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The interband photoconductivity of GaAs-Ga,_,Al,As quantum wells has been studied in steady
fields of up to 16 T, applied both parallel and perpendicular to the growth axis. In fields parallel to
the growth axis, excitonic Landau-level transitions have been identified with Landau indices up to
n =12 and energies up to 400 meV above the energy gap of bulk GaAs. Transition energies and di-
amagnetic shifts have been measured for both allowed (AN even) and forbidden (AN odd) subband
exciton transitions, including a transition at high energy in the widest wells which we tentatively
identify as involving a bound state in the spin-orbit split-off band. Landau levels are observed at
fields as low as 2.5 T, permitting a determination of exciton binding energy from linear extrapola-
tion. High-field results are fitted using a calculation of the binding energy of two-dimensional exci-
tons as a function of magnetic field. It is found that the exciton binding energy obtained from fit-
ting high-field results is slightly higher than that obtained from low-field measurements, giving exci-
ton binding energies of 16—9 meV, for well widths from 22 to 110 A. The heavy-hole effective mass
for motion in the plane of the layers is found to vary with well thickness, and this is explained by
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decoupling of the bands.

The study of interband optical absorption in high mag-
netic fields is well known to be a powerful means of
band-structure determination. The technique has been ap-
plied to many bulk semiconductors [for example, GaAs
(Ref. 1)] to determine basic parameters such as electron
nonparabolicity and hole effective mass, and also to give
detailed information on the Coulomb binding between
electrons and holes. Semiconductor quantum wells
formed from GaAs between Ga,_,Al, As have long been
known to show strong excitonic behavior in interband
spectra;2 however, until recently no interband magneto-

optical studies had been carried out on these systems.

Work to date on interband magnetoabsorption in quan-
tum wells has been based on attempts to determine the ex-
citon effective Rydberg by the extrapolation of high-field
Landau levels to zero magnetic field.>* In this work we
have used results at much lower fields to estimate the ex-
citon binding energy and a model of exciton binding in
highly anisotropic systems at high magnetic fields’ to
deduce the band parameters of the quantum well.

The samples used were grown by molecular-beam epi-
taxy at Philips Research Laboratory, Redhill. Each sam-
ple consisted of a nominally undoped gallium-arsenide
buffer layer grown on a semiinsulating GaAs substrate,
followed by sixty periods of GaggsAly3sAs barriers
and GaAs wells, and finally a 1300-A Ga;_,Al, As layer.
Nominal growth parameters and estimated well widths
from envelope-function calculations® are given in Table I.
Electrical contact to the layers was made with indium
dots, alloyed at 350—400°C, and all samples were found
to have resistances in the range 10°—10° Q at room tem-
perature. In the experiments, chopped light from a quartz
halogen lamp and Czerny-Turner monochromator was
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transmitted through a fiber-optic cable to the sample,
which was placed in the bore of a 16 T superconducting
magnet; a special insert allowed the sample to be main-
tained at 55—77 K in solid or liquid nitrogen. The photo-
conductivity of the sample, in constant current mode, was
synchronously detected and recorded digitally. For exper-
iments in magnetic fields perpendicular to the growth
axis, a silvered glass prism was used to reflect the light
through 90 degrees to give normal incidence to the sample
face.

Figure 1 shows typical photoconductivity spectra for
various different quantum-well widths at zero magnetic
field. These spectra consist of a background due to inter-
band photoconductivity in the GaAs buffer layer, with,
superimposed on it, the absorption spectrum of the
quantum-well layers, through which the light first passes.
This technique avoids both the inconvenience of substrate
removal and the optical complexity of photoluminescence
measurements, and is found to give identical results.® The
minima indicated are due to excitonic transitions between
electron and hole subbands in the quantum well, the sub-
bands involved being identified in Table II. These transi-
tions include, in some cases, weak absorption edges due to
free-carrier transitions between N =1 subbands; these per-
mit a direct measurement of the exciton binding energy,
as will be discussed below. Table III gives subband ener-
gies in all samples as deduced from these transitions, us-
ing the method of Rogers and Nicholas;® using AE, =450
meV and the recently proposed value of AE.=0.65AE,
(Refs. 7—11) these are all found to be bound states of the
quantum wells. 3

Figure 2 shows spectra from the 75-A well sample for
various magnetic fields applied parallel to the growth
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TABLE I. Sample well widths.
Sample No. 1 (G50) No. 2 (KLB1595) No. 3 (KLB205) No. 4 (G51) No. 5 (G55)
Well width (nominal) 25 A 55 A 55 A 75 A 125 A
Well width (fitted) 2 A 55 A 60 A 75 A 110 A
Barrier width (nominal) 157 A 175 A 175 A 157 A 157 A

TABLE II. Transitions observed; zero-field energies in reduced form E;=Er—E; in meV.

Sample No. 1 No. 2 No. 3 No. 4 No. 5
HH1-El 221 93 80 58 33
Continuum 68
LHI-E1 257 115 102 75 43
Continuum 86 52
HH2-E1 123 ~50
HH3-E1 229 206 156 85
LH1-E2 286 263 208 ~120
HH2-E2 312 289 221 126
LH3-E1 134
LH2-E2 382 356 284 167
HH4-E2 ~200
HH3-E3 266
LH3-E3 315
SO1-E1 418 383

TABLE IIl1. Calculated subband confinement energies.
. Well thiclsness . . .
Subband 22 A 55 A 60 A 75 A 110 A
HH N=1 40 19 17 13 7
2 67 65 43 26
3 154 142 111 59
4 100
LH N=1 76 41 38 30 17
2 137 126 106 60
3 109
SO N=1 32 17
E N=1 198 88 77 55 34
2 259 244 188 108
3 215
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FIG. 1. Zero-magnetic-field spectra at 55 K for four dif-
ferent multiquantum well samples (Nos. 1, 2, 4, and 5) used in
the experiments. Excitonic subband transitions are identified by
arrows.

axis. When a field is applied, a series of transitions asso-
ciated with Landau levels evolves from the HH1-E1 exci-
ton transition, and all the transitions previously observed
at zero field are shifted up in energy proportionally to the
square of the magnetic field. In Fig. 3 transition energies
are plotted against magnetic field, and the evolution of
Landau-level related structure can be seen clearly at low
energies. Also visible at low energies is structure in be-
tween, and much weaker than, the HH1-E1 structure; this
arises from the Landau levels of the light-hole and elec-
tron N=1 subbands. At higher energies there appears to
be structure from the Landau levels of the heavy-hole and
electron N=2 subbands, but the complexity of the system
makes quantitative conclusions very difficult. Figure 4
shows a similar diagram for the 22-A well sample; in this
case the spectra are simplified by the fact that only one
bound state exists in the well for each of the three major
carrier types (electrons, light holes, and heavy holes). The
transition associated with the electron and heavy-hole
n=1 Landau levels is seen to persist to very low fields.
Previous authors®* have interpreted the structure of
magneto-optical spectra in GaAs quantum wells in terms
of free-carrier inter-Landau-level transitions, of which
only the n=1 Landau level is subject to strong excitonic
effects. This is known not to be the case in bulk GaAs,!
in which Coulomb binding is significant at high fields
even in the higher Landau levels. We have therefore

FIG. 2. Typical spectra for the 75-A well (sample No. 4).
These are high-resolution spectra over a reduced energy range,
and the transitions identified are a, HH1-E1 exciton; b, HH1-
E1 free-carrier edge; ¢, LH1-E1 exciton; d, LH1-E1 free-carrier
edge; e, HH3-FE1 exciton; f, LH1-E2 exciton; g, HH2-E2 exci-
ton. The forbidden LH1-E2 exciton is seen to sharpen consider-
ably at high fields.

based our analysis on the work of Akimoto and
Hasegawa® for highly anisotropic systems, in which the
Zeeman-shifted states of the hydrogenic exciton at low
fields give rise in the high-field limit to excitonic states
bound between electron and hole Landau levels.

In the limit of high magnetic field, Akimoto and
Hasegawa’ find the binding energy to be,
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where p%. is the exciton reduced mass and R* is the exci-
tonic effective Rydberg. D, is a parameter related to the
dimensionality of the exciton, taking values from 0.25
(three dimensional) to 1 (two dimensional); the zero-field
exciton binding energy is given by Ez(0)=4R*D,.

To complete the theory we require a description of the
subband dispersion relations for motion in the plane of
the layers. The conduction band may be simply described
by the expression, derived from k-p perturbation theory,?
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FIG. 3. Transition energies as a function of magnetic field
for the 75-A sample (No. 4). Transitions are labeled as in Fig. 2,
with, additionally, A, LH2-E2 exciton; j, SO1-E1 exciton (see
text); k, unidentified feature, appears also in samples No. 1 and
No. 5 at same energy; I, Ga;_,Al,As band gap. The features at
1.825 and 1.86 eV do not shift systematically with field, and are
thought to arise from the background due to the apparatus. The
apparent downward shift of the transition h is an optical il-
lusion caused by the lines crossing it.
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FIG. 4. Transition energies as a function of magnetic field
for the 22-A sample (No. 1). The Ga,_,Al,As band gap has
been omitted, but feature k from Fig. 3 is seen in this diagram
also. The solid lines are theoretical fits to the transition ener-
gies, as described in the text. The dashed lines represents inter-
Landau-level transitions, calculated using the same parameters,
to illustrate the effect of neglecting Coulomb binding.
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where the terms in k, arise from the quantum-well con-
finement, and the nonparabolicity parameter K, describes
the fourth-order contribution to the band curvature. The
valence band, however, is complicated by interactions be-
tween heavy and light holes, and the subband dispersion
relations do not have a simple analytic form. Expressions
for the valence-band masses can, however, be derived in
the limit of decoupled heavy- and light-hole bands,
equivalent to the limit of high uniaxial strain, which
reduces the crystal symmetry and splits the band-edge de-
generacy. This limit should apply to a very narrow quan-
tum well, which causes a similar lifting of the degeneracy.
In the high-stress limit Hensel and Suzuki'® have shown
that the hole masses are given by

e ey _ e o 42y, M=+
m, =Y1—72 m =Y114Y2 Mj=T75,
(3)
me 4 me 2 Mo—t3
m, ?’1 Y2 m|| _71 Y2 ji— =2

for motion parallel and perpendicular to a [100] strain
axis, where ¥, and y, are the well-known Luttinger-Kohn
parameters. In a quantum well the confinement energies
of the M; = +3 states correspond to a mass in the direc-
tion of confinement of (y; —2y,)~'m,,'* and are therefore
commonly referred to as heavy-hole subbands; however,

from (3) we see that in the limit of complete decoupling,
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FIG. 5. Low-field, low-energy results for the 75-A well (No.
4). Linear extrapolations of the N =1—4 Landau-level transi-
tions show the zero-field weak onset to be the exciton series lim-
it.
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TABLE IV. Measured exciton binding energies and fitted results (meV).

Well thickness

2 A 55 A 60 A 75 A 100 A
Eg(0), measured E1-HH1 10 8
E1-LHI1 11 9
Fitted E(0)=4R*D,
(see text) 1343 16+4 14+1 12+1 9.5+0.5

the perpendicular mass of the M 1‘=% state is light-hole-
like, given by (y,+7,) " 'm,. This suggests that the effec-
tive mass for motion in the layer plane in the N=1 heavy
hole (M; = +2) subband in a GaAs quantum well will be
reduced from its three-dimensional value of 0.465m, to a
value of 0.11m, by quantum confinement, in the limit of
complete decoupling. In a real system, the M; states will
not be completely decoupled, so the effective mass in this
subband has been used as a variable parameter. This anal-
ogy is not adequate to describe the higher subbands, all of
which will be complicated by mutual interactions.

We now discuss the interpretation of our results. The
first important point is to justify the assertion that the ab-
sorption edges seen in the 75-A well (features b and d in
Fig. 2) represent the onset of free-carrier absorption. Fig-
ure 5 shows that careful extrapolation of the first
Landau-level transition at low fields, where it becomes the
2p ™ exciton state,'® gives an intersection with the zero-
field axis significantly below the upper edge of the absorp-
tion onset, as does a similar extrapolation of the second
Landau level, or 3d**, transition. Only for the third
(4f3*) and fourth (5g**) Landau-level transitions does
this difference become insignificant. It should be stressed
that these extrapolations are based on data taken between
2 and 6 T, and attempts at linear extrapolation from
higher fields, even based on the same transitions, give sig-
nificantly higher intercept values. From our low-field re-
sults we therefore conclude that the absorption edge seen
represents the series limit for excited states, and is there-
fore the onset of free-carrier absorption. By subtracting
the energy of the appropriate exciton transition, we can
therefore measure directly the exciton binding energy at
zero magnetic field, and results from these measurements
are included in Table IV. A similar result is included for
the 110-A sample, which shows no free-carrier onset but
whose Landau levels persist at fields down to 2 T.

We next attempt to fit the experimental results using
the theory described above. The adjustable parameters
used are the excitonic dimensionality parameter D, in Eq.

(1), the nonparabolicity factor K, in Eq. (2), and the
heavy-hole mass m 1y, in the Landau-level expression

(2n +1)#eB

Ehh(B,n,m;h)on—}— -
2mhh

, 4)

where E| is the heavy-hole subband confinement energy.
The transition energy is given by

Er=Eg+E,(B,n,Ky)+Ep,(Bn,mu,)—Eg(B,n,D,),
(5)

where the expression for Ejy is corrected for electron non-
parabolicity, and the parameters K,, mpy,, and D, are
varied to obtain the best possible fit. Best fits are shown
as solid lines in Figs. 3 and 4, and can be seen to give ex-
cellent agreement at high magnetic fields. Also included
in Fig. 3 is a fit to the Landau levels of the N=2 heavy-
hole and electron subbands, using the same band parame-
ters as for the N=1 system but a smaller exciton effective
Rydberg, as suggested by Brum and Bastard.!® This gives
rough qualitative agreement with some of the high-field,
high-energy structure. Values of fitting parameters used
are given in Table V.

Table IV gives the measured values of zero-field exciton
binding energy, both from fitting high-field results and
from zero-field measurement and low-field extrapolation.
These values are plotted against well width in Fig. 6. The
fitted values from the high-field data are slightly larger
than the more reliable low-field values from extrapola-
tions made in the 75-A and 110-A wells; this is thought to
be because measurements were taken in the intermediate-
field regime, rather than the absolute high-field limit
(ho,>>R*). The values for the narrower wells show
larger errors due to the fact that Landau levels in these
samples can only be seen at fields above about 8 T. This
highlights the need for high-quality samples, in which
Landau levels can be observed at low fields, in order to
make accurate extrapolations and to eliminate fitting er-
rors.

TABLE V. Magneto-optics fitting parameters.

3

Well thickness

2 A 55 A 60 A 75 A 110 A
K ~1.240.1 ~1.240.1 —1.240.1 —1.240.1 —1.240.1
mi, (m,) —0.2240.03 —0.47+0.06 —0.55+0.05 —0.59+0.08 —0.63+0.06
m (mg) +0.25 +0.5
D, (see text) 0.67+0.16 0.7940.21 0.69+0.05 0.60+0.05 0.48+0.03
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FIG. 6. Heavy-hole exciton binding energy as a function of

well width for the sample studied. Results derived from high-
field fits are shown as solid circles with error bars, and are sys-
tematically higher than direct measurements from low-field ex-
trapolation, shown as open circles. Note the decrease in binding
energy in the narrowest quantum well. The two diagonal
crosses represent the measured light-hole binding energy. The
dashed line shows the bulk exciton binding energy for GaAs.

There exists at present considerable disagreement be-
tween different methods of determining the exciton bind-
ing energy in quantum wells. Theoretical calculations'’
give a binding energy for the heavy-hole N=1 exciton ris-
ing from the bulk value in very wide wells, to a maximum
of around 10 meV at a well thickness of about 20—30 A,
and falling for narrower wells, while the light-hole N=1
exciton behaves similarly except for a larger binding
energy in a wide well, and a maximum value at around
30—40 A. These are systematically lower values than the
experimental results of Miller ez al.,'® who interpret the
absorption edge above the exciton as a 2s state, unresolved
from the continuum; since a point half way up the absorp-
tion onset is chosen, this is roughly equivalent to our iden-
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tification of the upper edge as the series limit, and our re-
sults are in good agreement with those of Miller et al.
The results of Vojak et al.'® of 13 and 20 meV, respec-
tively, for the light- and heavy-hole exciton at zero field
are estimates from an energy-level calculation based on a
well width calculated from metallorganic chemical vapor
deposition (MOCVD) growth rates; since such well widths
are commonly incorrect by up to 10% (see, for example,
Table I), these results may be subject to large errors. Fi-
nally, measurements from the magneto-optical results of
Maan et al.’ and Miura et al.,* give results considerably
higher than theory predicts. These measurements do not
take into account Coulomb effects in the higher Landau
levels, which will affect the slope of the Landau-level
transition as a function of field, and may also influence
the determination of reduced masses by Maan et al.’

Also varied in the fits are the electron nonparabolicity
K, and the heavy-hole mass. We find a value for K, of
—1.240.1 for all the wells studied; this is higher than the
theoretical value, from four-band k-p theory, of —0.83
for bulk material. However, k-p theory is known to give
a good description of the GaAs conduction band,"%* so
this would appear to be an effect of quantum-well con-
finement. The heavy-hole effective mass shows a steady
decrease with decreasing well width, which is fully con-
sistent with a progressive decoupling of the light- and
heavy-hole subbands. However, the heavy-hole mass in
wide wells is significantly greater than the bulk value of
0.45mg. The reduction in mass is found to offset the non-
parabolicity to give a reduced mass which varies only
slightly over the range of well widths studied. This is in
disagreement with the results of Maan er al.> Reduction
of the heavy-hole mass in narrow quantum wells has re-
cently been observed in valence-band cyclotron resonance
by Iwasa et al.,?! in qualitative agreement with our re-
sults; however, they report a heavy-hole mass for wide
wells equal to the bulk value.

As stated above, all the zero-field exciton transitions are
observed to shift quadratically with magnetic field. The
magnitudes of these shifts, where measurable, are present-
ed in Table VI. Results for the heavy-hole N=1 excitons
are found to be slightly lower, and for the light-hole N=1
excitons slightly higher, than those reported by Miura
et al.;* however, the disagreement is not great. The re-
duced mass can be calculated from the Landau-level fits,

TABLE VI. Exciton quadratic shifts, in ueV/T2. Results marked with an asterisk are subject to very
large errors due to confusion with Landau-level transitions or to large linewidth.

° o

Well thoickness

22 A 55 A 60 A 75 A 110 A

HHI1-EI1 21 22 23 29 40
LH1-E1 5 5 13 15
HH2-E1 46 25*
HH3-E1 50* 50* 100*

LHI1-E2 40 53 65*

HH2-E2 13 27 100* 75%
LH3-E1 85*
LH2-E2 13 18 12

HH3-E3 59
SOI-El 15 45*
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TABLE VII. Reduced masses and dimensionality factors for HH1-E1 and LH1-E1 excitons.

Well thickness

2 A 55 A 60 A 75 A 110 A

Reduced mass (m,) 0.062 0.064 0.065 0.064 0.062
HH1-E1
AE,/B? (u eV/T?),calculated 45 40 39 40 45

observed 21 22 23 29 40
Dimensionality 0.47 0.55 0.59 0.73 0.89
parameter® D,
Reduced mass (m,) 0.105 0.108 0.084 0.086
LH1-EH]1, calculated
Light-hole mass (m,) + 0.5 + 0.4

*See text and Eq. 6.

and this gives an energy shift for the 1s state of

E#*H?

AE;::D;W (cgs units) . (6)

D, is a parameter equal to unity for a purely three-
dimensional, and 736— for a purely two-dimensional, exciton
[cf. D; in Eq. (1)]. If we therefore put the known shift
and reduced mass into (6) we obtain a value for D,, which
is again related to the dimensionality of the exciton. As-
suming the light-hole exciton to behave similarly, we can
obtain an estimate of the reduced mass for this exciton,
and results of this calculation are presented in Table VII.
In the two widest wells, Landau-level transitions calculat-
ed using this reduced mass and the measured exciton
binding energy for light holes give a fairly good fit to the
field dependence of the weak transitions observed in these
samples. Since this reduced mass is greater than the elec-
tron mass, we conclude that the first light-hole subbands
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FIG. 7. Spectra of the 60-A sample (No. 3) with magnetic
field perpendicular to the growth axis. No significant change is
seen in any of the major features.

in these wells must have electronlike dispersion relations,
with a large effective mass. This is in good qualitative
agreement with theoretical predictions.”? The results for
light-hole masses are subject to very large errors and are
best taken as order-of-magnitude estimates.

It can be seen that the diamagnetic shift of the N=1
heavy-hole exciton does not approach the expected two-
dimensional limit (D, =0.1875) at small well widths; this
is understandable, since the zero-thickness limit is simply
the case of bulk excitons in Gay gsAly 35As. This behavior
is analogous to that seen in the calculated values of exci-
ton binding energy which peaks at around well widths of
30 A, at an energy well below the two-dimensional limit.
However, the shift in the 110-A well is close to the three-
dimensional limit, as would be expected from an exciton
with a radius of about 150 A.

In the two widest wells, the highest-energy subband
transition, at 1.93 eV (75 A) and 1.895 eV (110 A), cannot
be explained consistently with the quantum-well levels de-
duced from the other transitions. In the 75-A well this
transition is seen very strongly at room temperature,
which suggests that it should be a AN=0 subband transi-
tion. We therefore tentatively identify this as the transi-
tion from the first subband of the spin-orbit split-off band
to the first electron subband. Taking the spin-orbit energy
in GaAs to be 341 meV, we find in both cases that the
confinement energy of the split-off hole subband is close
to that of the first light-hole subband, as would be expect-
ed from their similar effective masses. This will be dis-
cussed in more detail in a forthcoming paper.?

Finally, spectra were also taken with magnetic field ap-
plied perpendicular to the growth axis. Typical results are
shown in Fig. 7, for the 60-A well sample. No change
was observed in the N=1 subband energies in any well
studied. A slight shift was observed in some higher tran-
sitions, but in every case the line width was too great to
make any reliable measurement.

In conclusion, we have obtained, from a study of the
magneto-optics of quantum wells, detailed results con-
cerning the subband structure of all three major carrier
types. The conduction-band nonparabolicity is enhanced
by quantum confinement; the heavy-hole effective mass
for motion in the layer plane decreases considerably for
decreasingly well widths, and the light hole exhibits elec-
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tronlike motion in the layer plane. We have also analyzed
the binding of excitons as a function of Landau level and
magnetic field, and shown that a magneto-optical deter-
mination of the zero-field exciton binding energy gives
good agreement with zero-field measurements of this en-
ergy. The exciton binding energy is found to be (9+1)
meV in a 110-A well, rising to (1614) eV in a 35-A well,
and becoming smaller (1343 meV) in a 22-A well, in
qualitative agreement with theoretical calculations. For
narrow wells these results are still significantly greater
than would be predicted by current theories.

Note added in proof. The availability of a new, higher
quality GaAs-Ga;_,Al;As multiple quantum well sam-
ple, with ~60-A well width, has enabled us to deduce
HHI1-E1 and LH1-E1 exciton binding energies of 12.5+1
meV and 13.5+1 meV, respectively, using the low-field
extrapolation technique, in reasonable agreement with the
fitted values reported above. In addition, recent pump
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and probe cyclotron resonance experiments performed on
the samples described in this paper, have indicated that
the electron nonparabolicity due to motion in the plane of
the well (cyclotron motion) is much larger than that due
to confinement. A model which includes these features
and which reproduces the electron effective masses ob-
served in the cyclotron resonance data has been formulat-
ed, and has been used to fit the interband magneto-optical
data presented in this paper: the fitted high-field exciton
binding energies used are much closer to the directly mea-
sured values. These values will be published in the near
future.?*
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