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Photoluminescence spectroscopy in GaAs/A1As superlattices as a function
of temperature and pressure: The inAuence of sample quality
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Photoluminescence experiments are reported on CsaAs/A1As short-period superlattices as a func-
tion of temperature (1.5 —80 K) and hydrostatic pressure (0—80 kbar). Molecular-beam-epitaxial
growth at 650'C was found to be superior to that at lower temperatures (620'C and 590 C) and al-
lowed the effects of sample perfection on photoluminescence phenomena to be studied. Superlat-
tices with (12,8), (11,8), (11,10), and (10,8) GaAs/A1As monolayers were studied, near the type-
I—type-II transition. The reduction in photoluminescence intensity with temperature was found to
be much less rapid for superlattices grown at 650 C, indicative of a lower defect density at the
higher growth temperature. These results are consistent with an analysis of the variation of recom-
bination lifetime [r(P)] with pressure. It is deduced that nonquadratic behavior in ~(P) is at least
partly due to extrinsic, nonradiative transitions, which are sample dependent and are less significant
at the higher growth temperature. The data suggest that results of a recent calculation of the abso-
lute recombination times for the (12,8) sample must be applied with caution.

I. INTRODUCTION

It is well established that type-II behavior can be ob-
served in GaAs/AIAs superlattice (SL) structures. '

The crossover between type-I and type-II superlattice be-
havior occurs when the GaAs well width falls below a
critical value, which is about 35 A for wide AlAs bar-
riers. The lowest electron and highest hole states in
type-I GaAs-A1As SL's with wide GaAs wells are at the
GaAs I point. The lowest I electron state shifts to
higher energy with decrease in well thickness (d) and for
d & 35 A the lowest electron states are the X levels in the
A1As barriers. Thus the electron-hole transitions in the
resulting type-II SL's become indirect in both momentum
and real space. However, the main peak in photo-
luminescence (PL) spectroscopy is still associated with an
excitonic zero-phonon recombination process, due to X-
I mixing by the potential discontinuity across the hetero-
junction interface. ' Nevertheless, phonon satellites
characteristic of type-I and type-II superlattices allow
them to be distinguished readily. "" In type-I struc-
tures, longitudinal-optical (LO) (I ) phonon replication of
the excitonic recombination line is seen with strength
determined by the degree of disorder in the system,
whereas in type-II SL's characteristic momentum-
conserving zone-boundary phonon satellites of the zero-
phonon line are observed.

The use of high-pressure measurements in PL spectros-
copy for investigation of SL band structures has been
demonstrated in a number of publications (see, for exam-
ple, Refs. 12—16). The main effects of hydrostatic pres-
sure (P) are to shift 1 and l. levels upwards (at —12 and 5
meV/kbar, respectively), and to depress X levels at ——2
meV/kbar. Thus, the energy gap of a type-I GaAs-A1As
SL increases initially on application of pressure, until a
I -X crossover occurs. A type-II SL results, with decreas-

ing gap at higher pressure. This is accompanied by a
change in the nature of the phonon satellites of the exci-
tonic recombination from LO(1 ) in the type-I structure
to the characteristic zone-boundary phonons in the type-
II SL.""

A rapid increase in PL decay time (r) (Refs. 12 and 15)
occurs with pressure in a type-II SL, similar to that found
as the A1As barrier width increases in type-II struc-
tures. '7 The increase in r(P) is related to decreasing 1 -X
mixing with increasing A1As barrier width or hydrostatic
pressure. Pressure studies allow such effects to be studied
on one sample without the possibility of extraneous
effects from different impurity or defect densities. To first
order in perturbation theory, within an effective-mass
treatment, the matrix element for transitions is propor-
tional to the square of the X-I energy separation (E~
Ft-), i.e. , to P . Nonquadratic behavior in r(P) at
higher pressure was attributed by us to a contribution
from extrinsic, nonradiative processes. ' However, an al-
ternative suggestion has been made that the departure
from quadratic behavior can be explained by the results
of empirical pseudopotential calculations of the I-
derived wave-vector character of the lowest electron
states as a function of hydrostatic pressure. '

The SL's used in our previous work in Refs. 11 and 12
were prepared by molecular-beam epitaxy (MBE) tech-
niques at 620'C. It was believed at that time that im-
proved quality could be obtained by carrying out growth
at higher temperature. ' The present work compares PL
spectra obtained as a function of temperature and pres-
sure, and PL lifetimes as a function of pressure, on SL's
grown at 620 C and 6SO'C. Brief reference is also made
to the temperature dependence of the spectra for a struc-
ture grown at 590'C. Very marked differences in the
temperature and pressure dependence of the PL spectra
for structures prepared at the different growth tempera-

14 091 1991 The American Physical Society



14 092 SPAIN, SKOLNICK, SMITH, SAKER, AND WHITEHOUSE 43

tures allow inferences to be made about the effects of
sample perfection on the measurements, and permit com-
ments to be made on the question of whether nonquadrat-
ic behavior in r(I') is predominantly intrinsic or extrinsic.

The paper is organized in the following way. In the
next section details of the sample growth and the sample
layer details are described. In Sec. III the PL spectra are
presented for structures grown at the different tempera-
tures. Conclusions are drawn as to the inAuence of sam-
ple perfection, as determined by the growth temperature,
on the temperature sensitivity of the PL spectra. In Secs.
IV and V, the variations of the PL spectra and of the PL
lifetimes with hydrostatic pressure are described, and
finally in Sec. VI the main conclusions are summarized.

from the growing surface, and (ii) loss of temperature
control due to arsenic evaporation from the back of the
non-indium-bonded wafer (which results in considerable
emissivity changes).

III. TEMPERATURE DEPENDENCE
OF PHOTOLUMINESCENCE

Photoluminescence spectra were studied in the temper-
ature region from 1.5 to 80 K. PL was excited using the
488- or 514.5-nm lines from an Ar+-ion laser. Irradi-
ances at the sample were typically -25 mW/cm . The
PL was dispersed with a 0.75-m monochromator and
detected using a cooled GaAs photomultiplier.

II. SAMPLE PREPARATION

All layers were grown on n -type (Si-doped) GaAs
substrates in a Varian Gen II MBE reactor. High-purity
arsenic, gallium, and aluminium were evaporated from
separate furnaces. A typical background pressure of
5 X 10 " Torr was measured with the cells at standby
temperatures. The GaAs substrate preparation process
involved initial solvent cleaning, followed by the ex Uacuo
growth of a thin surface oxide using a uv-ozone treat-
ment.

The arsenic beam equivalent pressure was set at
1.0X10 Torr with the III:V beam equivalent pressure
ratio —12. Group-III Auxes were fixed by measuring
reAection high-energy electron diffraction oscillation fre-
quencies on a separate monitor slice. Growth rates were
1.00 MLs ' (ML stands for monolayer) for GaAs and
0.50 ML s ' for A1As. Epilayer growth temperature (Ts)
was monitored by a pyrometer working in the
0.91—0.97-pm wavelength range. All samples were
grown using an indium free mounting system. The struc-
tures consisted of a 1-Ium GaAs buffer layer (Tg =600'C)
followed by 100 repeats of the superlattice structure, and
capped with 240 A of undoped GaAs. The layer
thicknesses (number of GaAs monolayers, number of
A1As monolayers) and growth temperatures (590'C,
620'C, or 650'C) of the superlattices investigated are
summarized in Table I. The growth temperature of
650 C was the maximum that could be achieved without
(i) loss of layer-thickness control due to Ga reevaporation

TABLE I. Sample details.
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A. PL spectra at 2 —4 I as a function of well width

We have previously presented 2-K PL spectra for
structures grown at 620 C. They are discussed here first
in order to provide the necessary background for the pre-
sentation of the new results obtained as a function of
growth temperature. Results are also presented for a typ-
ical structure grown at T~ =650'C and for one grown at
590 C.

Figure 1 shows PL spectra at 1.5 K on three SL's
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FIG. 1. PL spectra obtained on three samples grown at
620 C for different well widths: (a) (12,8); (b) (11,8); (c) (10,8)
(samples 1, 2, and 3, respectively). All spectra are at 1.5 K, at-
mospheric pressure. For the (12,8) direct-gap, type-I superlat-
tice, the E,I, (I ) state is lowest in energy, and replication by the
GaAs LO-phonon satellite is observed. For the (11,8) and (10,8)
type-II structures, E&h(X) is lowest, and the Y&, Y2, and Y3
momentum-conserving phonons are observed.
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prepared at T~=620'C, where the GaAs width is de-
creased from 12 monolayers (1 ML=2. 83 A) to 10 ML in
one-ML steps, with the AlAs width held constant at 8
ML {structures 1, 2, and 3, Table I). The direct gap
type-I (12,8) ML sample (35-A GaAs, 23-A AlAs) [a
(12,8) (620'C) SL] shown in Fig. 1(a) has the I' (GaAs)
and X (A1As) electron states very close together in ener-
gy. ' The PL spectrum is dominated by the allowed
E,h(I ) [electron (I ) —heavy-hole (I )] excitonic recom-
bination, with replication by the localization-induced
GaAs LO phonon at 36 meV lower in energy. Figures
l(b) and 1(c) show the PL spectra from (11,8) and (10,8)
(620 C) structures, respectively. These indirect-gap
type-II superlattices have the X (A1As) states lowest in
energy [E,h(X) recombination] and show replication by
the Y„Y2, and Y'3 momentum-conserving phonon satel-
lites. The Y, (27 meV) satellite arises from LA(X) pho-
nons in the GaAs or A1As, Y2 (35 meV) probably from
GaAs zone-boundary optic phonons, and Y3 (49 meV)
from LO(X) A1As phonons. "' Much weaker E,h(I )

recombination 'occurs -20 and 40 meV, respectively,
higher in energy for the (11,8) and (10,8) structures. The
observed shift in the zero-phonon recombination energies
between Figs. 1(a)—1(c) of 16 meV is close to that calcu-
lated for the increase in heavy-hole confinement energy of
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FIG. 2. PL spectra for sample (11,8) (6SO C) (sample S) at at-
mospheric pressure as a function of temperature: (a) 1.S K; (b)
38 K; (c) 50 K; (d) 78 K. At low temperature [(a) and (b)j,
E&h(X) recombination is dominant. Above SO K the I state in
the GaAs begins to have significant population and E»(I ) is
also observed.

15 meV on reducing the GaAs width from 12 to 10
monolayers. This is expected, since the AlAs width, and
hence the electron confinement energies [X and I are
nearly degenerate for the (12,8) structure] is constant
through the series of samples.

The 4-K PL spectrum (there is no observable tempera-
ture dependence from 2 to 4 K) for an (11,8) SL (sample
S) grown at T~ =650'C [(11,8) (650'C)] is shown in Fig.
2(a). The spectrum is characteristic of a type-II SL, with
a strong E,z(X) zero-phonon line (ZPL) and three
momentum-conserving phonon satellites (Y& —Y3). It is
of very similar form and intensity (within a factor of 2) to
that for the (11,8) (620'C) structure shown in Fig. 1(b).

The (11,8) structure grown at 590'C (structure 8 in
Table I) showed a very similar low-temperature spectrum
to that for the 620 C and 650 C grown structures. How-
ever, the 2-K linewidth was 9.9 meV, as compared to 4.9
and 4.7 meV for structures 2 and 5 (620'C and 650 C).

B. Temperature dependence of PL spectra

The variation of the PL. spectra for SL (11,8) (650'C)
(sample 5) from 4 to 78 K is shown in Figs. 2(a) —2(e).
The 4-K spectrum in Fig. 2(a) has been referred to in the
previous subsection. %'ith increasing temperature, the
spectrum in the region of the phonon satellites becomes
dominated by a broad impurity- or defect-related band,
labeled D in Figs. 2(b) and 2(c).

The intensity of the ZPL of SL (11,8) {650'C) (struc-
ture 5) at 37 K is about 50 times weaker [Fig. 2(b)] than
that at 1.5 K. By contrast, the decrease in intensity for
SL (11,8) (620'C) (sample 2) is much more severe, with
quenching of intensity about 50 times greater being found
over the same temperature range. The spectrum for the
(11,8) (620'C) SL (sample 2) at 20 K is illustrated in Fig.
3(b). This figure indicates that, in addition, the spectrum
at lower energy (& 1.720 eV) for this less perfect sample
includes a second, very broad feature, which again is
probably defect related. The temperature quenching of
the 590'C grown sample (8) was also severe and of very
similar magnitude to that for structure 2 (620'C).

The spectrum at 50 K for the high-quality SL
(T =6SO'C) [Fig. 2(c), sample 5] shows that the broad
peak increases in width and moves to lower energy with
increasing temperature. The peak appearing at higher
energy (1.825 eV) is due to E»(l ) transitions, which are
statistically more important at higher temperature. By
78 K, the relative intensities of E,h(I )and E,„(X) transi-
tions are approximately equal [Fig. 2(d)]. The 1 -X split-
ting is —17 meV, as deduced from these PL spectra, so
by extrapolation the type-I —type-II transition occurs at a
negative pressure of —1.5 kbar. The relative intensities
of the I"- and X-related PL peaks can be plotted logarith-
mically on an Arrhenius plot against reciprocal tempera-
ture, as shown for SL (10,8) (620'C) (structure 3) in Fig.
4. This sample is chosen for the plot because the larger
I -X splitting at 10-ML GaAs width allows more accurate
measurements of I - and X-peak intensities to be ob-
tained. The slope of the plot is 38.9+2 meV, in good
agreement with the peak separation (37.6 meV) obtained
from the PL spectra. This shows that the X- and I -state
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FIG. 4. Arrhenius plot of the relative intensity I&/Iz as a
function of temperature for SL (10,8) (620'C) (sample 3). The
good straight-line behavior shows that thermal equilibrium is

attained between the electron populations in X and I .

FIQ. 3. PL spectra for SL (11,8) (620'C) (sample 2) at 4 and

22 K. The E,h(X) recombination at 1.790 eV is quenched —50

times more rapidly than that for the structure grown at 650 C
shown in Fig. 2.

electron populations are in thermal equilibrium, as ex-
pected, since the 1-Xscattering rate (10' —10' s ') (Ref.
20) is very much faster than the recombination rate
( —10 s ') for electrons in the 1 state. The ratio (r) of
the oscillator strengths of the E,z(I ) to E,h(X) transi-
tions can be deduced from the intercept on the vertical
axis of the Arrhenius plot of Fig. 4. A value of r of
110+10 is obtained in this way, in reasonable agreement
with the value of 125+10 obtained from PL excitation
spectra.

A similarly good Arrhenius plot is obtained for the
(11,10) (650'C) SL (sample 7). The thermal activation en-

ergy between the X and I states was found to be 36 meV,
in good agreement with the observed spectroscopic sepa-
ration of 33 meV, showing that thermal equilibrium, as
expected, is again attained between the X- and I -state
populations. For both the structures (3 and 7) with
suSciently large I"-Xseparation that the relative I and X
intensities can be determined with reasonable accuracy,
the I"-X scattering rate is at least 3 orders of magnitude
faster than any recombination rate (radiative or nonradi-
ative) in the system.

A close examination of Figs. 2(a) and 2(b) shows that
the ZPL shifts to higher energies by 2 meV as the temper-
ature is raised from 4 to 40 K. This is in the opposite
direction from the shift that occurs as a result of lattice
thermal expansion. It indicates strongly that the excitons
observed in the PL spectra at 4 K are localized, with lo-
calization energy —2—5 meV. As the temperature is
raised, the exciton localization decreases and the PL peak
shifts to higher energy. At even higher temperatures
[Figs. 2(c)—2(e)] the PL peak shifts to lower energy due to
the decrease in the band gap with increase in tempera-
ture.

The observation of broad PL bands at energies of
30—50 meV below the excitonic recombination lines, at
elevated temperatures, is probably related to the increase
in exciton and free-carrier mobility with increasing tem-
perature. Very similar behavior has been observed in the
PL spectra of InGaAs-InP quantum wells ' and for
GaAs-A1As SL's by Finkman et a/. in Ref. 2. At low
temperatures, the exciton mobility is low, and the PL
spectrum is dominated by the recombination of excitons
localized at the relatively high density of small binding-
energy potential Auctuations or interface defects. As the
temperature is raised, due to the increase in mobility, the
carriers have a higher probability of being captured at
larger binding-energy states present at a lower density.
This gives rise to the increased prominence of the lower-
energy defect-related bands with increasing temperature.
A similar model of enhanced exciton or free-carrier
diffusion with increasing temperature was postulated by
Dawson et ah. ' to explain strong decreases in PL life-
times with increasing temperature in GaAs-AlAs SL's.

The most important point in this section is the strong
dNerence in the temperature sensitivity of the excitonic
PL intensity for samples prepared at 620'C and 650'C
(Figs. 2 and 3). However, it should be noted that the
low-temperature ((4 K) spectra are nevertheless very
similar. We have found very similar contrasts in the tem-
perature sensitivity of the PL spectra as a function of Tg
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between two other 650'C grown structures (making three
in total, samples 5 —7 in Table I) and the (12,8), (11,8),
and (10,8) 620'C grown structures (samples 1 —4, Table I).
In all cases, the 650'C structures showed a temperature
quenching 50—100 times weaker than for the 620'C SL's,
demonstrating the generality of the contrasts between
structures prepared at 620 C and 650 C under our
growth conditions. It should also be noted that there was
no significant variation of the temperature sensitivities of
the PL spectra with the precise well widths of the struc-
tures; the only significant parameter for the temperature
dependence of the PL is the growth temperature of the
superlattices. Growth at the low temperature of 590 C
does produce some degradation of the 4-K PL spectrum
(an increase in linewidth from -4.8 to 9.9 meV), togeth-
er with a strong temperature quenching similar to that
found for 620 C grown SL's.

IV. PHOTQLUMINKSCENCK SPECTRA
AT HIGH PRESSURE

PL spectra at high pressure were obtained in a minia-
ture diamond-anvil cell immersed in a bath of
superAuid helium held at 1.5 —1.8 K. The SL's, in the
form of —100—200-pm rectangles, -30 pm thick, were
pressurized by argon. All pressure changes were carried
out at )250 K to reduce nonhydrostatic stresses. Pres-
sure was measured using the shift of ruby Auorescence
peaks, which were compared to the spectrum of a ruby at
the same temperature attached to the rear of the diamond
anvil, thereby eliminating temperature effects in the ruby
calibration procedure. The precision of measurement
was 0.2 kbar. Spectra were obtained in a fashion similar
to that described in Sec. III, but laser irradiances were
typically —10 W/cm at the sample. More detailed in-
formation about the high-pressure techniques employed
can be found in Refs. 23 and 24. Results are presented
for SL's (12,8) (620'C), (11,8) (620'C), and (11,8) (650'C)
(samples 1, 2, and 5).

The changes in PL spectra with pressure are similar to
those occurring with decreasing well width, as illustrated
in Figs. 5(a) —5(c) for SL (12,8) (620'C) (sample 1) at 0,
2.4, and 36 kbar, respectively. (More detailed results for
this structure are presented in Ref. 12.) Figure 5(a) shows
the typical type-I, E,h(l ), SL spectrum with replication
by the GaAs LO phonon satellite already described in
Sec. III A. The type-I —type-II transition occurs close to
atmospheric pressure. As discussed previously in Ref.
12, by 2.4 kbar, the structure is already type II, with
E,h(X) occurring at lower energy than E,h(l ), and repli-
cation of E,„(X) by the F„Yz, and Y'3 momentum-
conserving phonon satellites being observed. No further
change in the overall form of the spectrum occurs up to
36 kbar [Fig. 5(c)], except that the E,I, (X) line shifts to
lower energy by a further 70 meV, and the Y, —Y3 satel-
lites increase in relative intensity by a factor of 5 com-
pared to Fig. 5(b). '

The behavior of the spectra in the (11,8) SL's (samples
2 and 5) as a function of pressure is very similar to that
for (12,8) (620'C), but with the pressure origin shifted to
—1.5 kbar, so that type-II behavior is observed at all

I I

Ga As- AR As ( l2, 8) Super latt ice

E „(X)
(c) P = 36 kbar

Y
Y Y2

C) 5
1

x 25'
ll

I—

(b) P=2.4 kbar

(a) P=O0
E3

l l I

l.65

E» (X)
Ruby

I.80I.70 l.75
PHOTON ENERGY ( eV )

FIG. 5. PL spectra for sample (12,8) (620'C) (sample 1) at 1.5
K as a function of pressure: (a) 0, (b) 2.4, and (c) 36 kbar. At
I' =0 the structure is type I and E»(I ) recombination is ob-
served, with replication by the localization-induced GaAs LO-
phonon satellite. At finite pressure the type-I —type-II crossover
occurs and the E&q{X) state is lowest, with the characteristic
Y&, Y&, and Y3 momentum-conserving phonons being seen.
E&I, (l ) is observed at higher energy in (b).

pressures. The spectra for the two (11,8) samples
(Ts =620'C and 650 C, samples 2 and 5) of different per-
fection were very similar.

The measured energies for the I and X levels fEIh(I )

and E» (X) zero-phonon lines] are plotted in Fig. 6.
Very good agreement is observed for the E(P) data be-
tween the two (11,8) samples. The shift in the data for
the (12,8) compared to the (11,8) samples has been ex-
plained above.

The rates of change of the energies E,h(X) PL with
pressure for the three samples are in good agreement
with one another. The mean shift rate of —2.25
meV/kbar is significantly larger than that found for bulk
GaAs of —1.3 meV/kbar, due primarily to the change of
the GaAs-A1As valence-band offset with pressure. It
should be noted that the value of —2.25 meV/kbar is
slightly larger than that reported earlier for the (12,8)
sample. ' The shift rate of E,~ ( I ) of + 10.3 meV/kbar is
in agreement with that reported for bulk GaAs."

As mentioned above, the strengths of the momentum-
conserving phonon satellites relative to E&z(X) increase
with pressure. Experimental values for the ratio of the
intensities for the satellite Y3 compared to the ZPL were
reported in Ref. 12 for the (12,8) (620'C) SL, and com-
pared satisfactorily with a 6.rst-order perturbation treat-
ment, including scattering through the lowest I" state
only. The ratio was also studied in the present experi-
ments for SL (11,8) (650'C) (sample 5). A similar varia-
tion was obtained, saturating at high pressure at a ratio
of —1.5%, similar to that for the (12,8) sample. This ra-
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where the recombination time ~ was appreciably longer
(&2 ps). The response time of the system was —50 ns,
which is an order of magnitude less than the minimum
PL decay time. The PL decays from the sample were an-
alyzed using a boxcar integrator, amplified, and displayed
on an x-y recorder. Pulse separation times were chosen
to be —10&, and scans -5~, allowing good baselines to
be obtained. All scans were made at the PL peak wave-
length with wide slits to increase signal strength (-3-
meV resolution). The data were obtained in the high ir-
radiance condition (-10-W/cm peak irradiance). Tests
were made to check that ~ was independent of laser irra-
diance over a range of —10. Good exponential decays
were obtained over 1 —2 orders of magnitude of intensity,
allowing r to be estimated to a precision of —10%.

Figure 7 is a plot of r(P) for SL's (11,8) (620'C and
650'C) (samples 2 and 5) and (12,8) (620 C) (sample 1).
The data for SL's (11,8) (620'C and 650'C) are pressure
shifted by 1.5 kbar to higher pressure to allow normaliza-

I

20 +0
PRESSURE (kbar)

I

60

FIG. 6. PL peak energies as a function of pressure at 1.5 K
for samples (12,8) (620 C), (11,8) (620 C and 650'C) (samples 1,
2, and 5, respectively). Very good agreement between the shift
rates of Elh(X) for the three samples studied is found (-2.25
me V/kbar).

tio is not, therefore, sensitive to sample perfection, as ex-
pected, since the dominant I -X mixing potential is due to
the potential discontinuity at the GaAs-A1As heterojunc-
tion interface.

The Y& —Y3 phonon energies were all observed to in-
crease by about 5% from 0 to 60 kbar. The rate of
change of the energy of the best-defined phonon satellite
Y3 with pressure, for which there is the least scatter in
the data, is 0.045+0.005 meV/kbar. The Y3 satellite (en-
ergy at P=0 of 49 meV) arises from LO(X) phonons in
the A1As, as mentioned in Sec. III. Its observed rate of
change with pressure is reasonably close to the value of
0.055 meV/kbar observed for LO(I ) A1As phonons in
Raman-scattering measurements on GaAs-A1As superlat-
tices up to pressures of -40 kbar.
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V. RECOMBINATION TIMES
AS A FUNCTION OF PRESSURE

Recombination times were measured using a conven-
tional apparatus. The laser beam was chopped using an
acousto-optic modulator driven by a pulse generator.
The pulse length could be reduced to —20 nsec, but was
several times longer for measurements at high pressure

FIG. 7. Plot of the PL recombination time ~ as a function of
pressure for SL's (12,8) (620'C) and (11,8) (620'C and 650'C)
(samples 1, 2, and 5, respectively) at 1.5 K. The origin for SL
(12,8) is displaced 1.5 kbar to the left to normalize to constant
(E&-E&). The lines through the data points correspond to fits to

' ={~& '+ ~N&) with ~NR =22 psec (solid curve), ~N& =40 psec
{dashed-dotted curve), and ~R proportional to (E„-E&) .
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tion to constant (Er Ex-) in the comparison with the
(12,8) (620 C) structure. The very good agreement of the
data for the two samples grown at the lower temperature
should be noted. Within experimental error, the two
curves are identical. However, the curve for SL (11,8)
(650'C) lies significantly above that for the other two.

Within first-order perturbation theory, the oscillator
strength (f) for zero-phonon transitions for the indirect-
gap, type-II, X-point excitons is given by'

where V is the potential that gives rise to I -X mixing,
probably the potential discontinuity at the heterojunction
interface, p is the electric dipole operator, E„—E~ =4 is
the I -X separation (proportional to pressure P), a is a
constant of proportionality, and the subscripts c and U la-
bel conduction- and valence-band wave functions. The
lifetime for radiative recombination ~~ is proportional to
f ' and hence to 6 and P .

The predicted quadratic dependence of ~z on P ex-
plains qualitatively the strong increase of the observed
PL recombination times with pressure presented in Fig.
7. The detailed variations of w(P) in Fig. 7 can be fitted
by an expression of the form

1 1 1+
NR

where ~NR is a nonradiative lifetime, taken to be pressure
independent, and ~z is proportional to P . wz is first

varied to obtain the best fit in the 1ow-pressure regime up
to a 6 value of —100 meV. In this regime, ~ is relatively
short (( 2 ps), and the inAuence of nonradiative effects,
and of the 1/rNR term in Eq. (2), will be negligibly small.
The best fits shown by the lines through the data points
are then obtained from Eq. (2) for rN~=22 and 40 ps for
the structures grown at 620 C and 650'C, respectively.
The finding of a significantly longer nonradiative lifetime
for the structure grown at higher temperature is in quali-
tative accord with the results presented in Sec. III. Two
characteristic features of the spectra that are controlled
by the point defect density in the structures (namely, the
temperature sensitivity of the excitonic PL intensity and
the strength of defect-related PL bands) were found to be
much weaker for the structure grown at 650'C, con-
sistent with the finding of longer nonradiative lifetimes
for this sample.

The data for SL (12,8) (620 C) were reported by us ear-
lier' and have been analyzed in a recent paper by Brown
and Jaros. ' Using empirical pseudopotential techniques,
they calculated the change in the k =0, I -point wave-
vector character of the lowest electron state in the (12,8)
SL structure as a function of hydrostatic pressure. In
this approach, which goes beyond the effective-mass-
theory perturbation treatment, full changes in the super-

lattice band structure (in addition to the change in I to X
separation included above) and in the I -X mixing poten-
tial ( V) with pressure are taken into account.

Brown and Jaros were able to obtain a good fit to the
data for the (12,8) (620 C) SL by comparison of their cal-
culated rz(P) with the experimental values of ~(P).
However, the new results presented in this section show
that nonradiative processes clearly play an important role
in determining the values of ~ at pressures above -20
kbar (b, )250 meV). The results obtained for the (11,8)
(650'C) SL are closer to the intrinsic limit and provide a
more stringent test of calculations at high pressure. As a
result, the good agreement found by Brown and Jaros be-
tween experiment and theory for the (12,8) (620'C) SL
must be regarded to some extent as fortuitous. Neverthe-
less, the general point they make, that both the I -X mix-

ing potential and the superlattice band structure are pres-
sure dependent, is certainly valid, and should be taken
into account in detailed analyses of variations of ~z as a
function of pressure.

VI. CONCLUSIONS

The temperature dependence of excitonic PL intensi-
ties, and of PL decay times under hydrostatic pressure,
have been shown to be sensitive functions of the growth
temperature of GaAs-A1As SL's. Both of these proper-
ties are strongly influenced by the concentration of ex-
trinsic defects in the structures; the present results show
that the density of such defects is strongly reduced at the
higher growth temperature of 650 C relative to growth at
620 C and below. ' The reduction in the concentration
of extrinsic defects with increase in MBE growth temper-
ature is in qualitative agreement with results presented by
Fischer et al. ' on GaAs-Al Ga, As structures studied
as a function of growth temperature. At helium tempera-
tures and atmospheric pressure, on the other hand, where
excitonic diffusion lengths and recombination times are
short, very little dependence of the form of the PL spec-
tra on growth temperature is observed, as expected, since
the oscillator strength of the excitonic recombination is
controlled mainly by the I -X mixing due to the potential
discontinuity across the GaAs-A1As interface. Addition-
al broadening of the low-temperature zero-phonon line at
T~=590'C was found, perhaps indicative of rougher
quantum-well interfaces at this low growth temperature.
Good agreement was found for the variation of PL life-
times with pressure for (12,8) and (11,8) SL's grown at
620'C. The longer lifetimes found for the higher-quality
structure grown at 650'C show that the variation of
rz(P) for T~ =620'C samples at high pressure is deter-
mined at least in part by the inhuence of extrinsic pro-
cesses. As a result, the predictions of pseudopotential
calculations should be applied with some caution in ex-
plaining detailed variations of lifetime with pressure in
type-II superlattices.
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