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Phonon coupling and X-I" mixing in GaAs-AlAs short-period superlattices
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An investigation of phonon satellites (PS) of excitonic recombination, and photoluminescence
decay times, in a GaAs-AlAs superlattice under hydrostatic pressures up to 50 kbar is reported.
Beyond the X -T" crossover it is shown that the PS are momentum conserving, and that the phonon
scattering processes and the X-I' mixing leading to finite oscillator strength in the zero phonon
line both proceed predominantly via coupling with the same I state.

Indirect exciton, type-II superlattice (SL) behavior in
the GaAs-AlAs system has been observed recently.! ~¢ In
a type-II SL electrons and holes are spatially separated,
and are localized predominantly in the AlAs and GaAs
layers, respectively. This contrasts with a type-I SL
where both carriers are localized in the GaAs layers. For
GaAs widths less than 35 A the lowest GaAs-related T
state occurs at energies above the X state in the indirect
gap AlAs,*” and a type-II SL, indirect in real and k-space
results. A transition from type-I to type-II behavior in
wide GaAs-GayAl, -yAs quantum wells (QW’s) can also
be achieved by application of hydrostatic pressure® or
electric field.” A characteristic feature of an indirect-gap
SL is that momentum conserving (MC) phonon satellites
(PS) of the excitonic recombination are observed.'3°
Finite oscillator strength in the zero-phonon line (ZPL)
can arise from zone-folding effects of the X point electron
states to k=0, or from X-I" mixing due to disorder at the
GaAs-AlAs interface.

In the present work, a study of the phonon coupling in
the photoluminescence (PL) spectrum of a GaAs-AlAs
SL as a function of hydrostatic pressure (P) up to 50 kbar
is reported. These high pressures strongly perturb the SL
band structure, enabling firm conclusions to be reached as
to the identity of the intermediate virtual state in the MC
phonon scattering process. Time decay measurements are
also performed to study directly the variation of the oscil-
lator strength of the lowest X state with X-I" separation.

The experiments were carried out on an undoped
GaAs-AlAs SL structure with GaAs width of 12 mono-
layers (ML, 1 ML =2.83 A) and AlAs width of 8 ML.
The sample, grown by molecular-beam epitaxy, consisted
of a 1.0-um thick GaAs buffer layer, followed by 100 re-
peats of the (12,8) SL, capped by 240 A of GaAs.® The
high-pressure experiments on 100-uym? area, 35-um-thick
samples were carried out at 2 K in argon loaded, diamond
anvil cells (DAC),® with a small chip of ruby for pressure
calibration. PL was excited using the 4880-A line of an
Ar* laser, dispersed with a 0.75-m spectrometer and
detected by a GaAs photomultiplier. For time decay mea-
surements, excitation pulses of 50 nsec to 1 usec duration
(peak power density Ic=10 W/cm?) were obtained
from the Ar* laser using an acousto-optic modulator. PL
transients were analyzed by a boxcar integrator. The time
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response of the system was ~ 50 nsec, an order of magni-
tude less than the minimum PL decay time.

PL spectra (2 K) as a function of P are shown in Fig. 1.
At P=0 [Fig. 1(a)], the spectrum is composed of an exci-
ton ZPL [E, ()] and a PS 36.7 meV lower in energy,
very close to the I'-point LO phonon energy of GaAs.$
The Stokes’ shift between PL and PL excitation at P=0 is
7.5 meV,® typical for a type-I direct-gap SL. The LO
phonon satellite arises from in-plane exciton localization,
which enhances the strength of exciton-LO phonon cou-
pling.'® As the excitation intensity is increased and the
more localized exciton states are saturated, the relative in-
tensity of the PS to the ZPL is observed to decrease
strongly.

At the lowest pressure [2.4 kbar, Fig. 1(b)], the form of
the PS is very different. Three PS are observed (labeled
Y,, Y, and Y3) below the ZPL [E ;(X)]. The overall
character of the PS remains the same up to 50 kbar, al-
though there is an increase of ~5% in all the phonon en-
ergies. At 3.3 kbar, the Y, Y, and Y3 energies are 27.8,
35.1, and 48.5 meV, respectively, close to those reported
for an indirect gap (10,11)ML GaAs-AlAs SL,! and for
an (11,8)ML structure.® The Y satellite is ascribed to a
zone boundary, MC LA(X) phonon ' since it is close in
energy to the LA(X) energies of AlAs and GaAs."® The
Y, and Y satellites fall in the range of the optic-phonon
branches of GaAs and AlAs, respectively, but due to the
small optic-phonon dispersion they cannot be attributed
unambiguously to I' or X point phonons on this evidence
alone. "®!! The coupling to the Y| LA(X) phonon and the
Y3 AlAs optic phonon shows that crossover to an indirect
gap type-II SL, with X-derived electron state lowest in en-
ergy, has occurred between 0 and 2.4 kbar. This is sup-
ported by the detection of a weak I'-related PL peak
[E\»(D)] to higher energy than E,;(X) [Fig. 1(b)].!2
The X and I transition energies are plotted as a function

" of P in Fig. 2. Pressure coefficients dEr/dP =+10.3

meV/kbar and dEx/dP = —2.1 meV/kbar are deduced.
These compare with reported values of dEr/dP =+10.7
and dEx/dP=—1.3 meV/kbar for bulk GaAs,'® and
dEx/dP = —2.4 meV/kbar for a GaAs-AlAs SL.'* Ex-
trapolation of the I" and X energies in Fig. 2 to P=0 leads
to the conclusion that the I', X states are within & 2 meV
of one another at P=0, consistent with the type-I nature
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FIG. 1. 2-K PL spectra from P=0 to 36.1 kbar. At P=0
[Fig. 1(a)] the SL has a direct gap, and replication of E;(I") by
the GaAs LO(I') phonon is observed. For all finite pressures
[Figs. 1(b)-1(g)], the SL is indirect. Coupling to three MC
phonons, Y), Y2, and Y3 is observed. The increase in
I(Y,)/ILE 11, (X)] with P is clearly seen. Figure 1(a) is obtained
in the low power limit at Jexe~0.1 W/cm?, Figs. 1(b)-1(g) at
10 W/ecm?. For Iexe =10 W/cm?, IILO(D)V/ILE 14 ()] at P=0
is only 0.03% [1.1% at 0.1 W/cm? in Fig. 1(a)l, as compared to
the ratio R, for the Y2[LO(X)] MC satellite of 0.1% at 2.4 kbar
[Fig. 1(b)] and 10 W/cm?2

of the SL at P=0.

We now turn to the intensity ratio (R,) of the PS(Y,,)
to the ZPL, and its dependence on P (Fig. 3). R3(P) is
plotted, but similar results are obtained for R,;(P) and
R,(P). The most striking result is that R3(P) increases
rapidly up to 15 kbar, but then nearly saturates at a value
of ~1.4-1.5% for P > 20 kbar. This result can be under-
stood if the mixing mechanism which gives oscillator
strength to the ZPL, and the MC phonon scattering pro-
cess, proceed via the same I' intermediate state.

The matrix element for electric dipole transitions be-
tween conduction and valence bands is given by M.,
=(y.|p|wD), where y. and v are wave functions at the
conduction and valence-band extrema and p is the dipole
operator. M, , is only nonzero if |wc> contains I'-wave-
function character. Within first-order perturbation theory
for I'-X mixing by a potential ¥, the matrix element be-
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FIG. 2. X and T transition energies as a function of P.
E 14 (I") is only observable up to 23 kbar.
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Mixing with the lowest confined I" state (I';) only has
been included. The oscillator strength for radiative transi-
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FIG. 3. R3(P), the ratio of the intensity of the Y3 phonon sa-
tellite to the intensity of the ZPL as a function of P: X, experi-
mental points; solid line, fit to [A/(A+ A wpn)]12.
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tions is proportional to the square of the matrix element
[M2, « 1/A% where A is the I'-X splitting (Er— Ex)].

For MC phonon-assisted PL transitions, the analysis is
similar, with

Jyro (W& | Hepn | wEXWE | p | wi) @)
or (Er+hopm) —Ex ’

where H,_pp is the electron-phonon interaction Hamiltoni-
an, phonon scattering only through the I'y virtual, inter-
mediate state has been included, and A wph is the phonon
energy. The term (Er+ A wpn) is the energy of the virtual
state. The oscillator strength is proportional to (MFh)?
and hence to 1/(A+ A wph)?, and the PS fractional intensi-
ty R, is proportional to [A/(A+hwp)]1%!> The other
terms in Egs. (1) and (2) are difficult to determine quanti-
tatively, but to a good approximation they are pressure in-
dependent. The pressure dependence of [A/(A+Awp)]?
is plotted as the solid line on Fig. 3, using the variation of
A with P from Fig. 2. A good fit to the observed variation
of R3(P) is obtained (normalized to fit the value of Rj at
high P). The initial rapid increase of R3 with P, as well as
the near saturation above 20 kbar when A>> hw;p, are
well accounted for, showing that Y3 is a symmetry-
breaking MC phonon satellite. The form of the variation
of R3 and P arises since at low P the ZPL has relatively
high oscillator strength since I', X are nearly in resonance
[Er-Ex=0 in Eq. (1)], whereas the intermediate state
for the PS is out of resonance at #wpy higher in energy
[Er+hwpn—Ex=0 in Eq. (2)]. Thus at low P, small
values of the ratio R will be expected. At high P, very lit-
tle variation of R3; with P will occur since both the zero
phonon and MC phonon satellite processes involve scatter-
ing through an intermediate state, which is relatively far
away in energy at A>> A wph.

The variation of the relative intensities of all three PS
with P is very similar, showing that they are all momen-
tum conserving, and that they all scatter through the same
I') intermediate state. This result differs from that pre-
dicted group theoretically for bulk AlAs or GaAs where
only LO(X) scattering through I'; is allowed. ! However,
a similar calculation in the D,; SL symmetry shows that
X-T scattering by LA(X) and LO(X) is allowed, con-
sistent with the attribution of Y;=LA(X), Y,=LO(X),
Y3=LO(X). The fact that Y,, are MC satellites is further
supported by the power independence of the ratios R, over
two orders of magnitude of excitation intensity, in con-
trast to the saturation of the localization-induced LO(I")
phonon at P=0.

Further information on the variation of M., with P is
obtained from PL lifetime (zpr) measurements, since the
radiative decay rate 1/7p is proportional to M2, when
zero-phonon transitions are dominant, as in the present
sample. The variation of zpy with P is shown in Fig. 4.
The PL decays with detection set at the peak of E;(X)
are single exponentials over one and a half orders of mag-
nitude (see inset). The observation of single exponen-
tials!” is in agreement with recent results of Dawson
et al.,'® but does not agree with earlier results,' ~> where
the contribution from random I'-X mixing may have been
greater. A strong increase in rpp with P is observed, from
~400 nsec and 3 kbar to ~12 usec at 36 kbar. This

RAPID COMMUNICATIONS

11193

M -X SPLITTING (meV)

0 200 400
T T T T T
GaAs - AlAs superlattice
12,8 monolayer
T=2K i
L // «
Xy
- /
/
/
10— /
/
—~ /
9 '4
b3 /
G /
/
w
g - //)(
= /
> I /
3 A
— XX ~
o8 /3 15.8kbar
' o |
- / -~
/ >
’ =
L /Yx L%I.O
# =
| ’ z 1 1 1
v’ 0 5 10 15
’ TIME (usec)
- ,
{/
=¥ I I L !
0 10 20 30 40

PRESSURE ( kbar)

FIG. 4. tpL as a function of P at 2 K. X, experiment; dashed
line, fit to tpL=1rTNR/(TR+ tvr) with T A? and TNR =22
usec. The small increase in 7p. between 31 and 36 kbar may in-
dicate the increased importance of nonradiative processes at 36
kbar. The inset shows a PL decay curve at 15.8 kbar.

shows clearly that mixing between the lowest X and T
states is the dominant mechanism which provides oscilla-
tor strength for the decay of the X-point excitons. Howev-
er, above 15 kbar the rate of increase of rp. with P is
slower than the quadratic behavior expected from Eq. (1)
(tr e M2 A?).

The departure from quadratic behavior may arrive due
to the contribution from nonradiative processes (rate
tnr ) which will lead to a decrease of the PL decay times;
they will have a relatively larger effect at long g since
7oL =15 '+ tNr. The observed variation of zpy can be
explained reasonably well if 7 is proportional to P2, and
TNR =22 usec, as shown by the dashed line on Fig. 4. An
upper limit of ~2 to any change in PL quantum efficiency
from 3 to 30 kbar was found, consistent with Tng =20
usec. The occurrence of nonradiative processes will not
affect the A dependence of the R,(A) analysis presented
earlier.

Dawson et al. '® have made a comparison of 7py, values
at P=0 in three separate GaAs-AlAs SL’s. They find
good agreement with the variation of tg vs A2 predicted
by Eq. (1), so long as the change in envelope function
overlap integral between the samples is included.!® In
such studies, the possible effects of band-gap variations
with P on 7tz are avoided, but in contrast to experiments
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as a function of P on the same sample, it may be difficult
to eliminate the effects of sample to sample variation in
the 7 vs A analysis. 2

In conclusion, the nature of the phonon coupling and
X-T' mixing in a GaAs-AlAs superlattice have been stud-
ied as a function of hydrostatic pressure. The principal
results are that all the PS are momentum conserving, and
that the phonon coupling and the zero phonon X -I" mixing
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both proceed via scattering through the same I' intermedi-
ate state.
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