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We have performed hot-electron photoluminescence experiments on a number of different Be-
doped GaAs/AlAs multiple-quantum-well structures (MQW’s), with fixed well width of 40 A and
barrier thicknesses between 5 and 80 A, in order to determine the energy of the optical phonons
emitted by the hot electrons before recombination with the acceptor levels of the GaAs quantum
wells. A continuum theory of optical phonons in GaAs/AlAs multiple quantum wells was used to
estimate the effective energy of the optical phonons emitted during the hot-electron energy relax-
ation. The theoretical calculations are compared with the energy separation of the measured hot
photoluminescence peaks and a detailed analysis of the different modes contributing to the energy
relaxation is performed. For MQW’s with large barriers, i.e., 40-A GaAs and 80 A AlAs, the energy
relaxation is dominated by the AlAs phonons. However, for samples with smaller barrier widths,
i.e., 40-A GaAs and either 5- or 10-A AlAs, relaxation via the emission of GaAs modes is more im-
portant. Nevertheless, relaxation by AlAs phonons is still significant producing an effective energy
separation of the hot photoluminescence peaks between that of the pure GaAs and the Al1As MQW

optical-phonon energies.

I. INTRODUCTION

It has been known for several years that the radiative
recombination of electrons with neutral acceptors, dur-
ing hot-electron photoluminescence, can be used to study
photoexcited carriers.! This technique has been applied
to investigate a number of different phenomena includ-
ing hot-electron relaxation,? ™ valence band structure,>”
and the interaction of electrons with coupled phonon
plasmons.?

There has been a vast number of theoretical treat-
ments, which consider optical phonons in quantum wells
and superlattices and their interaction with electrons.
For example, the microscopic ab initio calculations of Ba-
roni et al.®'? have been shown to describe well the exper-
imental dispersion relations of bulk GaAs (Ref. 11) and
AlAs.'? Force constants from calculations for the bulk
have been used, mainly within the mass approximation,
to evaluate the optical-phonon modes of GaAs/AlAs su-
perlattices. A continuum model of optical phonons in
multiple-quantum-well (MQW) structures has also been
developed, which treats fully the mixing between lon-
gitudinal, transverse and interface components.}® It is
in good agreement!® with the ab initio results men-
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tioned above and describes extremely well the angular
dispersion of optical phonons in (GaAs)s(AlAs)s and
(GaAs)12(AlAs) 2 superlattices, which have been deter-
mined experimentally by micro-Raman scattering.'* Fur-
thermore, it has been used to calculate resonant Raman
spectra’®1® in GaAs/AlAs MQW'’s, where the phonon
wave vectors are induced via interface roughness scat-
tering, and to analyze non-resonant Raman spectral? in
similar structures where crystal momentum conservation
with the incoming and scattered light determines the
phonon wave vectors.

The relaxation of hot electrons in MQW'’s via optical-
phonon emission has also been extensively investigated.
The importance of the role of AlAs interface modes with
decreasing GaAs well width was demonstrated by time-
resolved Raman scattering measurements.'® More com-
prehensive time-resolved Raman studies considered the
well width dependence of the electron relaxation!® and
made favorable comparisons for the occupation numbers
of the different confined and interface phonons with the
model of Huang and Zhu.?° The importance of the AlAs
interface modes was also shown by hot-electron photo-
luminescence and high temperature mobility measure-
ments in the GaAs/GazAl; _,As system.?! Recently, hot-
electron photoluminescence has been used to consider
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electron relaxation in different GaAs/AlAs MQW struc-
tures with a fixed barrier width of 100 A and well widths
varying from 40 to 130 A.22 It was shown that the re-
laxation of electrons in the GaAs layers is dominated by
GaAs phonons for the larger wells, but by AlAs phonons
for the 40 A GaAs well width sample.

In this work, we use hot-electron photoluminescence
to investigate the relaxation of electrons in GaAs/AlAs
samples, where the well width is fixed at 40 A and the
AlAs width varies from 5 to 80 A , covering the transition
from superlattices to multiple quantum wells. We ana-
lyze the results considering energy relaxation of electrons
by phonons calculated within the continuum theory,!3
which has been so successful in analyzing Raman scat-
tering experiments in GaAs/AlAs MQW’s.

II. LUMINESCENCE SPECTRA

The samples investigated were grown by molecular-
beam epitaxy on (100)-oriented undoped semi-insulating
GaAs substrates kept at 580° C. The central regions (=
15 A) of the GaAs layers were doped with Be, while the
edges of these layers (~ 12 A) were left undoped. The
sample parameters, listed in Table 1, were determined by
double-crystal x-ray diffraction, using Cu Ka; radiation
and by Hall-effect measurements.

For the excitation of hot-electron photoluminescence
(HPL), a dye-laser (R6G) pumped by an Ar*-ion laser
was used. The samples were mounted in an optical
exchange-gas cryostat and kept at a temperature of 6
K. The HPL was analyzed by a SPEX 1404 double
monochromator, equipped with a cooled GaAs photo-
multiplier and conventional photon-counting electronics.

Figure 1 shows the HPL spectra of the (40/80) A,
(40/34) A, (40/14) A, (40/5) A GaAs/AlAs MQW sam-
ples. The excitation energy in all three cases was chosen
to promote electrons into the conduction band with the
same kinetic energy of €g=220 meV. To demonstrate the
changes of the HPL spectra with AlAs thickness more
clearly, they are plotted as a function of the energy of the
electrons in the conduction band, with the “0” phonon
peaks for all four samples adjusted to the same energy.
All the spectra show an oscillatory dependence of the
intensity with electron energy. The peak labeled “0” in
each spectrum corresponds to recombination of electrons,
from the state at which they were created, with a neutral
acceptor. The inset in Fig. 1 shows the scheme of the

TABLE 1. Parameters of the GaAs/AlAs MQW samples
used in the hot photoluminescence experiments.

Sample GaAs AlAs Doping x 10*® cm™2
width [A] width [A]
40/5 39 5 1.0
40/9 40 9 0.8
40/14 38 14 1.3
40/20 40 20 0.8
40/34 40 34 1.0
40/80 40 80 0.7

14 145

LOnas

LOgans
e 20AS
o

(40/80)
(40/34)
(40/14)
(40/5)

Intensity (arb.units)

A

PRI B P "
0.170 0.15 0.20 0.25
Electron Energy (eV)

FIG. 1. Hot-electron photoluminescence spectra for four
GaAs/AlAs MQW samples plotted as a function of the elec-
tron energy above the bottom of the confined quantum-well
state. The vertical line labeled “0” is the zero-phonon en-
ergy peak corresponding to recombination at the energy of
creation. The vertical dashed lines labeled “1” indicate the
maximum positions of the peak after the emission of one op-
tical phonon for the largest and smallest barrier widths. The
inset shows schematically the creation of photoexcited elec-
trons, their relaxation by emission of GaAs and AlAs MQW
optical phonons, and the final step of recombination with an
acceptor level (A4).

optical transitions. The width of the “0” peak is deter-
mined by the electron energy distribution at the point of
creation, which is related to heavy hole subband warp-
ing, as well as the energy distribution of acceptors, the
final state of recombination for the hot photolumines-
cence process.! The width of this distribution has been
estimated from the band gap luminescence as § 4 =20-25
meV. It is very close to the width of the “0” peak in
the HPL spectra. This relatively narrow energy distri-
bution of the acceptor levels arises from the controlled
doping of the center of the GaAs layers and leads to well
resolved hot luminescence spectra. The energy separa-
tion between the “0” and “1” peaks of the spectra is
directly related to the loss mechanisms responsible for
electron energy relaxation (see inset in Fig. 1). The
power density of the laser used for the excitation of the
spectra was 10-15 Wcm™2, which resulted in a density
of photocreated electrons between (1-1.5) x 10° cm™2.
As a consequence of this low electron density, the main
mechanism of energy relaxation in the samples studied
is the emission of optical phonons.?® The separation of
the “0” and “1” peaks in the spectra should allow one
to determine the energy of the phonons, which can be
in the GaAs and/or the AlAs reststrahl region. To de-
termine the energy separation between the peaks in the
energy distribution function more accurately, we divide
the HPL spectrum by the distribution function,

®(e) = [1 + ecme/(Eamn)] ™", 1)
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FIG. 2. Measured energy difference (dots) between the “0”
and “1” phonon peaks in the hot photoluminescence spec-
tra of GaAs/AlAs MQWs vs barrier width. The solid line
is the calculated effective phonon energy of emission deter-
mined from the strength of the interaction of the GaAs and
AlAs MQW phonons.

which describes the probability that an electron with
energy € will recombine with a hole bound to an
acceptor??. In this formula, we used the experimen-
tal value of the acceptor binding energy of E4=42 meV
and m.=0.11mg for the electron effective mass (includ-
ing nonparabolicity?®), and calculated in Ref. 24 for bulk
acceptor mass mp=0.66mg. In order to determine the
energy separation between the first two peaks, the en-
ergy spectra of the electrons were fitted by Gaussian dis-
tributions. The energy difference between the “0” and
“1” peaks, including the uncertainty in their determina-
tion, is plotted for all the six samples as a function of
barrier width in Fig. 2. For the samples with larger
barrier widths, the energy of the emitted phonons ap-
proaches 395 cm ™1, a value in the AlAs phonon regime.
For the smaller barrier widths, the energy of the emitted
phonons decreases to about 320 cm™!, which is above
that of the GaAs phonons, but well below that of the
AlAs modes. Figure 2 also depicts a theoretical curve
(solid line), which will be discussed later.

III. ANALYSIS OF THE
PHOTOLUMINESCENCE SPECTRA

To analyze the results in Fig. 2, we need to look at
the process of electron-optical-phonon interaction in the
GaAs/AlAs MQW’s. We assume that due to the low
density of photo-excited electrons, the main energy loss
mechanism is the emission of pure optical phonons and
that phonon-plasmon coupling is negligible. The initially
excited electron states have an excess energy of 220 meV
above the subband minimum. After the emission of a
phonon of energy 37 meV the electron state has reduced
its energy to 183 meV. This energy difference between
the initial and final electron states assuming a parabolic
conduction band, gives the minimum in-plane wave vec-
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tor transferred to the optical phonon of ¢~ 5.2 x 10°
cm™!. This is calculated for the GaAs phonons, when a
phonon energy of 50 meV is used for the AlAs phonons
gz~ 7.3 x 105 cm™!. The optical phonons of the MQW'’s
also have a phonon wave vector in the growth direction,
q», that relates the phases of the phonon scalar potentials
in subsequent periods of the structure. This phonon wave
vector can take any value from 0 to 7/(a + b), where a
and b are the widths of the GaAs and AlAs layers of the
MQW, respectively.

In Fig. 3, we plot the dispersion of the optical phonons
for a fixed wave vector in the in-plane direction of ¢,=5.2
x 10° cm™! and with varying Bloch wave vector, g, in
units of g,(a + b) for GaAs/AlAs MQW’s of widths 40/6
and 40/80 A . We have also calculated the dispersion
curves for fixed g, of 7.3 x 10° cm™! with varying gq,
and they are virtually identical to those in Fig. 3. The
analytical expressions for, and the derivation of, the dis-
persion relations of the GaAs and AlAs optical phonons
are given in Refs. 13 and 27. For the 40/6 MQW, the
AlAs barrier is two monolayers thick. There are only
two confined modes in the AlAs energy region (upper
part of [Fig. 3(a)], one of which mixes with the upper in-
terface mode, plus the two interface modes. The modes
which have the strongest interface components are those
that show dispersion as the phonon wave vector in the
growth direction is increased. Since the phonon modes
have components in both in-plane and growth directions
the interface modes are not purely symmetric or antisym-
metric. For the 40/6 structure, the lower energy AlAs
interface mode is more symmetric than the upper one.
There are many more confined modes between the bulk
GaAs LO (wro) and TO (wro) energies [lower part of
Fig. 3(a)], since the well layers consist of 14 ML. As
the Bloch wave vector ¢, increases, some modes show
strong dispersion. These are the MQW phonons, which
are predominantly due to the upper and lower interface
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FIG. 3. Dispersions of the GaAs and AlAs optical phonons
of the (40/6) and (40/80) GaAs/AlAs MQW’s. A fixed
in-plane phonon wave vector of g~ 5.2 x 10° cm™! has been
chosen. The dispersions are plotted against varying phonon
wave vector in the growth direction g. (in units of the MQW
period).
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modes. Since GaAs and AlAs are polar materials, the
phonon modes have a scalar potential ® associated with
them. It is this scalar potential, or equivalently the elec-
tric field E = —V®, that couples to the electrons by the
Frohlich interaction. The odd modes have an odd num-
ber of antinodes in the scalar potential across a particu-
lar well layer resulting in an overall macroscopic electric
field, which has a finite value at a distance far from the
individual well layer.16:17 It is this electric field that in-
teracts with the electric field of the interface modes to
produce the anticrossings in the phonon dispersions. For
the 40/6 structure, the modes with the strongest interface
components are of mixed symmetry, but in this case, the
upper mode is almost purely symmetric, while the lower
mode is mostly antisymmetric at small values of g,(a+b)
=~ 0.1. It is the symmetric part of the phonon scalar
potential that couples to the electrons in intrasubband
transitions, since the electron wave functions have the
same symmetry with respect to the center of the well.2¢

For the 40/80 sample there are 28 AlAs confined
modes, which are found over a small energy range, due to
the weak dispersion of bulk AlAs [upper part Fig. 3(b)].
These confined modes and their anticrossings with the
upper interface mode cannot be resolved on the scale of
Fig. 3. For this sample, the upper AlAs interface mode
is much more symmetric than the lower AlAs interface
mode. The GaAs optical-phonon modes for 40/80 are
similar to those for 40/6, since the GaAs layer widths
are the same. The dispersion coming from the contribu-
tion of the interface modes is now larger, since the ratio
of the the GaAs and AlAs layer thicknesses is closer to
unity. For this sample the lower GaAs interface mode
is more symmetric than the upper GaAs interface mode,
though the upper mode still has a significant symmetric
part.

To estimate the strength of the electron-phonon inter-
action, we need to consider the magnitude of the scalar
potential in the GaAs wells of the optical phonons in-
volved in the electron relaxation. The value of the wave
vector of the electron state in the growth direction be-
fore recombination will be similar to that of the initial
created electron state, since we are considering intrasub-
band transitions. Thus, the wave vector transferred to
the phonon in the growth direction is expected to be
close to zero. To estimate the magnitude of the electron-
phonon interaction, we take a small value of ¢, = 1.7
x 105 cm™? [g,(a + b)=0.085, for a=40 A, b=20 A]. We
do not integrate the electron-phonon interaction over the
Bloch wavector g,, or in-plane wave vector g, though
recombination with the same acceptor state and the fact
that the Frohlich interaction is o (—%—:TZ—)T implies that
interactions with phonons of small ¢, and ¢, will be
strongly favored.

In order to determine the magnitude of the electron-
phonon interaction for the individual phonon modes, it
is necessary to obtain the value of the scalar potential of
each mode in the GaAs well. The scalar potential, ¢ga,
of the GaAs modes for 0< z < a is written as

¢Ga = Anorm [1 (eiqu + Be—iqu)
+s (.F‘eq=z + Ge_qﬂul)] ei(qgm—wt), (2)
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which has been derived in Ref. 16, where the expressions
for the constants Aporm, B, F,G, and s are also given.
The phonon potential contains contributions from the
longitudinal and interface components of the MQW op-
tical phonons. gy is the magnitude of the longitudinal
part of the MQW phonon wave vector in the growth di-
rection and ¢, is the value of the phonon wave vector
in the in-plane direction and also the magnitude of the
MQW interface mode component in the growth direc-
tion. The phonon displacements contain additional con-
tributions from the transverse modes, but due to the very
weak electron-T'O phonon interaction, the MQW phonon
scalar potential has no bulk TO mode contribution. The
AlAs phonons are confined to vibrate in the AlAs layers
(along with the first Ga atoms in the well layers next to
the interfaces, which also vibrate). However, in addition
to the displacement and scalar potential in the AlAs lay-
ers, the AlAs modes have an associated scalar potential
in the GaAs layers, which comes from the interface mode
component of the optical phonons. This potential ¢4 is
given by

¢Al = Anorms (HeQ=Z —+ Ie'q”) gi(q’-‘c’_“’t)’ (3)

where the appropriate constants for the AlAs modes are
derived in Ref. 16. Using these expressions, we have de-
termined the scalar potentials of the modes in the GaAs
layers for fixed GaAs width of 40 A and a number of dif-
ferent AlAs widths. The initial and final electron states
are associated with the same confined level of the quan-
tum well, so the Frohlich interaction of this intrasubband
transition couples to the part of the phonon scalar poten-
tial, which is symmetric with respect to the center of the
well. We have calculated the value of the symmetric part
of the scalar potential at the center of the well, 2 = a/2,
with ¢,=1.7 x 10 > cm™! and ¢,= 5.2 x 10° cm™! for
the optical-phonon modes. The modes with the largest
potentials are those which have the largest interface con-
tribution plus the 2nd confined mode of GaAs, LO,. The
magnitude of the scalar potential in the GaAs layers of
the confined AlAs modes is a factor of 100 smaller. The
value of the symmetric part of ¢ at the center of the
GaAs layers for these significant modes is given in Fig. 4
for different barrier widths. At small barrier widths, the
upper GaAs interface mode (asterisks) has the largest
phonon potential, whereas for large barrier widths, the
largest phonon potential is that of the upper AlAs in-
terface mode (triangles). The magnitude of the confined
LO; mode potential (circles) is almost independent of the
barrier thickness and increases only slightly for large bar-
riers, as some intermixing with the upper interface mode
occurs.

From the magnitude of the phonon potentials, one
would expect that the HPL spectra are dominated by
GaAs phonons for small barrier widths and AlAs phonons
for large barrier widths. To model the broad hot photo-
luminescence peaks (=2 200 cm™!), we combine contribu-
tions centered at the GaAs and AlAs phonon frequen-
cies and broaden them by a Gaussian distribution of full
width at half maximum of 200 cm~!. Since the Fréhlich
interaction contribution to the HPL spectra is propor-
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FIG. 4. The magnitude of the symmetric part of the
phonon scalar potential at the center of the well layer for
the MQW modes relevant to electron relaxation vs barrier
width (b). The circles correspond to the GaAs LO; mode,
the squares to the lower frequency GaAs interface mode, the
triangles to the upper frequency AlAs interface modes, the
crosses to the lower frequency AlAs interface mode, and the
asterisks to the upper frequency GaAs interface mode.

tional to the square of the overlap integral of the subband
wave functions with the phonon potential ¢, the differ-
ent relaxation paths have to be weighted by (¢ga/Pa1)2,
where @g, is the sum for the scalar potentials of all the
GaAs modes in Fig. 4 and ¢a) the sum of the two AlAs
‘modes at a particular barrier width b. The peaks of
the spectra, obtained in this way, are plotted as a func-
tion of barrier width in Fig. 2 (solid line). When the
ratio(¢ga/Pa1)? is not too different from unity, as is the
case for b=5 and 9 A, the combination of these two con-
tributions results in spectra with maxima at an energy
between that of the GaAs and AlAs optical phonons.
However, for b=80 A, the ratio (¢ga/®a1)? is only 0.15.
The spectrum is dominated by the AlAs phonons and its
maximun is centred at an energy very close to that of the
strongest AlAs phonon mode. The calculation of the en-
ergy separation between the “0” and “1” phonon peaks
of the HPL spectra agrees well with the experimental val-
ues in Fig. 2. The trend of increasing effective phonon
energy with increasing barrier width is supported by the
calculation. It is also interesting to observe that for b
= 5and 9 A, the energy separation of the “0” and “1”
phonon peaks is about 30 cm™! larger than the energy of
the GaAs phonons. This reflects the fact that although
interaction with these modes is stronger, there is still a
significant contribution from the AlAs phonons.

To simplify the calculation, we have not explicitly eval-
uated the electron-phonon interaction in the MQW’s. If
we had considered the decay of the electron wave func-

V. F. SAPEGA et al. 52

tions into the AlAs barriers, then the interaction with
the scalar potential of the phonon modes in the barrier
would also contribute to the electron relaxation. This
small effect would slightly increase the strength of inter-
action of the AlAs modes, compared to the GaAs modes
and would, conceivably, give even better agreement for
the effective energy of the emitted phonons when com-
pared with the separation of the luminescence peaks in
Fig. 2.

IV. CONCLUSIONS

Using hot-electron photoluminescence, we have investi-
gated the relaxation of electrons in a series of GaAs/AlAs
MQW'’s, with 40 A well widths and barrier thickness be-
tween 5 A and 80 A . Due to the low density of the
photoexcited electrons, their relaxation is accounted for
by the emission of longitudinal optical phonons. Both
sets of optical phonons at frequencies in the GaAs and
AlAs reststrahl range contribute to the relaxation process
for every sample. For the largest barrier width investi-
gated, the energy of the emitted optical phonon is equal
to the energy of the AlAs MQW phonon mode, which is
a mixture of AlAs confined modes and the upper AlAs
interface mode. The emission strength of a particular
phonon mode is proportional to the square of the over-
lap integral of the phonon scalar potential with the ini-
tial and final electron states in the GaAs layers. For the
case of intrasubband relaxation considered, electrons in-
teract with the symmetric part of the phonon potential
#. For 80 A barriers the ratio (¢ga/¢a1)? is 0.15, which
accounts for the energy relaxation being dominated by
the AlAs phonons. For small barriers, the emission of
the GaAs modes is stronger. At a barrier width of b=5
A, the ratio (¢ga/¢a1)? amounts to 2.5. The HPL os-
cillation period decreases to a value close to that of the
GaAs optical phonons, nevertheless, there is still a signifi-
cant contribution from the emission of Al1As modes. The
calculated values of the effective energy of the emitted
phonons agree quite well with the experiment.
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