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Energy-gap discontinuities and effective masses for GaAs-Al„Gal „As quantum wegs
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For the first time a single set of quantum-well parameters that describes the energies of the observed ex-
citon transitions has been determined for both parabolic and square GaAs quantum wells grown with the
GaAs-Al„Ga~ „As system. With the new set of parameters one can fit both the energies of the allowed

(d, n =0) heavy- and light-hole transitions, and the forbidden (d n W 0) heavy-hole transitions, for both

types of quantum wells. For square wells, the GaAs well widths range from 51 to 521 A. The new param-
eters include a conduction-band energy-gap discontinuity equal to —57% of the total gap discontinuity and
the following effective masses: m, /ma=00665, m&/ma=0. 34, and m~/ma=0094.

In contrast to a large body of earlier work, '~ a recent
publication5 on parabolic quantum wells grown with the
GaAs-Al„Ga~ „As system presented evidence for a nearly
equal division of the GaAs-Al„Ga~ „As energy-gap discon-
tinuity hE~ between conduction and valence bands. The
lineup of the bands at the heterointerface determines the
potential barriers for the electrons and holes, which is of in-
terest from a physics point of view and of importance for
applications based on this system. Earlier papers on various
aspects of square GaAs quantum wells, ' and other struc-
tures, ~ obtained results consistent with the conventional
masses m& /ma= 0.0665 (Ref. 6) and ma/mp= 0.45 (Ref. 7)
and conduction- and valence-band discontinuities, AE,
= Q,EEg and AE„= QahEg, respectively, given by
Q, = 0.85 = 1 —Qa. We refer to these as the "usual"
parameters. For parabolic wells, however, a value Q, —0.5
was determined assuming the conventional masses. The
value Q, —0.5 can be obtained from the relation for para-
bolic wells with infinite barriers5
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In Eq. (1) hE, and EE„are the electron and heavy-hole
harmonic oscillatorlike energy-level spacings, respectively,
and their ratio /5E, /hE& is observed to be 2.6 (Ref. 5)
which therefore leads to Q, —0.5. At this point it should be
noted that the parabolic well Q, —0.5 with the m"s cited
above does not lead to satisfactory fits of observed series of
exciton transitions for square wells, and conversely,
Q, =0.85 does not lead to acceptable fits of the parabolic-
well data.

However, it is not generally appreciated that the usual
square-well parameters do not give an adequate fit to certain
aspects of the square-well data. In particular, it has been
recognized for years, ' but not emphasized, that a serious
difficulty exists between calculations and experiment in con-
nection with the transition energies of the square-well par-
ity allowed "forbidden" (or "nondiagonal") transitions
(5n A 0),'9 e.g. , the transition involving the n = 1 electron
and n = 3 heavy hole, denoted E~3I,. For GaAs wells with
L = 100 A and X=0.30 alloy barriers the calculated (usual
parameters) and observed Et3$ transition energies measured
from the n =1 heavy-hole transition E~q are 38 and 64
meV, respectively. In contrast, for parabolic wells, Q, —0.5
led to an excellent fit of the series of 11 observed diagonal
(6 n = 0) and nondiagonal (hn & 0) heavy-hole exciton

transitions. 5 This Rapid Communication addresses these
discrepancies and proposes a new set of quantum-well
parameters that lead to excellent calculated fits of both
square and parabolic GaAs quantum-well data.

It is clear that what is required to fit the square-mell for-
bidden transitions is a smaller heavy-hole mass and/or a
larger Qa (smaller Q, ) than usually assumed. In the
present work the GaAs heavy-hole mass proposed is
ma"/me=0. 34, a value consistent with that utilized in some
theoretical work' " and also obtained in some earlier at-
tempts to fit square-quantum-well data for wide GaAs
wells. " With this ma" and the usual m,', Eq. (1) leads to
Q, =0.57. Also to attempt a fit of the light-hole exciton
data at the same time, use is made of a relation arising from
the parabolic-well work5

)/2

= 1.9 (2)
mI' 41'

where hE~ is the observed light-hole exciton energy-level
spacing. Equation (2) then yields mi'/mc = 0.094, a value
about 7% larger than that (0.088, Ref. 6) preferred previ-
ously for square wells. Thus, the new parameters proposed
for both parabolic and square GaAs quantum wells are
Q, = 0.57, m,"/ma = 0.0665, ma"/ma= 0.34, and ml'/mc
= 0.094.

The energies of the various light- and heavy-hole exciton
transitions have been calculated with these new parameters
as a function of L for square wells. The computation uses
different effective masses for the particles in the well and
barriers and the appropriate current-conserving boundary
conditions for the wave functions at the heterointerfaces. '
Effective masses for the alloy barriers are obtained from a
linear extrapolation as a function of alloy composition x
from the GaAs masses to the A1As masses. ' ' The loga-
rithms of these calculated energies measured from the n = 1
heavy-hole exciton transition Eqq vs L are shown in Fig. 1
as solid lines for x=0.30 alloy barriers. The exciton bind-
ing energy is taken to be a constant for the transitions in a
given series, i.e., for either the heavy- or light-hole series,
but the difference between the binding energies of the light-
and heavy-hole excitons as a function of L (Refs. 15 and
16) is included in obtaining the curves in Fig. 1 so that they
can be compared directly with the corresponding data. Also
shown in Fig. 1 are these same energies determined from
excitation spectra for ten different high-quality multi-
quantum-well samples grown by molecular-beam epitaxy
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FIG. 1. Logarithm of the observed energies of the exclton transi-

tions E~ measured from the n =1 heavy-hole exciton EI~ vs loga-

rithm of L,. The solid lines are the calculated E~z-El& using the new

parameters Q, =OS7, m, /m0=0. 066S, mP/m0=0. 34, and m& /mo

0.094. The dashed line is a calculated curve for E&3&-E&& obtained

with the usual parameters, Q, =0.85 and mP/ma= 0.45.
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(MBE) with L ranging from 51 to 521 A and alloy barriers
with x=0.30+0.05. This uncertainty in x covers both the
uncertainty in its determination Rnd the actual range of the
samples used for Fig. 1. It turns out that the calculated en-
ergies are not very sensitive to x. The fits of the calculated
curves to thc transitions are in general quite good.

For some samples, all the transitions for 8 given L are in
cxccllcnt Rgrccmcnt with thc calcu18tcd values Bs csn bc
seen in Fig, 1. The relatively large spread in some of the
data for the lower lying transitions is attributed to experi-
mental uncertainties which are at best about +0.4 meV and
to effects duc to strain which on a relative basis will affect
these transitions the most. '7 In some cases, it appears that
the sample L is incorrect, e.g. , L =300 A and L =521 A..
The well widths are estimated from thc measured MBE
growth rates RAd Rrc ln most cases bcllcvcd RccUI"atc to
about +6o/o at the point of measurcmcnt on the sample.
However, for some samples, excellent fits of the observed
CnerglCs Of 8 SCI'1Cs of cxClton trBQSlt1OAS tO Bn CxtCQS1VC

compilation of experimental data like that shown in Fig. 1
can only be achieved if the L, differs from the growth rate
estimated value by morc than 10o/o. This suggests that L is
Aot uniform across thc wafcf which ls sometimes known to
bc the case from the growth geometry and which can also

bc demonstrated cxpcriIYlcntally by obscrvlng thc dcpcn-
dcncc of thc cncrglcs Gf thc tl'Rnsltlons on thc posltlon on
the sample of the focused excitation laser source. For the
sample with L =300 A mentioned above, a change of L to
340 A results in a mean deviation between the shifted data

points Rnd thc calculated cul'vcs for thc eight transitions of
1.0 meV. It should be noted that for L & 200 A there is on
occasion some weak structure present in the excitation spec-
tra, from which thc data lfl Flg. 1 Rrc dcl'lvcd, whlc11. has Aot

bccn ldcntlf lcd with known cxc1tofl transitions Gl othcI'

rAcchMllslYls.
For a comparison with thc usual square-well parameters,

thc calculated curve for the E13q forbidden transitions ob-
tained with the usual parameters is shown in Fig. 1 as a
dashed linc. Thc data BI'c ln pooI' Rgr cement with thc
dashed line over the entire range of L However, for higher

lying tr'Bnsltlorls, l.c., E~ —Elp fol i Q 2, thc di.ffclcnccs
between the calculated energies using the usual and new

parameters ls sm811 compared to thc spread ln thc cxpcl'1-

mental data. It is surprising indeed that Q, =0.85,
mq'/ma=0. 45, and Q, =0.57, mp,'/ma=0. 34 can result in

very nearly the same transition. energies. This emphasizes
the importance of the forbidden transitions and the parabol-
ic quantum wells for determining the GRAS quantum-well
paI'BA1CtCI's.

It can be seen. in Fig. 1 that the light-hole data are also
fitted by the new set of parameters which include
mP/m&=0. 094. In addition, the calculated and observed
values of the E~ p, cxciton transitions from which the ener-
gies to the E&~ transitiorls are plotted in Fig. 1 agree to
%'lthln about 1 mcV when thc cxclton blndlflg cncrgy ' ls
1AclUdcd 1A thc calcUlatlon.

Thc Acw parameters have bccn obtalncd 1A such. 8
manner that Eqs. (1) and (2) are automatically satisfied for
thc parabolic-well samples. But in order to fit the observed
magnitudes of the energy ladder spacings for the pnncipal
parabolic-well sample, 5 L is set equal to 540 A. This value
is within the range of the nominal value of L =510+35 A.

cstiIYlatcd car11cr from thc measured gl'Gwth I'ates. VAth

L =540 A, the exact calculation of the exciton transitions
taking into account finite wells, etc. , as described in Ref. 5,
yields values in excellent agreement with the data for both
thc diagonal and norldlagonal hcavy-hole transitions, and
for the light-hole transitions. A similar approach to thc oth-
er two parabolic-well samples5 also leads to good agreement
between the calculations and experiment.

Thc calculations shown in Fig. 1, and those for the para-
bolic wells, do not take into account the nonparabohcity
(NP) of the conduction and light-hole bands. (For the
heavy hole, NP is negligible. ) We have investigated in de-
tail the effect of the electron NP oA the calculated energies.
%C represent Np in terms of a parameter y, in the equation
for the band energy

(3)

c have calcUlatcd y~ from thc five-band model Used by
Lawactz, '0 fitting the parameters of the model to the ob-
served energy gaps Bnd the masses m,

' = 0,0665 rno,
m&'=0, 34mo, m~'=0. 094mo. In this way we obtain for
GaAs the value y, =4.9X10 15 cm2. This may be corn-
pared to the value y, =3.1x10 cm obtained by Ray-
mond, Robert, and Bernard' (expressed in our notation)
from a three-band (Kane) model. Both values are in
reasonable agreement with the experimental data cited in
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Ref. 18. Using our value of y„we have recalculated the
curves shown in Fig. 1. We find that at the highest energies
shown () 100 meV) there is a downward shift of the
curves of order 6%-S%, which would be barely resolvable in
Fig. 1 and is too small to upset any of our conclusions. At
lower energies the effects of NP are completely negligible.
Similarly, NP for the light hole is unimportant here even
though yI —1.5y, .

For the parabolic wells we have calculated the expectation
values of the NP perturbation in the Hamiltonian for the
electron. Our result can be written

(nlHNpln) = —~(7,m,'/t )(5 E) 2( 2n 2—2n+3)

n=1, 2, . . .

From this we calculated that due to NP the spacing of the
levels in the electron ladder diminishes with increasing n by

amounts ranging from 1.4% for E2 Et-to 7.2'/0 for E6 E5-(E6
is the highest electron level assigned in Ref. 5). These
shifts are smaller than experimental uncertainties, e.g. , that
due to broadening, so we conclude that NP has no effect on
the conclusions reached here.

In summary, a single set of GaAs quantum-well parame-
ters is proposed that leads to excellent agreement between
the observed and calculated exciton transitions for both
square and parabolic potential wells. These transitions in-
clude both the allowed heavy- and light-hole excitons, and
the forbidden heavy-hole excitons. The new parameters are
/JE, = 0.57/JEs, m,"/ma= 0.0665, mi,'/ma= 0.34, and
mi'/ma = 0.094. It is suspected that a "fine tuning" of these
parameters could lead to slightly different values, but the
extensive data cited herein, and other data, ' lend strong
support to 0, —0.6 in contrast to the previously accepted
value 0, —0.85.
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