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Heavy- and light-hole exciton transitions were observed from isolated quantum wells in two
wafers of Al, 4Gay ¢As/GaAs produced by molecular-beam epitaxy using interrupted growth at the
heterointerfaces. The transitions can be assigned to well widths that are integral multiples of a
GaAs monolayer width with the integers between 6 and 25. Direct measurements of the barrier-

layer band gap and barrier-layer exciton binding energy were also made.

A detailed envelope-

function analysis of this unique data set revealed the necessity of using a soft-edge potential well
rather than a square well when analyzing such narrow wells. A reduction in exciton binding ener-
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gies of 2.5 meV from free charge arising from unintentional barrler doping of ~1x 10" cm ™3 was
found. Exciton binding energies for wells between 17 and 70 A are deduced from the analysis.

I. INTRODUCTION

Interruption of growth by molecular-beam epitaxy at
the interfaces of Al ,Ga,_,As/GaAs heterostructures
can produce very narrow quantum wells having widths
that are uniform over lateral distances ranging from 0.6
to 1.5 pm and that are equal to integral numbers of
monolayers of GaAs.""? These conclusions resulted from
photoluminescence and excitation spectroscopy observa-
tions of heavy- and light-hole excitons confined in such
wells. The exciton transitions had spectral widths corre-
sponding to fluctuations of a small fraction of a mono-
layer width and spectral spacings indicating that they
originated from different portions of the wells whose
widths differ by integral multiples N of one monolayer
thickness. Once the correct assignment of N values is
made to the sequence of exciton transition energies, they
represent a particularly unique and precise data set to
examine the envelope-function method of calculating
subband edges and, in so doing, to deduce exciton bind-
ing energies for quantum-well widths in the range 17-70

We have now studied the photoluminescence and exci-
tation spectra from a second wafer whose quantum wells
were produced using growth interruption at the
heterointerfaces. The heavy- and light-hole exciton tran-
sitions observed in this wafer confirm and extend the
original data set. Furthermore, the band gap of the bar-
rier layers in both wafers was directly observed by exci-
tation spectroscopy. Thus errors caused by determining
the barrier band gap from the Al-to-Ga composition ra-
tio of the barrier are eliminated.

With widths corresponding to integral multiples of
GaAs monolayers and the barrier-material band gap
directly measured, the envelope-function calculations for
this data set are tightly constrained. In addition, some
40 measurements in the literature now indicate that the
conduction-band-offset fraction lies in the rather small
range 0.64+0.06. Also, the effective masses of the car-
riers are quite accurately determined by low-
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temperature, bulk-crystal measurements. The envelope-
function analysis is also tightened by the recent ﬁndmg
that nonparabolicity causes an almost negligible role in
determining the lowest quantum-well subband-edge re-
gardless of its energy.

A comparison of the sum of subband-edge energies in
the conduction and valence bands, so calculated, with
the exciton transition energies (by which we mean the
difference of photon energies and the GaAs band-gap en-
ergy of 1.5192 eV at ~6 K, i.e., hv—E,) should yield
the exciton binding energy. If the quantum-well poten-
tial is taken as a square well, we find that the deduced
exciton binding energies decrease as the well width de-
creases from 60 to 30 A before beginning the expected
increase for still narrower wells. All theories of two-
dimensional confinement of excitons show that such a
dependence is physically unacceptable. We conclude
that a potential well having smooth, rather than abrupt,
edges must be used to model very narrow quantum
wells. This is supported by the recent work of Van de
Walle and Martin* which shows that the transition to
bulk-crystal properties occurs in a distance of about one
monolayer on each side of a chemically abrupt interface.

The exciton binding energies deduced from the
smooth-edge well calculation have the expected increase
with decreasing well width. They can be compared to a
few measurements of others®>® for well widths in the
60-75 A range and to one measurement made in the
present study on a 31 -A well from the 2s-1s sphttmg
These comparisons indicate that free charge screening
has reduced the exciton binding energy by approximate-
ly 2.5 meV in our interrupted growth wafers. The unin-
tentional doping, probably an acceptor from previous ex-
perience, must be in the barrier in order to give free
charge in the well at low temperature and need be only
at a level of 1X10* cm—3, a very small value.

The exciton binding energies that we deduce are found
to rise to approximately 25 meV for a well width of 17
A an exceptionally large value. We find, however, that
the exciton binding energies we observe by excitation
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spectroscopy in the barrier are close to this value, and
they should be regarded as intercept values in the limit
of zero well width. The recent work of Pearah et al.
also observed exceptionally large exciton binding ener-
gies in bulk Al ,Ga,_,As crystal for 0.353x X0.45,
thus giving further support to the deduced values.

II. EXPERIMENTAL PROCEDURES

The two wafers on which measurements were made
were grown in a nominally identical manner by
molecular-beam epitaxy at 600 °C on a rotating substrate
holder with a two- -minute interruption at each heteroin-
terface.! A 5000-A GaAs buffer layer was grown on a
(100) semi-insulating GaAs substrate followed by 1000 A
of Alj 4,Gag ¢oAs, then GaAs wells of nominal widths of
100, 50, 25, and 15 A each separated by 300-A
Aly 40Gag gpAs barrier layers, and finally a top layer of
1000 A of the same alloy. Evidence of well widths equal
to integral numbers of GaAs monolayers was found only
for the nominally 50-, 25-, and 15-A wells with several
well widths arising from each nominal well width and
caused by variations across the wafer.? For the nominal-
ly 100-A-width well only a single heavy-hole exciton
peak and a single light-hole exciton peak were observed,
we believe, because the frequency width of the transi-
tions from successive integral number of monolayer wells
exceeded their separation.

Various characteristics of the low-temperature (~ 6-K)
photoluminescence and excitation spectra of wafer 1
were discussed earlier.! Typical spectra are exhibited
there.! Those of wafer 2 are qualitatively similar, the
only differences being slightly wider wells and a slightly
lower-barrier band gap.

Table I lists the observed transition energies hv—E,
from both wafers. The transition energies are those ob-
served from excitation spectra, that is, from absorption
peaks except for those for N =8,9 in wafer 1 and
N =9,14 in wafer 2. These were seen only in photo-
luminescence where the thermal population factor in
emission overcomes the very weak strength brought
about by the rare occurrence of that well width in the
excitation volume. They were corrected upward respec-
tively by 1.2, 0.8, 1.3, and 0.3 meV for Stokes shifts as
determined from direct comparisons of spectral positions
of emission and absorption in neighboring transitions.
The monolayer assignments are also shown in Table I.
Those for wafer 1 are greater by one than the original,
tentative assignments.! The assignments are quite cer-
tain. For example, if the monolayer assignments for the
sequence of transitions assigned to N =6-13 in wafer 1
were lowered by one, unacceptably high exciton binding
energies of approximately 50 meV would result for
N =35, while if the assignments were raised by one, nega-
tive exciton binding energies would result.

The well width corresponding to the monolayer num-
ber in Table I is based on a monolayer thickness of
GaAs (one half the lattice parameter) being 2.8237 A at
approx1mately 6 K. This is obtained from the lattice pa-
rameter® of 5.65325 A at 300 K and 1ntegrat10n over
temperature of its thermal-expansion coefficient.” Figure

A. Cal-

or light-hole valence bands are also listed. The soft-edge well and screening corrections are

« are also listed. All energies are in meV.
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1 is a plot of the transition energies of both heavy- and
light-hole excitons versus the assigned monolayer num-
ber.

In order to further constrain the calculation of sub-
band edges we measured the band gap of the barrier ma-
terial directly by extending the excitation range. The
heavy and light excitons of the Al,Ga,_,As barrier ma-
terial, split by the small amount of lattice-mismatch
strain, were observed. Both the 1s ground states and the
2s excited states were resolved. Multiplying the 2s-1s
splitting by % give the exciton binding energy in each
case and determines the band gaps between the conduc-
tion and the heavy- and light-hole valence bands in the
strained material. In wafer 1 the heavy- and light-hole
exciton binding energies in the barrier were found to be
25.2 and 22.9 meV and in wafer 2 to be 25.5 and 21.3
meV. In wafer 1 the barrier band gaps with respect to
the heavy- and light-hole valence bands were found to be
2.0133 and 2.0190 eV and in wafer 2 they were found to
be 2.0047 and 2.0089 eV. Further analysis of these and
similar measurements will be published elsewhere.

Exciton-binding-energy measurements for the well-
confined excitons by the 2s-1s splitting method®'® are
not in general possible in our two interrupted-growth
wafers because excitons from several well widths
differing by a monolayer each are usually observed at
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FIG. 1. Plot of heavy-hole (hh) and light-hole (Ih) exciton
transition energies vs the quantum-well width expressed in the
number of monolayers of GaAs. The circles represent data
from wafer 1 and pluses represent data from wafer 2. The
curves are empirical.
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once. However, in one case for an exciton assigned to
N =11 (I =31.061 A) the 2s-state edge was visible as
shown in Fig. 2. Taking the 2s-state energy as halfway
up the edge'® (see arrow on left in Fig. 2) and dividing
by 0.87, as derived in Ref. 10, yields a heavy-hole exci-
ton binding energy of 13.1 meV. If the 2s-state energy is
chosen at the top of the rise as done in Ref. 6 (see arrow
on right in Fig. 2) and the 2s-state binding energy of 1.9
meV (Ref. 6) is added to the 1s-2s splitting, a heavy-hole
exciton binding energy of 14.9 meV results. Since the
observation of a spectral peak in Ref. 6 makes the
binding-energy determination there more reliable than
those of Ref. 10, and since the values found in Ref. 6 are
larger than those in Ref. 10, the value of 14.9 meV is
thought to be more reliable. This value aids in con-
straining the exciton binding energies deduced below
from subband-edge calculations. It should be noted in
Fig. 2 that the valley between the 1s and 2s states is not
as pronounced as in the spectrum of Dawson et al.’
The 2s peak-to-valley ratio in their work is 8:1 while it is
only 1.6:1 in Fig. 2. Further, their 2s peak is a distinct
peak while that of Fig. 2 is only an edge. The likely ex-
planation for the lack of a distinct 2s peak in Fig. 2 is
the presence of some free charge in the well resulting
from unintentional doping of the barriers, which from
past experience is likely to be an acceptor. Experience
has also shown that growth interruption as used in our
wafers tends to add additional carbon acceptors in the
interface region. The presence of free charge in the
wells is also indicated by the deduction of exciton bind-
ing energies in Sec. III.
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FIG. 2. Photoluminescence excitation spectrum of the

ground ls state and the excited 2s state of the heavy-hole exci-
ton in an eleven-monolayer (Il =31.061 A) well. See text for
meaning of arrows.
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III. ENVELOPE-FUNCTION
CALCULATIONS

If reliable exciton binding energies are to be obtained
from the difference between the transition energies of
Fig. 1 and the sum of the subband edges (quantum
confinement energies) in the conduction and valence
bands, the calculation of the subband edges using the
envelope-function approach must involve only tightly
constrained parameters. These parameters include well
widths, band gaps of well and barrier materials, the
offset parameter, masses, nonparabolicities, and the well
shape. We discuss each of these in order.

The uniqueness of the present data stems from the ex-
citon transition energies being associated with wells
whose widths differ by one monolayer. Of course,
widths differing by one monolayer means only that they
are expressible as (N +F)a, where N is an integer, F a
fraction of one (independent of N), and a is the GaAs
monolayer thickness. Since both the well and barrier
materials have planes of As atoms perpendicular to the
growth direction [001], it is not immediately obvious
that F=0. However, the work of Van de Walle and
Martin®!! shows that the edge of the well is at the
center of the As layer and thus that F =0 is true to a
high degree of accuracy. Thus, we assign well widths to
integral multiples of the monolayer thickness. Since, as
pointed out in Sec. II, a shift from the assigned integer
in Table I and Fig. 1 by one leads to unacceptable or un-
physical values of the exciton binding energies, the as-
signed well widths of Na have essentially no uncertainty
in them.

In contrast to most work on quantum wells the barrier
band gap was directly observed and accurately deter-
mined in this work. We observed by excitation spectros-
copy the 1s and 2s states of the heavy- and light-hole ex-
citons, split by the small lattice-mismatch strain, in the
barrier. That allowed deduction of the exciton binding
energies in the barrier and thus the different energy gaps
between the conduction band and the light- and heavy-
hole valence bands, whose values are quoted in Sec. II.
By observing the barrier exciton states with the photo-
luminescence detector set successively on the heavy-hole
exciton peak emitted from each well, the barrier band
gap related to heavy and light holes in each wafer was
found to be uniform to 1 meV throughout the epitaxial
layers. The two barrier band gaps are used directly in
the envelope-function calculation. However, they can be
used to calculate the AlAs mole fraction x of the barrier
through the formula E,(x)=1.5192+1.425x —0.9x2
+1.1x3 (Ref. 12). This indicates that wafer 1 had
x =0.40 (slightly different from x =0.37, quoted earlier’)
and wafer 2 had x =0.39.

The offset parameter Q,, which determines the frac-
tion of the difference of barrier and well band gaps
occurring as a conduction-band discontinuity, has been
measured some 40 times now in the Al ,Ga,_,As/GaAs
system. Those many measurements can be characterized
as Q,=0.64+0.06. We allow variation of Q, only
within this range when fitting the data to Fig. 1; we find
Q. =0.70 to be best.
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Calculation of the subband-edge energies requires
values of the electron, heavy-hole, and light-hole
effective masses both in the well (GaAs) and in the bar-
rier (Al,Ga;_, As). The values we use in the well are,
respectively, m, =0.0665, m; =0.34, and m, =0.094 in
units of the free-electron mass, values used before'® in
fitting a large set of quantum-well data. They each fall

within  the uncertainty interval of the best
low-temperature bulk measurements: m,=0.066 50
=10.00007 (Refs. 14 and 15), my, =0.38+0.06

(Refs. 16 and 17), and m; =0.091£0.003 (Refs. 16 and
17). It is worth noting that there is justification for in-
creasing the light-hole mass a few percent above the
bulk value. Sanders and Chang!® showed that heavy-
and light-hole band mixing for nonzero wave vectors k,
of in-plane motion produces a negative effective mass for
the lowest light-hole band at k, =0 and band minima for
k,+0 that are approximately 2% lower than the k, =0
value for a 50 A-wide, x =0.25. Thus, the light-hole
mass, which in the envelope-function approach predicts
the k =0 subband intercept, must be increased approxi-
mately 4% to predict the subband edge. The tightness
of the bulk uncertainty interval constraints is seen from
the effective-mass changes of Am,==10.0009 (1.3%),
Am,;, ==+0.013 (3.8%), and Amy, ==+0.002 (2.3%) need-
ed to produce a subband-edge energy change of
AE = F0.5 meV for the N =22 well.

Since effective-mass measurements typically have not
been made for the particular alloy composition used in
the barrier, interpolation between values for GaAs and
AlAs is necessary. In the past this interpolation typical-
ly has been taken linear in the AlAs mole fraction x.
However, from band theory of III-V semiconductors it is
known that an effective mass is proportional to an
effective energy gap which is rather close in value to the
direct gap, while the direct gap often is a nonlinear
“bowing” function of the mole fraction x. Thus, it
should be more accurate to interpolate effective-mass
values in the alloy by

m(alloy)=m (GaAs)+[m (AlAs)—m(GaAs)]f , (1)

where

f=l[E,(alloy)—E (GaAs)]/[E,(AlAs)—E,(GaAs)] .

(2)
This interpolation method has the further advantage of
using only the directly measured barrier band gap
E,(alloy), which is found to be slightly different for
heavy and light holes, and the well-known values of E,
for GaAs and AlAs given in the E,(x) formula earlier in
this section.

Reliable experimental data on effective masses in AlAs
are sparse. Thus, it appears that theoretically derived
values are most reliable. We use m,=0.15 (Ref. 19),
myp, =0.40 (Ref. 20), and m, =0.18 (Ref. 20). Though
there is greater uncertainty in their values than those for
GaAs, there is also considerably less sensitivity to their
values because of the interpolation for an alloy of ap-
proximately x =0.40 and because they affect only that
portion of the wave function which penetrates the bar-
rier. Thus, changes of Am,=%0.0074 (4.9%),
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Amy, ==+0.16 (40%), and Am,; ==0.015 (8.4%) are
necessary to produce a subband-edge energy change of
AE = F0.5 meV for the N =22 well.

We include nonparabolicity by an empirical two-band
model® applicable to quantum wells. It is based on
Bastard’s derivation of the envelope-function approxima-
tion for two-?! and three-band?? interaction models, but
with an altered interpretation of the parameters. The
model can be expressed in an energy-dependent
effective-mass form. For a single, square quantum well
it consists of the dispersion relation in the well

PO 3)
2m,(E) ’
the dispersion relation in the barrier
E=V— —ﬁ—zﬁ’z— , (4)
2my(E)
and the combination of boundary conditions
Kumo(B) Ky (E) tan(k,1)=2 . (5)

kymy(E)  ky,my(E)

Here the subscripts w and b denote well and barrier, the
wave numbers k, and k, are both real numbers corre-
sponding to wave functions having trigonometric func-
tions in the well and exponentially decaying functions in
the barriers, / is the well width, V is the energy height at
the interfaces [Q,AE, for the conduction band and
(1-Q,)AE, for the valence  band where
AE, =E,(alloy)—E,(GaAs)], and the energy-dependent
effective masses are given by

my(E)=m,(1+E/E,) , 6)
my(E)=m,[1—(V —E)/E, ], ™

where E, and E, are the effective energy gaps in the
well and barrier materials that represent an appropriate-
ly weighted position of all the bands that interact to pro-
duce that particular effective mass. The usual nonpara-
bolicity parameter y is related to the effective energy
gap and the effective mass by

ﬁZ
- 2m;E;

The model also relates these properties on the two sides
of the interface by

m,/my=E,/E, , 9)
Y /Vs=(my /m,)*. (10)

In the empirical two-band model we regard m,,, m,, and
Y, as adjustable parameters, that is, parameters which
can be set independently to experimental values. The
model can be applied to any band: conduction, heavy-
hole valence, or light-hole valence band.

The surprise of this model® of nonparabolicity is that
the nonparabolicity shift of a quantum-well subband-
edge energy does not depend simply on the subband edge
having a large energy. It must also have a large occu-
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pancy probability in the well as distinct from the bar-
riers. This means that high nonparabolicity lowering of
subband edges occurs only for high-quantum-number
subband edges. For the lowest subband edge, even when
at a high energy, the effect is always minute (51 meV)
and, contrary to expectations, is always a raising of the
subband-edge energy.

For the above reasons the nonparabolicity parameter
values, ,=4.9%x 107" m? and y;,=7.4x 107! m? cal-
culated from a five-band interaction model,'? are com-
pletely adequate. Since the nonparabolicity of the
heavy-hole band is an order of magnitude or so below
the above values, it can be adequately taken as zero.

With the parameters now fixed, the envelope-function
model can be used to calculate the lowest subband-edge
energy for electrons, heavy holes, and light holes. The
sum of those for electrons and heavy holes (or light
holes) can be compared to the heavy- (or light-) hole ex-
citon transition energies hv—E, (GaAs) in columns 3
and 7 (or 4 and 8) of Table I. Because the interrupted-
growth technique produces wells that are chemically
abrupt, it is natural to attempt to model the well poten-
tial as a square well as used for Egs. (3)-(5). Calculated
energies for a square well are given in columns 5, 6, 9,
and 10. The difference between these and the corre-
sponding exciton transition energies of columns 3, 4, 7,
and 8 should be the exciton binding energies. We find,
however, that the exciton binding energies found from
this difference decrease in going from 60- to 30-A well
widths before a sharp rise occurs for narrower wells. A
minimum in the exciton binding energy function is in-
consistent with expectations of confinement of quasi-
two-dimensional excitons.

We attribute this discrepancy to the use of the ideal-
ized square well. If the well edges are smooth, rather
than abrupt, the lowest subband edge is expected to be
raised with the amount of raising larger for narrower
wells. The work of Van de Walle and Martin on
strained layer Si/Ge heterointerfaces* and on
GaAs/AlAs (100) heterointerfaces!! supports such a
smooth transition of the potential with the transition
distance being close to one monolayer (100) on both
sides of the chemically abrupt heterointerface. Thus, we
are led to model the well by

V —
V+-0 —1+tanh z—Na/2 (z>0),
2 a
Viz)= % 5
V+~O—l—1—tanh z+Na/2 (z<0),
2 a
(11
where
Vo=V/[1+N In(1+e~M)]. (12)

Here a is the width of a monolayer, N is the integral
number of monolayers, V, is determined by Eq. (12) to
make [ * [V —V(z)]ldz=NaV, and the zero of poten-
tial is the band edge of the well. This potential well is il-
lustrated in Fig. 3. The additional energy that this po-
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FIG. 3. Soft-edge-well profile representing Eqgs. (11) and (12)
for a six-monolayer-wide well, the narrowest well studied.

tential gives the sum of lowest electron and heavy- (or
light-) hole subband edges is shown in Fig. 4 and listed
in column 11 (or 12) of Table I. As seen from the data
of Table I, the use of this potential eliminates the
minimum in the deduced exciton binding energies
around 30-A well widths. A change of the transition
length parameter by ta /3 causes a change of £1 meV
for N =22 and £3 meV for N =6 for both heavy- and
light-hole exciton binding energies.

IV. EXCITON BINDING ENERGIES

Subtraction of the observed exciton transition energies
from the sum of the subband-edge energies calculated
with the smooth-edge potential gives the exciton binding
energies present in our interrupted-growth wafers. They
can be compared to two recent and reliable measure-
ments of exciton binding energies in the 60-75 -A well-
width range. They are the 12.1-meV heavy-hole exciton
binding-energy measurement at 75 A and x =0.40 of

T T T
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FIG. 4. The increase of energy of the heavy-hole exciton
E,, and the light-hole exciton E,, from subband-edge energy
changes arising from the soft-edge well relative to the square
well (x =0.40, Q, =0.70).

D. F. NELSON, R. C. MILLER, C. W. TU, AND S. K. SPUTZ 36

Dawson et al.° and the 12.5%+1-meV and 13.5+t1-meV
measurements of the heavy- and light-hole exciton bind-
ing energles at 60 A and x =0.35 of Rogers et al.” This
comparison indicates the values for both heavy- and
light-hole exciton binding energies deduced here are
about 2.5 meV low in this well-width range.

We attribute this discrepancy to a small amount of
free charge in the well resulting from unintentional dop-
ing, probably an acceptor, in the barrier layers or partic-
ularly at the heterointerfaces because of the interrupted-
growth technique. This hypothesis is supported by the
lack of a distinct 2s-state peak in Fig. 2 and the low 2s
peak-to-valley ratio shown there.

Both Kleinman?® and Sanders and Chang'® calculated
the reduction in exciton binding energies as a function of
free charge density (either holes or electrons) and well
width. They found the binding energies to be very sensi-
tive functions of the charge density. The work of
Sanders and Chang shows that an areal density of only
3% 10® holes/cm? can lower both heavy- and light-hole
binding energies by about 2.5 meV in the 60-70- A well-
width range. For such a low charge density the
binding-energy reduction is only a slow function of well
width, as can be seen from columns 13 and 14 of Table
I. Since the Alj 4Gag ¢As barriers between the wells are
300 A wide, the unintentional dopmg of the barriers
would be only 13X 10" acceptors/cm?, a value that can-
not be ruled out because it is 10—30 times less than has
been observed in other samples grown in the same ap-
paratus. We thus believe it reasonable to hypothesize its
presence.

Additional support for the 2.5-meV reduction comes
from our heavy-hole exciton binding-energy measure-
ment in wafer 1 shown in Fig. 2. That measurement
gave 14.9 meV for N =11 (I =31.061 A).

On the basis of these several reasons we add the
screening corrections of columns 13 and 14 of Table I to
the binding energies to obtain the final results listed in
columns 15-18 for the two wafers. They are also plot—
ted in Fig. 5. The measurements of Dawson et al® and
Rogers et al.’ and our 2s-1s measurements at / =31 A
are also plotted for comparison. The curves are simply
smoothed representations of the data.

The deduced exciton binding energies show a mono-
tonic increase as the well width decreases in the mea-
surement range, the effect of increasing two-dimensional
confinement. For the narrowest three well widths stud-
ied the binding energy for the light-hole exciton is found
to be less than that for the heavy-hole exciton, the re-
verse of the relationship at wider well widths. This
crossover of the exciton binding energies is expected
from the greater penetration of the light-hole exciton
wave function into the barrier and from the lower light-
hole exciton binding energy found in the barrier materi-
al. Each exciton binding energy is expected to reach a
maximum determined by an interplay of increasing two-
dimensional confinement and increasing penetration of
the barriers by the exciton wave function. This ap-
parently occurs at a_well width smaller than the six
monolayers (16.942 A) of our narrowest well and is
shown schematically by the dashed portions of the
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FIG. 5. Heavy-hole (hh) and light-hole (Ih) binding energies
B., vs the well width; open circles and triangles for hh and lh
of wafer 1, solid circles and triangles for hh and lh of wafer 2,
a square for hh from Dawson et al. (Ref. 6), a cross and a plus
for hh and lh from Rogers er al. (Ref. 5), a star for our hh
2s -1s measurement in wafer 1, and points at zero well width
for our barrier-layer measurements. The curves are empirical;
the dashed portions are only schematic.

curves. As the well width approaches zero, the exciton
binding energies should approach the exciton binding
energies of the barrier material. As mentioned earlier,
these were deduced from observations of the 2s-1s split-
ting of excitons in the barrier in both wafers and are
plotted in Fig. 5 at zero well width. The heavy- and
light-hole excitons remain split in the barrier due, we be-
lieve, to the small lattice mismatch of Al,,Gaj¢As to
GaAs. In view of the large exciton binding energies in
the barrier alloy, the large values reached for wells of six
monolayers are not surprising. Large values of exciton
binding energies in bulk alloy crystals, comparable to
those found here, were recently reported by Pearah
et al” They found the exciton binding energy rose
dramatically from 10.6 meV at x =0.29 to 39 meV at
x =0.44. Their data indicate that exciton binding ener-
gies such as we present here should depend strongly on
the barrier composition for very narrow well widths.
There is no straightforward method of determining
the uncertainties in our deduced exciton binding ener-
gies. However, we indicated above the sensitivity of the
calculated subband-edge energies to variations of the
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several carrier masses and to a variation of the transition
width parameter in the smooth-edge potential. As
pointed out earlier, the results have no significant sensi-
tivity to the bulk nonparabolicity parameters. It is also
worth noting that using the average value 0.64 of the 40
some recent measurements of the conduction-band-offset
parameter Q,, rather than 0.70, would cause the heavy-
hole exciton energy at N =22 (I =62.121 A) to drop by
1.5 meV and the light-hole exciton energy to rise by 0.9
meV. This would make the splitting between the two
types of exciton binding energies unacceptably large at
this well width when compared to the Rogers et al.” and
Dawson et al.® data. Furthermore, use of Q,=0.64
would lower the heavy-hole exciton energy by 5.6 meV
and raise the light-hole exciton energy by 3.0 meV at
N =6 (1 =16.942 A) and thus eliminate the expected
crossover of exciton binding energies shown in Fig. 5.
When all these sensitivities are considered, we estimate
the uncertainties in the exciton binding energles to be
about 2 meV for well widths near 60 A rising to about 5
meV for well widths near 17 A.

V. CONCLUSIONS

We used a unique data set of heavy- and light-hole ex-
citon transition energies measured from a series of quan-
tum wells produced by the interrupted-growth technique
and having widths of integral numbers of monolayers of
GaAs to test the envelope-function method of calculat-
ing subband-edge energies. The analysis was further
constrained by direct measurements of the barrier band
gap and the exciton binding energies in the barrier.
Nonparabolicity was included by an empirical two-band
interaction model® that shows that nonparabolicity plays
an almost negligible role in determining the energy of
the lowest subband edge in a quantum well regardless of
the energy of that edge. We found the envelope-function
approach is usable down to our narrowest well width of
17 A provided a smooth-edge potential well, rather than
a simple square well, is used. From the analysis and a
comparison with a few recent and reliable exciton bind-
ing energies for narrow wells, we concluded that the
binding energies in our wafers were reduced by 2.5 meV
from screening by free charge originating from uninten-
tional barrier doping at a level of 1Xx 10" cm~—3. After
applying a correction to compensate for this screening,
exciton binding energies were deduced down to well
widths of 17 A. The large exciton binding energies, ap-
proximately 25 meV, that we find at this well width are
comparable to the exciton binding energies that we ob-
serve directly in the barrier layers.
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