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Photoreflectance measurements have been performed on high quality Gahs/RlGads
pultiple quantum wells grown along the [111] ecrystallegraphic directioen.
These measurements indicate that the heavy and light hole masses are #.8 and
#.08, respectively, in the [111] direction of bulk Gads. These values are in
good agreement with the Luttinger parameters for Gals. In addition, this
investigatior indicates that the band alignments of GaAs and AlGaAs are not
very sengitive to crystallographic orientation,

Recent MBE growth studies [1] have shown that GaAs-Al1Gaks multiple quantum
wells {MOW) can be fabricated with the superlattice axis along a variety of crystal-
lographic direetions. This development has important implications in the study of
the electronic and optical properties of MQW. Specifically, as a result of the ani-
sotropy of the valence and conduction bands in bulk Gais and the possible dependence
of the AlGaAs/Gais band alignment on crystallographic orientation, the band struc-
tures of these MQW are expected to differ. These differences are interesting
because they allow the understanding of the relaticnship between the anisotropic
bulk band structure of GaAs and that of the MOW to be probed. Furthermore, an
undergtanding of this relaticnship is important technologically because it allows
additicnal flexibility in the design of devices based upon particular features in
the band structure aof the MOQW. In this paper, photoreflectance {PR) neasurements
{2] performed on [111]B MQW will be discussed. The results of this investigation
are compared with interband optical studies on [1%0] MQW [3-5].

A series of MOW with well widths ranging between 90-40¢A have been grown by MBE
on [111}B Gaks substrates. The 15¢K PR measurements were performed with a probe beam
provided by a tungsten lamp and a 3/4 m spectrometer. The 51454 emission of an Ar
ion laser served as the PR pump excitation. Fig. 1 shows the PR spectra obtained
from three of the MOW. The lowest energy features in the PR spectra at 1.492 eV¥
arise from excitonic transitions of the GaAs substrate, while the highest energy
arrows correspond to excitonic transitions in the AlGaAs cap layers. A variety of
other peaks are cbserved at energies between the GaAs and RlGaAs energy gaps. These
features, whose number decreagses as the width of the quantum wells is reduced, are
assigned to excitonic transitioms in the quantum wells. The labels in Fig. 1,
nl{L}, occur near the calculated energies of excitons associated with the energy gap
between the n valence subband of heavy {light) heole character and n'® conduction
subband. In this calculation, the energies of the k=0 subband states were determined
from an effective mass square well model. The model included an energy-dependent
effective electron mass to account for the conducticn band nonparabolicity [6), and
current conserving boundary conditions. The energy-dependence of the electron mass
in the [111] direction was obtained from the 7 band k-p calculation of Réssaler [7].
The energies of the nH(L) excitons are given by,

(1) Eaw¢1) = €nm(L) + gar + Egoas - Em (mHI{L}),
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¥here Es(nH(L)} is the binding ernergy of
the nH(L} exciton, Eceas is the energy gap
of Gahs, and zen¢i) and ¢or are the nth
heavy {lighi) hole state and a'® electron
subband state, respectively. In Eg. 1, we
have employed exciton binding energies
calculated for [i@9] MOW [8]. The excitan
binding energies for [11il] and [10¢] MOQW
are expected to be similar because the
average in-plane heavy and light hole
passes for {111] and [1¢9] MOW do not dif-
fer greatly. In addition, we have assumed
that the excitonic binding energy is not a
function of =ubband index. The light and
heavy hole masses, the relative band
alignments of Gahs and AlGaks and the
quantum well width were treated as fitting
parameters. Figure 2 shows a comparison
between the observed and calculated exci-
tonic enmergies for six {111} MQW. The
pegak positions of the exciteonic transi-
tions of the PR spectra were determined
from the three point fitting procedure of
Aspnes[9]. The excellent agreement
between the model calculation and the
experimentally determined eacitonic tran-
sitions, evident in Fig. 2, was obtained
with the values of the fitting parameters
given in Table 1. A comparison between
the magnitudes of the guantum well widths
estinmated from the growth conditions, iw,
and from the fit to the FR data , Ly,
indicates that L¢ is always -5% smaller
than that predicted from the growth par-
ameters. This observation is comsistent
with the knowa characteristics of the MBE
nachine during the growth cycle. Specifi-
cally, the pagnitude of Iy is expected to
be accurate to within +10%, but the repro-
ducibility of the growth rate is expected
tc be better than 2%. The heavy hole
mass given in Table 1 for the [111] MQW is
about 2.5 times larger than the value of
0.34 reported by Miller [3] for [100] MQW.
In contrast, the light hole masses in the
(1663 and [111] MOW are similar at &.¢9
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Fig. 1--15¢K PR spectra of [111] MQW
with the indicated well widths. The
nH{L) labels denote the enpergies of
excitonic transitions predicted from a
calculation employing the parameters
given in Table 1.

Label { Sample | Lg(A) Le (A) | Mun | Min Qe
a) veos lo¢ 93 0.8 @.068 jd.55
b) ¥898 150 145 9.8 @.98 31@.5%
c} v&97 00 198 p.8 9.08 [@.55
d) V896 250 238 .2 9.08 [@.55
&) VE894 3pp 287 .8 9.88 |@.55
f) V895 400 370 8.8 9.08 [@.55

Table 1--Summary of the magnitudes of the parameters employed in the model
calculation. Mep and Mix label the heavy and light hole masses, Lg and Ly are
the well widths estinated from the growth conditions and from the model calcu-

lation and Q. is defined in Eq. 4.
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Fig. 2--A comparison between the observed and calculated excitonic¢ energies in
[111] MQW. The parameters employed in the fit are Mun=0.8, Mi1w=0.88 and
Qe=0.55. The well widths of curves {a)-(f) are given in ‘Table 1. The lines
gerve as guides tr the eye.

and .88, respectively. These chservations illustrate the sensitivity of the opti-
cal properties of MQW to the growth direction.

The dispersion curves for the wvalence bands of GaAs as a function of the Lut-
tinger parameters are given by,

(2) Eb,1 = ¥ 71kZ & [yz2k* + 3(pa2-ye2} [Ex2kz% + kefky? + ky2ki2]1}%,

where 71, rz and y; are the Luttinger parameters [10-12) and & and £1 are the
energies of the heavy and light hole bands. The heavy and light hole masses, Mun
and Mis, along the [190] and [111] directions are related to the Luttinger parame-
ters through the following expressicns:

Mun = (72 - 272)-' Min = {y1 + 2p2)-1, [188]
{3
Man = {p1 - 2yad-! Man = {p1 + 2p2}-1. {111]

Table 2 presents a comparison of the masses arising from Luttinger parameters
reported by others [18-12] for bulk GaAs and the masses that are required to fit the
aptical spectra from [1¢9] and [1]1] MQW. This comparison indicates that the effec-
tive masses determined from the Luttinger parameters are in good agreement with the
values determined from the optical studies of MQW and illustrates the sensitivity of
the coptical properties of MOW to the anisotropy of the bulk band structure. As 2
consequence of the uncertainties in gquantum well width and excitonic binding
energies for our samples, we are unable to determine which of the sets of Luttinger
parameters given in Table 2 are in the best agreepent with our measurments.

The relative band alignment of [18¢] GaAs-AlGaAs microstructures has been stu-
died for a number of years and is commonly parameterized by [3].

{4} Qa = ABc/(Eatcaas — Ecaas!)

where AE: is the conduction band offset and Ealgess and Ecaas are the energy gaps of
A1GaAs and GahAs. Previous studies [31] of the band offsets on [108] MOW have yielded
values of Qe between 0.5-$.85. The most recent {4,5) {and assumed to be most accu-
rate) values indicate that Qs = 0.68. As can be seen from table 1, the PR measure-
pents suggest that for the [111] MQW, Qe = 9.55. Although this value is somewhat
spaller than that for the {180] direction, the uncertainty in the magnitude of Qe
deternined from the fit to the interband PR measurement only allows us to conclude
that the band alignments of GaAs and AlGaAs are not much differenmt in the [111) and
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Fig. 2--A comparison between the observed and calculated excitonic¢ energies in
[111] MQW. The parameters employed in the fit are Mun=0.8, Mi1w=0.88 and
Qe=0.55. The well widths of curves {a}-(f) are given in ‘Table 1. The lines
serve ag guides tr the eye.

and #.88, respectively. These chservations illustrate the sensitivity of the opti-
cal properties of NQW to the growth direction.

The dispersion curves for the walence bands of GaRs as a function of the Lut-
tinger parameters are given by,

(2) Eb,1 = -¥ 7y1kZ % [yz2Kk* + 3(pa2-ye2}[kx?kz® + kefky? + kylki2]}%,

where 71, ryz and y; are the Luttinger parameters [10-12) and & and £1 are the
energies of the heavy and light hole bands. The heavy and light hole masses, Mun
and Mia, along the [190] and [111] directions are related to the Luttinger parame-
ters through the following expressions:

Muh = (7r = 2720t Min = {p1 + 2p2)-1, [1¢e]
{3
Man = {p1 - 2Zya}-1 Man = {1 + 272)-1. {111]

Table 2 presents a comparison of the masses arising from Luttinger parameters
reported by others [1#-12] for bulk GaAs and the magses that are required to fit the
aptical spectra from [1®®] and [1]1] MQW. This comparison indicates that the effec-
tive magses determined from the Luttinger parameters are in good agreement with the
values determined from the optical studies of MQW and illustrates the sensitivity of
the coptical properties of MQW to the anisotropy of the bulk band structure. As a
consequence of the uncertainties in gquantum well width and excitonic binding
energies for our samples, we are unable to determine which of the sets of Luttinger
parameters given in Table 2 are in the best agreement with our measurments.

The relative band alignment of [18@] GaAs-AlGaAs microstructures has been stu-
died for a number of years and is commonly parameterized by [3].

{4} Qa = AEc/(Eatcaas — Bcaas!)

where AE: is the conduction band offset and Ealceas and Egaas are the energy gaps of
AlGaAs and GahAs. Previous studies [31] of the band offsets on [108] MOW have yielded
values of Qe between 0.5-$.85. The most recent {4,5) {and assumed to be most accu-
rate} values indicate that Qs = 9.68. As can be seen from table 1, the PR measure-
ments suggest that for the [111] MQW, Qe = 9.55. Although this value is somewhat
spaller than that for the {180] direction, the uncertainty in the magnitude of Qe
determined from the fit to the interband PR measurement only allows us to conclude
that the band alignments of GaAs and AlGaAs are not much differenmt in the [111) and
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[1¢8] {111]

Ref. n yz £ Mhn Min Mbn Min

a) 7.65 | 2.41 [ 3.28 | 6.31 | .08 | 0.92 | 9.07
b} €.85 | 2.10 | 2.9¢ § 0.38 | @.0% | 0.55 | #.98
c) 7.15 § 2,83 | 2.96 | 9.32 | ¢.¢9 | 0.81 | ¥.@8

MOQW === mme= poeem= | 0L ] 089 | 0BG | D.08

Table 2--The Luttinger parameters, y», in Ref. a), b} and c) are obtained from
references [10], [11] and [12]}, respectively. The heavy and light hole masses
for [1¢0] MOW are taken from reference 3.

[186] directions. This uncertainty does not arise fromn errors in determining the
excitonic peak energies in the PR data or from the lack of agreement between the
model and the experiment {which is quite good). Rather, it arises because we are
unable to estimate the accuracy of incorporating an energy-dependent effective mass
in our model. However, we note that if the energy-dependence of the electron mass
is neglected or if the non-parabelicity characteristic of the [1¢8] direction is
employed in the model instead of that corresponding to the [111] directiom, the
agreement between the data and experiment is sigrificantly poorer. Furthermore,
under these circumstances the value of Q. does not become larger than ¢.65. There-
fore, although our measurements indicate that the band aligneents for [1¢€] and
[111] MQW are similar, additijomal studies, such as electronic Raman scattering [4],
are necessary before a quantitative difference between the band aligaments in the
[111) and [108#] directions can be stated with confidence.

In conclusion, we report PR measurements that explore the sensitivity of the
optical properties of GaAs/AlGahs MQOW to the direction of the superlattice axis.
The results of interband optical measurements of [111] and [1#B] MQW are in good
agreepent with the published wvalues of the Luttinger parameters. Furthermore, as
noted in previous studies [13], it appears that the relative band alignments of Gals
and AlGalks are not very sensitive to the superlattice direction.
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