squares straight line fit to the data is shown
in the figure and gives T„o-T'"'. As discussed
above, contributions to the photoluminescence
from E» transitions could somewhat reduce the
values of T above -100 K. However, all the data up
to about 100 K are well described by T,~T'".
This temperature dependence for 7„, nominally
T' ', is that calculated for band-to-band transi-
tions obeying k conservation in bulk direct band-
gap III-V compounds. " It should be noted that the
same picture with two-dimensional k conservation
in the plane of the wells would predict a linear T
dependence.

For a multilayer structure, k conservation
would apply only in two dimensions and would lead
to a linear T dependence at sufficiently low tern-
peratures that the occupation of the higher-hole
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levels is negligible. If the radiation is predom-
inantly due to excitons, k conservation requires
that only excitons of total k =0 can radiate, and

again leads to a linear T dependence at low tem-
perature. However, with increasing T thermal
excitation to higher-hole levels will lead to a de-
pendence approximately of the form

r„~T P exp[ (E„—„-E,„„)/kT],

where & I, denotes the possible hole energies in
the quantum well. This relation is shown (dashed
curve) in Fig. 10 with one adjustable parameter
chosen to give agreement at 100 K with the least-
squares line.

For the purpose of this calculation Eq. (11) was

approximated by the formula

r cf: T exp —n' —1 Eihh
n-"1

(12)

with &»„=1.0 meV, the ground state for m»
=0.45m, in a well high enough to bind 6 levels.
The justification for Eq. (12), which appears to
neglect the /h levels is that the 1/k level, can be
regarded as a radiating level included in S'„and
the higher /h levels can be lumped together with a
nearby hh level. In fact, precise values of E„& are
not required in Eq. (11) in the temperature region
of interest because the sum extends over a number
of terms and the spectrum of Fig. 1 indicates con-
siderable broadening of the higher levels.

Equations (9) and (10) can also be written in the
form

W~~(1 —r/T„)g.

Thus it appears that it might be useful to plot W,
vs T as is done in Fig. 11. The straight line in the

figure is a least-squares fit to the data and sug-
gests that both g and T„do not change significantly
over the range of &, i.e., T, measured. These data,
therefore, support the assumption made earlier
that g is essentially independent of T. The slope
in Fig. 11 gives 7„=4.9 && 10 ' sec. The magnitude
of the radiative lifetime can now be calculated as a
function of T from Eq. (10) making use of the data
(or fitted curve) on T(T) shown in Fig. 9. The re-
sult, which is consistent with Fig. 10, can be rep-
resented by 7',(T) = 1.1 && 10 "T' ' sec. At -7 K, r„
=2.7 && 10 "sec, indicating an internal quantum ef-
ficiency q, =0.95 which drops off to about 0.1 at
-150 K.

The temperature dependence of 7, is also of in-
terest since it may shed some light on the mechan-
ism for electrori-spin relaxation. " A plot of logT,
vs logT is given in Fig. 12. These data are quite
similar to those obtained earlier by Clark et a/. for
p-type bulk Al„Ga, Ps, who found that w, increases
with T at low temperatures, i.e., T(50 K, and
then decreases as T ' in the high-temperature re-
gion with b in the range 1.8 to 3.3 for the six sam-
ples studied. " More recently, Clark et a/."have
measured GaAs doped with [Zn]-10" cm ' and
found a gradual dropoff in &, vs T for T &40 K and
&, ~ T "for higher. temperatures. Some represen-
tative data from this work are also shown in Fig.
12. Fishman and Lampel (FL) have measured 7, in
bulk GaAs doped with [Zn]-4 && 10" cm 3 from -2
to -90 K." Over this range their data can be fit by
7, =3.5 && 10 "T ' ' sec. Part of their data is also
shown in Fig. 12.

The work by Clark et a/. , as well as the present
work, suggests different relaxation mechanisms
in the low- and high-temperature regions. The
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FIG. 11. Integrated photoluminescence versus the
electron lifetime. Temperature increases to the right
as can be seen from Fig. 9. The slope of the least-
squares fit leads to a nonradiative lifetime of 4.9 &&10 ~

sec.

FIG. 12. Plot of the spin-relaxation time versus tem-
perature. Also shown are data from Clark et al. (Ref.
13) on bulk GaAs doped with [Zn] -2 &10'~ cm 3 and Fish-
man and I ampel data for [Zn] -4 &&10 cm . Estimates
of ~, for the D'yakonov-Perel' (DP) process are in good
agreement with the high-temperature multilayer v data.
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r, =6 x10-"/(r T'), (14)

where w~ is the momentum relaxation time. This
relation should apply to a multilayer at tempera-
tures kT & 2E„corresponding to T & 150 K in the
present case; at lower temperatures one expects
&, ~1/(&P') when motion of the electrons is con-
fined to the plane of the layers.

According to FL,"another spin-relaxation mech-
anism likely to be relevant in the high-temperature
region is the Elliott-Yafet" "(EY) process. The
EY mechanism leads to spin relaxation due to an
admbd;ure of the valence-band states into the con-
duction band for kt 0. Thus momentum scattering
can produce a spin flip. Clark et al."estimate
for bulk GaAs that this mechanism gives

q-, =2 x10'T /T'.

Using the high-temperature electron mobility da-
ta of Dingle et al. ' for undoped quantum wells and
ignoring screening effects, v ~(&} has been esti-
mated assuming that the time extracted from the
mobility is indeed ~~. Then ~, can be estimated
from Eqs. (14) and (15) and the results for the DP
process are shown in Fig. 12. The values of v', es-
timated from Eq. (15) are too large by more than
an order of magnitude, while those obtained from
Eq. (14}give a good fit to the quantum-well high-
temperature data. We therefore tentatively con-
clude that the DP mechanism is the relevant one
for this multilayer structure in the high-temper-
ature region as in the earlier work on bulk GaAs
by Clark et al. 3

An interesting feature of Fig. 1 is the broaden-
ing that increases dramatically in going from E»
to E~„. This broadening is consistent with the

multilayer data on &, shown in Fig. 9 suggest that
there is some shallow center with a binding energy
of -5 meV which relaxes the spin. As the temper-
ature is increased the electrons spend less and
less time in the vicinity of the center such that at
-60 K, another relaxation process dominates. The
authors have not been able to identify this center.

The e-h exchange mechanism seems to describe
satisfactorily the FL (Ref. 10) data and the low-
temperature Clark et al. data."" This mechanism
is not relevant in the present case, since there are
essentially no equilibrium holes present and few
nonequilibrium holes. On the other hand, the high-
temperature results of Clark et al. are attribu-
ted"' to the D'yakonov-Perel' (DP) process. ' In
the DP process, a precession of the electron spin
occurs due to a pseudo-magnetic-field o- k' caused
by a lack of inversion symmetry and spin-orbit
coupling. This mechanism is estimated for bulk
material to give"

simple relation

hE =BE x~'
n (16)

CONCLUSIONS

Studies of various aspects of the photoIumines-
cence of a high-quality multilayer crystal have led
to a more complete understanding of such struc-

with &E~ -1.0 meV. The widths given by Eq. (16)
are indicated in Fig. 1. Also indicated are dashed
lines on E» and E4~ extending the low-energy sides
of these peaks. This construction reveals addition-
al forbidden transitions E&, and Ez, indicated by ar-
rows in Fig. 1. The broadening given by Eq. (16)
is what would be expected from a nonconstant layer
width of the GaAs wells with a spread (FWHM) &I
-I/13 =20 A. The spread in &I estimated from the
known MBE growth parameters is 14 A. The width
&E~- 1 meV is consistent with the inhomogeneous
width 2.V meV obtained from the least-squares fit
to the data in Fig. 4. About 1.7 meV of inhomo-
geneous broadening of the photoluminescence must
therefore be attributed to such sources as varia-
tions of composition, impurity concentration, or
strains.

All of the "forbidden" transitions can be given
reasonable assignments as follows:

f, =(le, 3hh),

f, = (2e, 4hh),

f, =(3e, lhh),

f4 =(4e, 2hh) .
It is recognized that the general features of multi-
layer photoluminescence spectra can be under-
stood' in terms of (a) the quantum levels of elec-
trons and holes confined in one dimension to a po-
tential well and (b) the formation of excitons in the
other two dimensions. Computer studies are cur-
rently under way on this sample and others to de-
termine how precisely this model can explain the
multilayer spectra. Details of these calculations
will not be discussed here, but preliminary re-
sults confirm the reasonableness of Eqs. (17).
One would expect forbidden transitions to be ob-
servable as a result of curvature of the bottom of
the potential well due to the transfer of holes or
electrons from the barriers into the wells. The
curvature would be symmetric about the well cen-
ter and, therefore, would only couple electron
and hole states of the same parity. Thus one would
not expect, for example, to see the transitions
(le, 2hh) or (le, 4hh). Furthermore, since the ma-
trix element is essentially the same for (le, 3hh)
and (3e, lhh), one would expect to see both or
neither, but not one without the other.
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tures. An examination of the heavy-hole exciton
transitions in the excitation spectrum of the pho-
toluminescence leads to the conclusion that these
transitions are broadened due to the spread in the
GaAs well widths. Four forbidden transitions are
identified and ascribed to parity-conserving elec-
tron-to-heavy-hole transitions. Five transitions
have been seen in spontaneous emission. However,
we have observed stimulated emission only on the
lowest-energy transition which involves the n =1
electron and heavy hole.

The temperature dependence of the electron-
spin-relaxation time &„ determined from the Hanle
effect, suggests that there is a center with a bind.-
ing energy of -5 meV that relaxes the electron
spin. At higher temperatures the electron-spin
relaxation is believed due to the D'yakonov-Perel'
mechanism' and the values observed, are close to
earlier results obtained by others for bulk p-type
GaAs, [Zn'J-10" cm '."

The linear Hanle plots of the reciprocal of the
photoluminescence polarization versus the mag-

netic field squared and the absence of optical align-
ment' when exciting with linearly polarized light
both suggest that no hole polarization is present
even though the light and heavy-hole energies are
split by the potential.

The linear dependence of the photoluminescence
on the excitation intensity and on the observed
electron lifetime (Fig. 11)leads to a simple model
from which the nonradiative lifetime is found to be
nearly constant and equal to -5 && 10 ' sec. The cal-
culated values of the radiative lifetime are esti-
mated to be as short as -3 && 10 "sec at 7 K and
indicate a very high quantum efficiency at low tem-
peratures. The observed temperature dependence
of the radiative lifetime is in agreement with ex-
pectations for a two-dimensional system when the
thermal excitation of holes is taken into account.
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