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Exciton binding energies in shallow GaAs-Al,Ga_,As quantum wells
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Strong enhancements of the exciton binding energy (E,), compared to bulk GaAs, are deduced from
high-resolution spectroscopic studies of shallow GaAs-Al,Ga;_,As quantum wells, with aluminum concen-
trations of (1-4.5)%. A clear increasing trend in E, from 5.9 meV at 1% aluminum to 7.0 meV at 4.5% is
deduced, in good agreement with the predictions of variational calculations. Even at 1%, the value of E,
represents an enhancement of 40% over that in three-dimensional GaAs. The similarity of all the spectra
supports strongly the marked two dimensionality of the lowest exciton states, even for very low barrier heights.

Shallow quantum wells (QW’s) are of considerable inter-
est at the present time both from the fundamental point of
view and for their potential device applications.!™ In the
present paper a very-high-resolution spectroscopic study of a
series of shallow GaAs-Al,Ga;_,As multiple QW structures
with y=0.045, 0.02, and 0.01, respectively, is reported. Very
marked enhancements of exciton binding energy (E,) are
deduced compared to bulk GaAs for conduction- and
valence-band barrier heights as small as 9 and 5 meV, re-
spectively, in the 1% Al sample. Thus, even in very shallow
QW'’s the effects of the QW confinement potential, and
hence of two dimensionality, on the exciton properties are
very marked. These results are consistent with the observa-
tions of Goossen and co-workers' of room-temperature ex-
citon peaks and clear quantum confined Stark effects, both
signatures of quasi-two-dimensionality, in structures of simi-
lar, low Al content. The presence of clear exciton peaks at
300 K allows the application of such structures as optical
modulators, with the advantage that carrier sweep-out times
are very short, relative to conventional high Al barrier struc-
tures.

A clear increasing trend of E, from 5.9 meV at 1% to 7.0
meV at 4.5% is deduced from the present spectroscopic stud-
ies. The trend is found to be in good agreement with the
results of variational calculations for E,. The spectroscopic
determinations of E, are obtained from observations of
1s-2s exciton energy separations together with a small cor-
rection for the 2s binding energy.’ The identification of the
very-well-resolved 2s exciton states is placed on a firm foot-
ing by low-field magneto-optical studies.

The experiments were carried out at 4.2 K on a series of
GaAs-Al,Ga; _,As structures grown by molecular-beam ep-
itaxy at 610 °C. The structures consist of 25 repeats of 200-
A-thick GaAs QW’s and 500-A Al yGa1_,As barriers with
y=0.01, 0.02, or 0.045. A 1000-A-thick Al ,,Ga  9sAs layer
was also grown for comparison with the y=0.02 multiple
QW sample. The Al compositions (y) were determined dur-
ing growth from y =R 515 /(R Gaast R a1as), Where Rg,as and
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R p1as are GaAs and AlAs growth rates, respectively, mea-
sured by reflection high-energy electron-diffraction oscilla-
tion techniques to an accuracy better than 1%.° The expres-
sion for y will hold when there is no preferential loss of
either group-IIl species, as is the case for Al,Ga;_,As
growth below 640 °C. The reliability of the Al composition
is demonstrated by the observations of features in the QW
spectra arising from transitions at energies close to those of
the expected Al,Ga; _,As band-gap energies. Photolumines-
cence (PL) and PL excitation (PLE) spectra were excited
with 0.1 W/cm? of light from an Ar-laser pumped Ti-sapphire
laser. PL was dispersed by a 0.85-m double spectrometer and
detected with a cooled GaAs photomultiplier. Magnetic-field
spectra were obtained in a vertical bore superconducting
magnet.

PL and PLE spectra for the 4.5% sample are shown in
Figs. 1(a) and 1(b), respectively. The very small Stokes shift
(0.1 meV) and the narrow linewidths (0.6 meV) demonstrate
the high sample quality. The transitions are identified by
comparison with the results of three-band k- p calculations,’
from the low magnetic-field dependence of the PLE spectra
discussed below (shown in the inset for the 1523—-1533-meV
region), and from circular polarization experiments to distin-
guish heavy- and light-hole features. The first two PLE peaks
arise from 1s exciton, n=1 heavy-hole (HH) and n=1
light-hole transitions to the =1 electron subband (E;; and
E 1y, respectively). To higher energy, Eqp,, Eq14(2s), and
E1)(2s) exciton transitions are observed. Parity forbidden
E,, transitions are seen in all the samples investigated,
probably due to the presence of weak electric fields (3—5
kV/cm) arising from surface Fermi-level pinning.!%1? To
higher energy, the most prominent features arise from
Eisn, Ejpy, and transitions at the Al,Ga;_,As barrier
exciton-gap energy [E,,(barr)], as marked on Fig. 1. E3,
has the characteristic Fano-resonance line shape of a sharp
transition coupled to a lower energy continuum.>°

The Eqy;, and E,y; transition energies and the E ¢, (h),
E;,4(]) energy separations are summarized in Table L
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FIG. 1. Photoluminescence (PL) and PL excitation (PLE) spec-
tra for sample with 4.5% Al barriers in (a) and (b), respectively. The
weaker lower-energy peak in the PL spectrum is defect related. The
vertical lines below the PLE spectra are calculated transition ener-
gies for Eqy;, Ev1p, Eq3n, and Eyy,, tespectively. E, (barr) indi-
cates the Al Ga;_,As barrier exciton energy for the Al,Ga;_,As
band-gap variation of 14.8y meV measured for the 2% Al sample.
The inset shows expanded spectra at B=0 and 1 T (o*, o~ polar-
ization).

Knowledge of these separations permits a spectroscopic de-
termination of the exciton binding energies (E,), once a
small correction for the 25 exciton binding energy is made,
since E,=E; ,,+E (2s). Exciton binding-energy calcula-
tions we have carried out, described later, give
E,(25)=1.1 meV, and so E,; and E,; are deduced to be
5.9+1.1=7.0 (£0.1) and 5.8+1.1=6.9 (+0.1) meV, respec-
tively. These values constitute an enhancement of 65% over
the exciton binding energy of 4.2 meV in bulk, three-
dimensional (3D) GaAs,'* and demonstrate clearly the sig-
nificant two dimensionality of the exciton states in QW’s
with 4.5% Al barriers. The vertical lines below the principal
peaks are calculated transition energies using the three-band
k- p model, with a constant exciton binding energy of 7 meV
assumed for all transitions. The calculated energies are
shifted up slightly (by 0.5 meV) to bring the predicted E 5,
lines into agreement with experiment. In all cases the agree-
ment is good, to within 1 meV, thus substantiating the assign-
ments of the higher energy transitions of Fig. 1.

PL and PLE spectra for the 2% and 1% samples are pre-

TABLE 1. Transition energies and exciton binding energies
(meV).

4.5% 2% 1%
Euw 1521.85  1519.85  1518.44
Eum 152445 152175  1519.75
Es54(h) 59 53 48
Eqyai(D) 5.8 52 47
Ep=E1, 5(h)+E ;,(25) 7.0 6.4 59
Ey=E1, 2(1)+E(25) 6.9 6.3 58
E .,(15)(theory) 6.1 5.7 5.4
E 1 (2s)(theory) 1.1 1.07 1.05
E$™(calc) 152834  1526.26 1524.47
E,,(abs) 6.5 6.4 6.0
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FIG. 2. (a) and (b) As in Figs. 1(a) and 1(b) but for the 2% Al
barrier sample. The vertical lines indicate calculated transition en-
ergies for Eqy;, Eq,, and E,y, . (c) is the PLE spectrum for a
1000-A-thick layer of Al ¢;GagggAs. Inset: as in Fig. 1 inset but for
the 2% Al sample.

sented in Figs. 2(a) and 2(b), and 3(a) and 3(b), respectively.
Once again very-high-quality spectra are seen, with Stokes
shift <0.1 meV and very narrow linewidths (0.13 meV for
the 1% sample) being observed. The overall appearance of
the spectra with Eqy;, Eqyy, E1on, En(25), E11/(2s), and
E 3, transitions in the low-energy region of the PLE is very
similar to that for the 4.5% sample in Fig. 1. The similarity
of the spectra indicates strongly that even in samples with
1% barriers (total band-gap discontinuity 15 meV) the effects
of two dimensionality are very marked.'

Increasing quenching of below barrier QW continuum
transitions relative to the exciton transitions is observed in
the sequence 4.5% to 2% to 1% between Figs. 1(b), 2(b), and
3(b). This phenomenon increases the prominence of weak
excited-state transitions in the spectra. It arises since with
reducing barrier height the probability of migration of carri-
ers created with finite kinetic energy to nonradiative centers
at either the substrate or surface becomes increasingly great.
Similar quenching of continuum transitions has been re-

ported for short-period superlattices.'®!
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FIG. 3. (a) and (b) As in Figs. 1(a) and 1(b) but for the 1% Al
sample. The vertical lines indicate calculated E,;, E;,;, energies.
Inset: as in Fig. 1 but for the 1% Al sample.
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The PLE spectrum of a 1000-A-thick Al yGa;_,As layer
with aluminum composition y=0.02, is shown in Fig. 2(c).
The PLE peak arises from free exciton transitions in
Aly,GagogAs. The exciton feature in Fig. 2(c) agrees
well in energy with the feature identified as arising from
Al,Ga;_,As barrier transitions for the QW sample in Fig.
2(b). The Al,Ga;_,As barrier energies marked on Figs. 1
and 3 are calculated using an Al,Ga,_,As band-gap
variation of 14.8y meV deduced from Fig. 2(c),'® and are
seen to agree well in all cases with peaks identified as
Al,Ga,_,As barrier transitions.

The energies of the 1s and 2s Ey;, and E;; exciton tran-
sitions for the 2% and 1% samples are tabulated in Table I
Exciton binding energies are again deduced from the 1s-2s
energy separations, plus the calculated values of 1.07 and
1.05 meV for the 2s binding energies for the 2% and 1%
samples. Values of E,;,=6.4 meV at 2% and 5.9 meV at 1%
are deduced (and E,; values of 6.3 and 5.8 meV, respec-
tively). Thus, a clear decreasing trend of exciton binding
energy from 7.0 meV at 4.5% down to 5.9 meV at 1% is
found from these spectroscopic studies.

Exciton binding energies were calculated using varia-
tional techniques with a nonseparable wave function of the
form ¢.(z.) ea(z)expl—Vr’+(z.—zp)*/\], where ¢;(z;)
are QW envelope functions for electrons and holes. Decou-
pled heavy- and light-hole bands were assumed. Such a wave
function, nonseparable into in-plane and perpendicular
terms, is expected to be appropriate for shallow QW’s where
the Coulomb interaction is of the same order as the QW
confinement potential.19 Values of E,; of 6.1, 5.7, and 5.4
meV were obtained from the calculations [E,,(1s)(theory)
in Table I] for the 4.5%, 2%, and 1% samples, respectively.
The overall trend of E,;, with decreasing Al from the experi-
ments (7 to 6.4 to 5.9 meV) is found to be reproduced well,
although in all cases the theoretical values are too low (by
0.5-0.9 meV), possibly because of the neglect of heavy-
hole-light-hole mixing in the calculations.

The strong enhancements of exciton binding energy can
be understood from examination of the electron and hole
wave functions. For the 4.5% Al QW the probability of find-
ing an E1 electron in the well is 95% and for an HH1 hole is
97%. Even for the 1% sample, the confinement of E1 elec-
trons and HH1 holes in the well is marked, with probabilities
of 75% and 86%, respectively, being calculated. Since the
QW’s are of width 200 A, of order of the 3D exciton Bohr
radius, a significant increase of exciton binding energy rela-
tive to three dimensions is expected, as calculated, and ob-
served in the experimental studies.

A key point in the deduction of E, from the experimental
data is the correct identification of the 2s transitions, particu-
larly since they arise close in energy to the sharp, normally
forbidden, E,, peaks. The detailed magnetic-field experi-
ments substantiate these assignments very clearly. Spectra at
B=0, and at 1 T for ¢* and o~ polarizations, are shown in
the insets to Figs. 1, 2, and 3, and a fan diagram of transition
energies against magnetic field for the most prominent tran-
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FIG. 4. Eqy;, E15,, and E1y;,(2s) transition energies as a func-
tion of magnetic field up to 1.5 T for the 1% Al sample of Fig. 3.
Triangles, unpolarized spectra; open circles, o* polarization; filled
circles, o~ polarization. The full lines are guides to the eye.

sitions for the 1% sample is shown in Fig. 4. In all cases the
peak labeled 25 shows a strong upshift in energy, whereas
the peak labeled Ey, splits into two with only small dis-
placement of its center of gravity to higher energy up to 1.5
T. The E,,, splitting is several times larger than that ob-
served for Eqy;,, Eqyy, or Eqy;(2s) transitions, with the o~
(") component lower (higher) in energy. This behavior is
characteristic of E 11,(2s) and E 1, peaks, respectively,'® and
confirms the proposed identifications.”’ Very similar results
for these two transitions were obtained by Vina et al. and
limura et al. in magnetic-field studies of highly resolved
spectra for QW’s with high Al content in the barriers.!%!!

The deduction of the exciton binding energies by the
above spectroscopic technique based on the energy separa-
tion of very sharp spectral lines is thus placed on a very firm
basis. Values for E, can also be deduced from the absolute
energies of the Ey; exciton transitions by comparison with
calculated n=1 heavy hole and n=1 electron subband free
particle, continuum transition energies [E {3 (calc) in Table
I1*' The energy separation between ESN(calc) and E,y is
equal to E,;, . Values of E,;, [E;(abs) in Table I] of 6.5, 6.4,
and 6.0 meV are obtained in this way, again reproducing the
trend of E,; deduced from the 1s-2s separations, and in
quantitative agreement within experimental error with the
accurate values deduced from E, (k) +E ;(2s).2

In conclusion, a very-high-resolution spectroscopic study
of a series of GaAs-Al,Ga;_,As QW’s has been reported.
Marked enhancements of exciton binding energy have been
deduced, even for the very low values of barrier height stud-
ied. The strong similarity of all the spectra supports the de-
duction of marked two dimensionality of the lowest exciton
states, even for barriers containing only 1% aluminum. The
trend of increasing E, with Al composition has been shown
to be in good agreement with the predictions of variational
calculations.
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