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The conduction-band offset in GaAs-Al,Ga; _,As quantum wells is determined with a new light scatter-
ing method. A value of AE,/AE,=Q,=0.69 is found for x=0.06. The conduction-band discontinuity
AE, is obtained from electronic light scattering in a photoexcited sample. The total gap discontinuity AEg is
deduced from resonance Raman scattering by Al,Ga;_,As phonons in the same sample. The light scatter-
ing method is unique because AE, can be determined regardless of the valence-band structure or exciton
binding energies. It also allows a direct measurement of AE;, so that an exact knowledge of the alloy com-

position in Al,Ga;_,As is no longer needed.

The determination of band offsets in semiconductor
heterojunctions is of great current interest.! The most
thoroughly studied system in the last years has been the
GaAs-Al,Ga;_,As heterojunction. The pioneering optical
absorption studies of Dingle, Gossard, and Wiegman? were
interpreted in terms of a conduction-band discontinuity
AE.=0.85AE,, where AE, is the energy gap difference
between Al,Ga;_,As and GaAs. However, later work by
Miller and co-workers®* in parabolic and square quantum
wells indicates a conduction-band offset of Q,=AE,/
AE;,=0.6. This more symmetric distribution of the discon-
tinuities between the conduction and valence bands has
been confirmed by a number of electrical’-!! and optical'2-*
experiments. A closer analysis of the available optical data,
however, indicates that within the overall convergence to
Q.~—0.6, a considerable broad range of values
0.5< 0. <0.65 has to be used in order to fit all the pub-
lished data.! This is related to the experimental uncertain-
ties in AE, and AE,. The discontinuity AE, is obtained
from a fit of the optical transition energies. This is a diffi-
cult procedure which requires a knowledge of exciton bind-
ing energies and a calculation of the sublevel structure in
the conduction and valence bands. The uncertainties in AE,
arise from the estimate of the Al concentration x and from
the interpolation formulas used to evaluate the Al,Ga;_ As
energy gap.

In this Rapid Communication, we report a new experi-
mental approach to the band-offset problem which elim-
inates the main sources of error discussed above. We use
inelastic light scattering by photoexcited electrons in GaAs
quantum wells to determine the intersubband transition en-
ergies in the conduction band.!®* From this experiment we
obtain an accurate value of AE,. Unlike the methods based
on exciton spectroscopy, the light scattering determination
of AE, does not require a calculation of the complicated!’
valence-band structure or an estimate of exciton binding en-
ergies. The experimental uncertainties associated with the
determination of AE, are also completely bypassed by
deducing this value from the position of the first delocalized
exciton.!® This exciton, formed by levels just above the
barriers, leads to sharp resonances in the Raman scattering
by phonons confined in the barrier material.!®

We investigated samples designed to have wide GaAs
quantum wells and barriers with low aluminum concentra-
tion. This choice was made in order to keep the thickness
uncertainty below 1%, while the lowest energy levels remain
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sensitive to the (@, value. On the other hand, the
effective-mass theories (including nonparabolicity effects!®)
and the square-well aproximation are expected to be more
accurate for samples with low x and relatively wide wells.

We present data for sample 4, which has ten periods of
alternating GaAs layers (thickness d4;=334+3 A) and
Al,Ga, _,As layers (thickness d,=459 +3 A). The Al con-
centration is expected to be x —0.06. The thicknesses were
determined from transmission electron microscopy (TEM)
measurements.

The sample was placed in a He cryostat and kept in con-
tact with flowing He gas (T ~8 K). A dye laser operated
with DCM was used simultaneously to photoexcite electrons
and as a light scattering probe. The beam was focused onto
the sample by means of a spherical high-quality lens. Typi-
cal power densities were in the range of 2x10° W/cm?.
Stokes—anti-Stokes ratios suggest electron temperatures of
the order of 30 K. The phonon Raman experiment was car-
ried out with an LD-700 dye laser.

Figure 1 shows light scattering spectra for sample 4. The
laser energy is near the Ey+ Ay gap of GaAs, for which the
intensity of electronic light scattering is expected to show
resonant enhancements.?%2! The peaks are assigned to dif-
ferent intersubband transitions between the first four levels
in the conduction band of the GaAs quantum wells. These
levels are indicated by subindices 0,1,2,3. The assignment
is confirmed by the resonant behavior observed in the three
spectra shown in Fig. 1. As expected,2®2! the transitions in-
volving higher levels resonate for higher laser energies.

The presence of an electron-hole plasma can affect the in-
tersubband transition energies in two different ways: by
modifying the square-well potential if the electron and hole
charge densities do not cancel out, and by the macroscopic
electric fields set up by charge-density fluctuations.?2! The
latter appear for the polarized configuration (parallel in-
cident and scattered light polarizations) and can be avoided
by taking the spectra—as in Fig. 1—in the depolarized con-
figuration (perpendicular incident and scattered polariza-
tions) which corresponds to spin-density fluctuations of
single-particle character.22! The cancellation of the total
charge density can be demonstrated by the independence of
the depolarized spectra upon laser power density.22 This sit-
uation is different from that in modulation-doped samples,
where charge separation occurs and the bare quantum-well
potential is deeply modified.2! Our results also suggest that
many-body effects on the transition energies, which should
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FIG. 1. Depolarized light scattering spectra (Stokes shift) for
three different laser wavelengths. The inset shows schematically the
two-step microscopic process responsible for the light scattering.

be a function of the electron density,?* are negligible in our
samples.

The experimental transition energies are summarized in
Table 1. The absolute conduction-band discontinuity can be
deduced from a calculation of the energy-level structure in
the conduction band. Because of the high experimental ac-
curacy, it is important to take band nonparabolicity into ac-
count. To that extent we use the effective-mass equations
of Pétz, Porod, and Ferry,!s which include the split-off band
and remote band effects. These equations lead to energy-
dependent masses and boundary conditions, but can be easi-
ly solved by looking for self-consistency between the input
parameters and those which result from the calculated
eigenvalues. We take the necessary band-structure data
from Ref. 19. To fit the intersubband transitions we consid-
er AE, as adjustable parameter and also vary d; within the

TABLE 1. Experimental and theoretical intersubband transitions
in the conduction band of sample 4. All values are in meV.

Ey Ep Ep Ep
Expt. 10.42 £0.2 16.03 £0.3 19.92 +0.3 26.59 £0.2
Theory® 10.29 16.25 19.89 26.55

*For AE,=55.9 meV and d; = 335.1 A.
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uncertainty limits of the TEM measurement. The best fit is
obtained for AE,=55.9 meV and d,=335.1 A.

The calculated transition energies shown in Table I agree
with the measured values within experimental error.?* It
should be emphasized at this point that the equations in
Ref. 15, which we have used in our calculations, include the
effect of the p-antibonding conduction band as a perturba-
tion. It has been shown by Réssler!? that in bulk GaAs this
approach is correct for energies below 50 meV from the
conduction-band minimum. This is just the energy of the
highest confined level in our samples. For higher levels,
the coupling to the p-antibonding conduction band has to be
treated exactly. This consideration might be relevant for ex-
periments in thinner wells.}* The difference between calcu-
lated and measured intersubband transitions is displayed in
Fig. 2 for different choices of AE,.

Having established the value of AE,, we can calculate Q,
from a determination of the total gap discontinuity AE,.
We use resonance phonon Raman scattering at delocalized
excitons'® to measure AE,. While the excitons localized in
the GaAs quantum wells only produce resonances in Raman
scattering by phonons confined in the same wells,?® the
delocalized excitons lead to sharp resonances in the Raman
scattering by phonons in the barrier material as well.!8

Figure 3 shows the resonance behavior of the LO; pho-
non of Al,Ga;_,As in sample A as a function of laser ener-
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FIG. 2. Deviation between theoretical and experimental values of
the intersubband transition energies as a function of AE.. The
values of AE, are given in terms of Q, =AE,/AE,, taking AE, =81
meV (see text). The inset shows a schematic representation of the
investigated transitions.
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FIG. 3. Resonance of the Raman efficiency for the LO; phonon
of Al,Ga,_,As in sample A.

gy. The Raman spectra were taken in the polarized config-
uration, which corresponds to scattering induced by the
Frohlich electron-phonon interaction.!®2 We see in Fig. 3
an incoming resonance (laser photon energy equal to the
excitonic transition) and a better resolved outgoing reso-
nance (scattered photon energy equal to the excitonic transi-
tion). From these values and the measured phonon energy
[fw(LO;) =36.25 meV in our sample] we find an exciton
energy of E.,=1599+1 meV. The actual Al,Ga;_ As
band gap can be slightly different from this value, because

we have to subtract the difference between the delocalized
levels and the barrier heights and add the exciton binding
energy. In practice, these two quantities tend to cancel out.
The first delocalized level in the conduction band can be
calculated to be 2.1 meV above the top of the barrier. For
heavy and light hole levels, this quantity is 3.1 and 2.4
meV, respectively (below the valence-band barrier). The
total amount, between 4.3 and 5.1 meV, is comparable with
the expected binding energy of the delocalized exciton: For
d; =330 A the binding energies of the highest excitons tend
to a value slightly below 5 meV (Ref. 26). This should also
be valid for the delocalized exciton in our samples with low
Al concentration, because the bulk Al,Ga;_,As exciton has
a binding energy close to the 4.2 meV estimated for GaAs.?’
We thus conclude that EA‘xG*‘x-xAs= 1599 £3 meV gives a

safe estimate of the Al,Ga;_,As energy gap.?® Using the
value Eguas=1517.7 meV from Ref. 27, we obtain a total
band discontinuity of AE,=81+3 meV. This value, to-
gether with AE,=55.9 meV, leads to Q,=0.69 +0.03.

Experiments in other square and parabolic wells?® confirm
this value of Q, and do not seem to indicate any depen-
dence of Q, upon the Al concentration x, in agreement with
the great deal of experimental data for different values of x
(Refs. 3-14). The magnitude of our value for Q, is some-
what higher than in other optical experiments,> 1213 and also
higher than the most detailed electrical data available.? 30
(See Ref. 31 for a critical review of electrical experiments.)
However, many of the previous determinations of Q, are
subject to revision because of the experimental difficulties
discussed above. As far as the light scattering results are
concerned, the main sources of error have been eliminated,
so that we consider our value Q,=0.69 £0.03 to be very ac-
curate.
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