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Band offsets from two special GaAS-Al„Gal „As quantum-well structures
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Half-parabolic quantum wells and two-stepped quantum wells have been grown by molecular-beam epi-
taxy with the GaAs-A1„Ga~ „As system and investigated by photoluminescence techniques to determine
the band offsets at the heterointerfaces. Both structures provide interband transitions that are sensitive to
the partitioning of the energy-gap discontinuity b, Eg =hE, +5 E„between the conduction and valence
bands. It is concluded that the data require valence-band offsets AE„equal to 38% and 41% of AEg for the
half-parabolic ~elis and the two-stepped wells, respectively. These band offsets are therefore in agreement
with the trend of other recent determinations.

I. INTRODUCTION

Previous work has shown the importance of off-diagonal
exciton transitions (6n AO) and certain types of structures
for the determination of the band offsets for GaAs-
Al„Ga~ „As quantum wells. ' This Brief Report describes
the estimation of these band offsets from photolumines-
cence studies of two new GaAs quantum-well structures, in
particular, half-parabolic wells (HPW) and symmetric two-
stepped wells (TSW). These structures were designed to
provide transitions sensitive to the band offsets. The photo-
luminescence results show that the valence-band offset
hE„= Q„b.E~ for the GaAs-Al„Ga~ „As heterostructure
with x —0.2-0.3 is —40% of the energy-gap discontinuity
5E~. This result is therefore in substantial agreement with
the recent trend of determinations of Q„ for this system. 3

II. EXFERIMENT

increase in the gallium sticking coefficient with aluminum
content, are estimated to be small.

For the HPW structure the single-particle eigenvalues can
be approximated by the following expression for infinitely
high potential barriers

ENI=2(n —~)—,, n =1,2, 3, etc.2Q,b, Eg
mI'

where Q,AEr gives the band offset for the ith particle at a
point where the well has a width L Since the structure is
asymmetric, the corresponding wave functions have no pari-
ty. Note that in this approximation the n =1 level is ~ of
the ladder spacing for hn =1 above the bottom of the well.
An equivalent expression like Eq. (1) for full parabolic wells
can be demonstrated to lead to energy-level spacings within
a percent or two of those determined by an "exact" calcula-
tion encompassing the finite barrier height and the layer

Both samples studied were grown on (100) Cr-doped
GaAs substrates by molecular-beam epitaxy, with As2-rich
growth conditions and substrate temperatures of 675'C.
The half-parabolic potentials were obtained by chopping the
aluminum molecular beam with a computer-controlled
shutter to obtain the desired average potential as described
in connection with earlier work. ' This sample contained
five wells with L =522+31 A and 229-A-wide x=0.26
+0.05 alloy barriers. Each well consisted of 43 layers with

layers i = 1,3, 5, . . . , 43 being GaAs of deposited thickness
(L/22) (1 —[(44—i)/44]2]. Layers I = 2, 4, 6, . . . , 42 were
Alp 26Gac 74As with deposited thickness = (L/22) [(43—i)/
44] . Gallium-arsenide and aluminum-gallium-arsenide
growth rates were determined by measurement of deposited
film thicknesses of GaAs and A1As adjacent to a mask
which cast displaced shadows for gallium and aluminum
beams. The aluminum beam-flux intensity in the shuttering
sequences was determined by independent measurement of
aluminum flux with an ion gauge at the position of the sub-
strate. Thicknesses of the individual periods in comparable
structures were determined by cross-section examination by
transmission electron microscopy and confirmed the periodi-
city, accuracy, and constancy to within —10% of the deter-
mined values. 4 The incremental effects of the principal resi-
dual sources of uncertainty in layer thicknesses, namely, in-
terface roughness, beam-flux variations with time, and any
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FIG. 1. The two-stepped quantum-well structure showing the
relevant calculated single-particle levels with 0„=0.41.
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A. Results

1. Ha(f parabolic wells

The excitation spectrum at 6 K for the HPW structure is
shown in Fig. 2. To obtain the excitation spectrum, detec-
tion was set at —1 meV below the photoluminescence (PL)
peak at 1.53 eV and the incident photon energy scanned.
The PL peak, not shown, is largely ground-state free-
exeiton emission and is —3 meV full width at half max-
imum (FWHM). The most easily identified peaks, Eti„Ett,
E)2p, E)3I„E2g, E24p, E3/g E34I, and E4q, were used in the
simple energy-difference analysis to determine the energy-
level spacings. Exciton transitions, labeled EI,, are for
5 n = 0 transitions, where i denotes the electron and hole
quantum numbers and j either a light (l) or heavy (lt) hole.
For An~0 transitions EIJk is used, where i and j are the
quantum numbers for the electron and hole, respectively,
and k denotes the hole character, I or h.

The electron and hole average energy-level ladder spac-

E1h

HALF -PARABOLIC WELL

E35h
E4&

configuration. The half-parabolic well structure has the po-
tential advantage of exhibiting hn even and odd interband
transitions, and hence should yield direct determinations of
the intraband energy-level spacings. The 6 n = 2 transitions
have been shown previously to be important in the deter-
mination of Q&.

'2
The two-stepped well is shown schematically in Fig. 1. It

was designed so that the n =2 electron level and the n =3
heavy-hole level would be close to the top of their respec-
tive center wells with Q„—0.4 and hence be sensitive to the
exact value of Q. These wells were grown using two Al
ovens. Both shutters were open for the x=0.27 alloy bar-
riers which were 93-A thick, and only one shutter open for
the x =0.136 alloy layers. The sample contained 20 periods.

TABLE I. Experimental and calculated energy-level intervals for
the half-parabolic well sample for electrons, heavy poles, and light
holes, denoted by e, h, and l, respectively.

Expt. Eq. (1) Exact

b. E8 (meV)
b, Eq (meV)
hE~ (meV)

21.6+0.7
7.4 +0.5

13.6+1.0

24.8
8.6

16.3

21.9
7.5

14.4

ings are given in Table I along with values calculated from
Eq. (1) and those obtained via an "exact" calculation. ' The
exact calculation takes into account the 43-layer structure,
the variation of effective mass with x, and the continuity of
the wave function Q& and Q&'/m&" at each heterointerface.
The widtIjt of the HPW has been adjusted from the
522+31-A estimate from the growth parameters to 548 A
to provide the best fit of the exact calculated values to the
data. The (100) effective masses are the same as used pre-
viously, namely, m,'/mo = 0.0665, ms'/ma = 0.34, and
m,'/ma=0. 094. These hole masses are within the experi-
mental uncertainties of the values given by Bimberg. ' The
energy-level ladder spacings 4E; given in Table I for the
electron„heavy hole, and light hole are denoted with i = e,
h, and I, respectively. The calculated AE& in Table I are for
Q„=0.38. The fit with the actual data is indicated in Fig. 2

by the short vertical bars above the labeled transitions. The
binding energy of the heavy-hole excitons 8t, (h) was set
equal to 8.0 meV to fit the observed E~q and that for the
light-hole excitons was assumed to be 9.0 meV. The aver-
age deviation of the calculated values from the experimental
peaks is 0.7 meV with. the largest deviation being 1.2 meV
for E3&. Thus the fit is excellent. Note that Eq. (1) gives
values that are —8.5% too high, whereas for the fu11 para-
bolic wells we find the equivalent equation to be accurate to
within —2%. The failure of Eq. (1) for the HPW is un-
doubtedly due at least in part to the penetration of the wave
functions into the finite abrupt barrier with a consequent
reduction of the eigenvalues.
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FIG. 2. The excitation spectrum at —6 K for the half-parabolic
vrell sample with detection set at 1.5285 eV and excitation at 0.3
%'/cm with a tunable dye laser. Calculated exciton transitions with
Q„=0.38 are indicated by short vertical lines.

2. T~o-stepped wells

Figure 3 shows the PL and excitation spectra for the two-
stepped quantum wells. In this case the PL contains a signi-
ficant extrinsic component, as can be seen by the —10-
meV Stokes shift from the Eqq exciton peak in the excita-
tion spectrum. As with the HPW, the basic dimensions of
the structure have been changed from the estimates based
on growth rates to improve the fit of the calculated transi-
tions to the data. In particular, the width of the central re-
gion was changed from 90 to 93 A, and the upper well from
318 to 303 A, the latter dimensions being used for Fig. 2.

Figure 4 shows the Q, dependence of the calculated exci-
ton transition energies for the more important expected
transitions. To obtain these calculated curves, in each case
the binding energy of the Eti, exciton Bt,(h), was adjusted
between 6 and 8 meV to fit the observed E~I, value, and
8t, (l) was set equal to 8t, (h)+1 meV. Also shown are
the experimental transition energies including estimates of
their uncertainties. As expected, the transitions with either
electron or hole levels near the top of the central well are
the most sensitive to Q. The calculation also suggests that
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FIG. 3. The photoluminescence and exc '
pitation s ectra at — or t e wo-s ep—6 K f h t - t ped quantum-we11 sample described in connect~on with

r el extrinsic. For the excitation spectrum, detection was set atFig. 1. The photoluminescenc,nce shown in the left side of the figure, is largely extrinsic. or e exci a
Th

'
s of the exciton transitions calculated with Q„=0.41 or1.537 eU and the exciting laser beam a

~ ~

at —3 %/cm scanned in energy. The energies o e exci
d ths for the heavy-hole transitions are given bythe major relevant transitions are in ica e y s

' d' t d b bort vertical arrows. Relative calculated strengt s or e
the vertical lines below the transitions.
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FIG. 4. The calculated exciton transition energies for the two-
stepped quantum wells as a function of Q, = —Q„.=1—Q . A value of
~~ =0.59 gives the best fit to the experimental data.~c

E35q and E4p, overlap in energy. The data are best fit by
Q„=0.41. Computations based on the original estimates of
the structure dimensions give the best fit for Q„—0.42, so
that for this structure Q„does not depend critically on the
sample direction.

The calculated exciton transition energies using Q„=0.41
are shown in Fig. 3 by short arrows above the transition la-
bels and are seen to be in good agreement with the easi y
identified transitions. The calculated single-particle leve s
are included in Fig. 1.

A more detailed comparison of the calculations with ex-
periment should also consider the transition strengths. For
example, to fit the data the calculated intensity for E3/g

h ld b weak and that for E35I, strong, which is not the
of thenormal case for square wells. Thus, the strengths o e

various heavy-hole transitions have been estimated using
single-particle wave functions. This simple calculation does
not take exciton effects into account, and has been shown

reviously to be questionable for some transitions, e.g. , E]3$previous y
with square wells. ' However, the results for parabolic wel s1

demonstrate clearly the usefulness of this type of calcula-
tion. ' To determine the transition strengths, the required
wave functions were obtained by integrating Schrodinger's
equation numerically. The relative calculated strengths for
the heavy-hole transitions are indicated by the heights of
the vertical lines at the transition energies. he E E
E35$ and E4q transitions are estimated to be strong, as ob-
served. The transitions E24q and E3~ are estimated to have
moderate strength, which is not inconsistent with the weak
structure and rising signal level between E2~ and E35)g.
Transitions E3jI, and E$3$ are expected to be very weak as is
observed for E3iq, but Ei3I, is stronger than expected, as has
been noted earlier for this particular transition. ' In any
event, the calculated strengths add support to the interpreta-
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tion presented, which requires a relatively weak E3q and a
strong E35/g overlapping with a strong E4q.

. III. CONCLUSIONS

The design of both structures leads to transitions, some
hn =0, and some An~0, which play an important role in

determining the band offsets. The uncertainties in the Q
values are difficult to estimate, but Q„=0.40+0.03; hence
Q, =0.60+0.03 would encompass the present determina-
tions and also an earlier one by the same authors, These
conclusions are relevant for GaAs-Al„Gaj „As interfaces
with x in the range —0.2-0.3 and are in good agreement
with other recent determinations of Q„.3
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