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High-quality molecular-beam-epitaxy-grown decoupled GaAs-(Al, Ga)As multiple quantum wells

(MQW) of various well thickness (2.7 Ls 11.9 nm; x=0.3) and different barrier compositions
(0.12 x 1; L~ = 11 nm) have been studied by x-ray diffraction (XRD), photoluminescence excitation,
and emission (PL). The temperature dependence of the MQW properties has also been studied. The well

width and barrier composition of the MQW were obtained by XRD and PL, respectively. 2s-excitonic
features and the free electron-hole sublevel transitions can be resolved. We compare the 1s-2s energy
difference and the ground-state binding energies of the heavy- and light-hole excitons with a recent accu-
rate theory of exciton binding energies, taking the structure parameters from an independent determina-
tion. Experimental and theoretical values of the heavy- and light-hole exciton binding energies are
found to agree within 1 meV. The theoretically predicted and experimentally observed excitonic transi-
tion energies associated with the lowest (n =1) electron, heavy-hole, and light-hole sublevels agree well,
if the theoretical approach includes the split-off valence band. Interpolation formulas for the heavy- and
light-hole ground-state exciton binding energies and for the n = 1 electron, heavy-, and light-hole sublev-

el energies are given.

I. INTRODUCTION

Although progress has been made in predicting the ex-
citon binding and the sublevel energies in multiple
quantum-well structures (MQW's) there is still consider-
able uncertainty concerning the theoretical approach and
the parameter sets used. ' Two steps are required in or-
der to calculate the optical transition energies of the exci-
tons. The 5rst is a calculation of the sublevel energies at
k=0. This can be done in an envelope-function ap-
proach (cf. the Appendix), taking into account the
different band parameters in well and barrier materials,
nonparabolicity of the bulk conduction band of both con-
stituent materials, and for light-hole levels, coupling to
the split-off band. ' Valence-band mixing does not
change the position of the sublevels at k=0 in [001]-
grown MQW's.

The second step is a calculation of the exciton binding
energy, which must be subtracted from the sublevel ener-

gy in order to obtain the exciton transition energy. Re-
cently, an accurate theory of excitons in
GaAs/(Al, Ga)As quantum wells has been developed. '

This theory simultaneously includes valence-band rnix-
ing, Coulomb coupling between excitons belonging to
different valence subbands, the nonparabolicity of the
bulk conduction band, and the difference in the dielectric
constants between well and barrier materials. The ap-
proximation of neglecting Coulomb coupling between ex-
citons belonging to different conduction subbands was
checked by a separate calculation that neglects the
valence-band mixing but includes the coupling between
all pairs of conduction and valence subbands. The con-
duction subband coupling changes the exciton binding
energies by less than 0.2 meV in the range of well width
considered here (Coulomb coupling between excitons be-
longing to different valence subbands has a much larger
effect, because it is enhanced by valence-band mixing).
Also, coupling between light-hole and split-off bands was
not included in the exciton binding-energy calculation, al-
though it is important for the light-hole energy levels.
The reason is that the exciton binding energy depends on
the reduced effective mass that is dominated by the small
electron mass (the in-plane light-hole effective mass
=0.21mo is much larger than the electron effective mass
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due to the mass-reversal effect).
The most sensitive part for a determination of the tran-

sition energy is the sublevel energies, which may vary de-

pending on the material parameters, the precise value of
the total band-gap difference, and the offset ratio. It is
the aim of this paper to compare the experimentally and
the theoretically determined exciton binding and transi-
tion energies in a wide well width range (2.7 ~Lz ~ 8.8

nm; x =0.3) and for different barrier heights
(0.12&x &1; L&=11 nm}. Utilizing the independently
obtained parameters of the MQW structure, the theoreti-
cal predictions are compared with the experimental
findings.

II. EXPERIMENTAL DETAILS
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The GaAs/(Al, Ga)As MQW were grown by conven-
tional molecular-beam epitaxy techniques at 870 or 970
K. Each sample consists of a 500-nm-thick GaAs buffer
layer grown on a [001]oriented Si-doped GaAs substrate,
followed by about 50 periods of the MQW, and finally a
100-nm top layer of the barrier alloy. The AIAs content
of the Al„oaI, As barriers x was determined from the
bound exciton peak energy. The period length was
directly probed by x-ray diffraction (XRD) and the width
of wells (L~) and barriers (Ls) were obtained by a
dynamical simulation procedure. In all samples Lz was
chosen so as to ensure that the quantum wells (QW) were
effectively decoupled electronically. To avoid errors aris-
ing from the lateral inhomogeneity of the wafers, the
same samples were used for the optical and XRD investi-
gations.

The photoluminescence (PL) measurements were car-
ried out between 4.2& T~296 K, using a variable-
temperature cryostat. The 514.5-nm line of an Ar+-ion
laser was used as the excitation source. In the photo-
luminescence excitation (PLE) experiments the MQW
was excited with a tunable dye laser using pyridin dye
that was pumped by an argon-ion laser. A double-grating
monochromator and a cooled, GaAs cathode photomulti-
plier were used in conjunction with photon counting
techniques to disperse and detect the luminescence.

A double crystal diffractometer was used for the XRD
investigations. The Cu Ka, radiation was generated by a
rotating anode arrangement running at 45 kV and 600
mA and the Cu Eaz radiation was blocked by slits of 0.2
mm in front of and behind the symmetrical (220)
channel-cut Ge monochromator. In addition, a 0.2X2-
mm slit was placed in front of the sample so that the ir-
radiated area was limited to a size smaller than the sam-
ple itself. The diffracted beam was recorded using a
NaI:T1 scintillation detector. The smallest step height of
the sample (8) and detector circle (28) were 0.00025'
and 0.0005, respectively. The dispersion of the spec-
trometer agrees with the smallest step height of the detec-
tor circle.

III. RESULTS

A. X-ray diÃraction

Figure 1 illustrates the rocking curves near the (002)
reflection of the GaAs substrate. Satellites are discernible

FIG. 1. Diffraction pattern near the (200) reflection of the
GaAs substrate recorded on sample 1. The experimental data
(points) are compared with the dynamic simulation (curve). In-
tensity is in abstract units.

from the "—"fourth up to the "+" third order. The
strength of the higher-order satellites is below the detec-
tion limit due to suppression by the internal thickness ra-
tio of the barrier and well. '

Using the angular spacing between two neighboring
satellites the period length DM& of a multilayer structure
can be calculated (kinematical approximation; symmetri-
cal case):"

DMr =L~+Ls =(sin8/sin28)(n A, /co, ),
where 8 is the Bragg angle, A, the x-ray wavelength, and

co, the angular distance to the main peak. The period
length of sample 1 amounts to DMS=15.7+0. 1 nm (cf.
Fig. 1). The satellite positions and their strength varia-
tion versus the order were used in a dynamical simulation
program' to obtain the MQW parameters, particularly
to distinguish L~ and L~.

The theoretical simulation describes the experimental
features using the parameters L~=(2.7+0.2) nm and
Ls=(13+0.2) nm for sample 1 (cf. Fig. 1). The barrier
composition @=0.32, determined by PL investigations,
was employed. Similar results were observed for the oth-
er samples. Except for sample 13, the uncertainty of L~
was found to be less than one monolayer. Because of the
low Al content (x =0.12) in the XRD pattern of sample
10, only two satellites were resolved. Consequently, we
used here the wedge transmission electron-microscopy re-
sults [L~=(11.6+0.6) nm], which agree well with the
XRD findings on other samples.

B. Kxciton binding energies

The PL (dotted line) and the PLE (solid line) spectra of
sample 8 taken at the same position on the sample at
T=5 K are displayed in Fig. 2(a}. The PLE spectrum
was recorded with the spectrometer positioned on the
low-energy side of the main luminescence band
[hv, (det)=1. 554 eV); cf. arrow in Fig. 2(a)]. The peaks
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FICx. 2. (a) PL (dotted line) and PLE spectra (solid line) of
sample 8 (L~=8.8 nm, x=0.32) at T=5 K. Along with the
heavy-hole (1, lh) and light-hole (1, ll) free excitons the corre-
sponding excited states (1,1h, 2s) and (1, 1 l, 2s) are clearly
resolved in the PLE spectrum. The Stokes shift is less than 0.5
meV. hv, (det) =1.554 eV spectrometer position during PLE
measurement. (b) PL spectrum of sample 8 at T=4.2 K. The
ground state (l, lh) FWHM=1. 4 meV and the excited state
(1,1h, 2s) (250 times higher amplifier sensitivity) of the heavy-
hole exciton are clearly resolved at NO=0. 3 Wcm . The
ground-state light-hole exciton is discernible with twenty times
higher excitation density.

in the excitation spectra, which correspond to the exci-
tonic absorption, are labeled with their probable origin.
Throughout this paper, the notations n-mh and n-mI
denote excitons with the character of the nth electron
and mth heavy- or light-hole subbands, respectively.

The two most prominent peaks in the PLE spectrum of
Fig. 2(a) are evidently the ground-state free excitons asso-
ciated with the lowest electron and heavy-hole

[h v, (1, lh ) = 1.5571 eV] and with the lowest electron and
light-hole [h v, (1, ll ) = 1.5705 eV] sublevels. ' ' Clearly
resolved on the high-energy side of each of these
excitons are the excited 2s states of the heavy-
hole [h v, (1, lb, 2s ) = 1.5659 eV] and light-hole

[h, ( 1, ll, 2s ) = 1.581 eV] excitons. ' ' The Stokes shift

smaller than 0.5 meV and the observation of four well-

defined features in the PLE spectrum attest to the high
quality of the sample. However, a very narrow heavy-
hole PL band appears whereas the heavy-hole excitation
line is broader and with a somewhat irregular shape on
the high-energy side, which might be caused by an un-
resolved fine structure.

PL spectra of the same sample at liquid-helium temper-
atures are displayed in Fig. 2(b) with the proposed
identification of each transition being listed. The dom-
inant feature is the narrow luminescence band
h v, ( 1,1h ) = 1.5567 eV [full width at half maximum
(FWHM) =1.4 meV] observed at excitation density
(No=0. 3 Wcm ) and T=4.2 K. This band was as-
signed to the ground-state free exciton associated with
the lowest electron and hole subbands in the quantum
well.

On the high-energy side of the (1, lb) line a band can be
resolved (recorded with 250 times higher amplifier sensi-
tivity}, which was attributed to the excited state of the
heavy-hole free exciton hv, (l, lh, 2s)=1.5654 eV. Due
to the occupation of higher-energy levels with rising exci-
tation density (N=6 Wcm ), a band appears on the
high-energy side of the spectrum, which is caused by the
radiative decay of free excitons connected with the lowest
electron and light-hole sublevels hv, (l, ll }=1.5698 eV.
The assignment of the main low-temperature emission
lines as (l, lh), (l, lh, 2s), and (1,11) recombinations has
been confirmed by comparing its peak energies with the
corresponding exciton peaks in the excitation spectrum.

Figure 3 shows typical PL spectra of sample 4 mea-
sured at di8'erent temperatures in the range 5 T ~ 125
K. The spectra have been aligned subtracting the tem-
perature dependent gap of three-dimensional (3D) GaAs
[hv, Es" (GaAs—); Eg (GaAs) denotes the 3D GaAs gap
at different temperatures]. ' '

The 5-K PL spectrum is caused by the radiative decay
of ground-state heavy-hole excitons [hv, (1, lh )=1.6081
eV, FWHM=4 meV] associated with the lowest sublev-
els. In addition to the (1, lh) transition the excited state
of the heavy-hole (1, lh, 2s) and the ground state of the
light-hole (l, ll) exciton are resolved at T=30 K. More-
over, the excited-state exciton transition (1, ll, 2s) of the
light hole was discernible at T=75 K. The ground-state
light-hole exciton transition intensity continuously in-
creases with rising temperature with respect to the
ground-state heavy-hole exciton one, due to the thermal
population of the higher sublevels (cf. Fig. 3).

Additional evidence in support of the 2s excited-state
assignment is provided by the temperature dependence of
these peaks. The binding energy of the 2s exciton states
is Eb"(2s)=1.9 meV and Eb"(2s)=2.8 meV for the
heavy and light holes of sample 4, respectively (cf. Ref.
6). As a result, with rising temperatures the 2s excitons
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tions of Ref. 6 assume the old Dingle formula
hE = 1.247x (in eV) for the band-gap difference between
Al GaI „As and GaAs, ' and a conduction- to valence-

band discontinuity ratio of 65%:35%.
Recently, more accurate results for the band-gap

difference have been established. ' However, the sen-

sitivity of the exciton binding energies to a small change
of the barrier gap is not greater than a few tenths of a
meV. The main dependence of the binding energy on the
Al concentrations does not come from the barrier height
(except for very narrow wells}, but rather from nonpara-
bolicity of the bulk conduction band and the dielectric
mismatch between well and barrier materials.

Using the above parameters, the theoretical results of
the ground-state heavy- and light-hole exciton binding
energies can be fitted by the relation

2 4 jrE""'"(L,x ) = g g A„.. (2)
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FIG. 3. PL spectra of sample 4 (L&=5.3 nm, x =0.35) in the
temperature range between 5 ~ T ~ 125 K and excitation density
of NO=0. 5 W cm . The horizontal axis represents the photon
energy minus the energy gap of 3D GaAs (E~"). The heavy-hole
ground-state (1,1h) and excited exciton transition (1,1h, 2s)

along with the ground-state (1,1l) and excited state (1,1l,2s)

light-hole one are resolved. At the highest temperature the free
electron-hole sublevel transitions associated with the lowest
heavy- (e,hh) and light-hole (e, 1h) sublevels are discernible.

are thermally ionized whereas the 1s excitons should still
be present. At 125 K the free-electron-hole transitions
associated with the lowest electron, heavy- (e,hh), and
light-hole (e, lh) sublevels are well resolved. The heavy-
and light-hole binding energies Eb( ls) can be determined
directly as the energy distance between these features and
the corresponding ground-state exciton peak positions.

A line-shape analysis would be needed to precisely
determine the peak energies of excited states and free-
electron —hole sublevel transitions. We observed these
transitions in a wide temperature range and the
h v, —E"(GaAs) values of the (1, lh, 2s), (1, 11,2s), (e, hh),
and (e, lh) transitions remain unaltered versus the temper-
ature. Therefore, we use the peak positions as an approx-
imation of the corresponding energy value. However,
due to line broadening with increasing temperature the
experimental uncertainty increases for the sublevel ener-

gy distances determined at temperatures above 100 K.
The experimentally observed results are compared with

the predictions of the exciton theory for
GaAs/(Al, Ga}As quantum wells in Table I. The calcula-

This formula describes the theoretical predictions of Ref.
6 with an average accuracy of 0.1 meV in the range
30&L~&200 A; 0.25~x ~1 and with errors up to 0.3
meV in the worst case (Lw=30 A; x=0.7}. We note
that the deviation between relation (2} and the theoretical
predictions [cf. full calculations in Ref. 6] is of the order
of or smaller than the accuracy of the theory. The
coeScients Ajk are given in Table II for energies and well

widths in units of meV and 10 nm, respectively. The pa-
rameter in relation (2) amounts to Lo =0.5.

The binding energies Eb(2s) of the excited heavy- and
light-hole exciton states are given in Ref. 6 and the corre-
sponding ground-state binding energies can be calculated
with the help of (2). Thus the theoretical separations of
the 2s excited from the 1s ground states are obtained by
subtracting Eb( ls) —Eb(2s) (cf. columns 5 and 6 in Table
I}. The deviations between the experimentally and
theoretically obtained 1s-2s energy differences are gen-
erally smaller than 1 meV (cf. Table I) and demonstrate
both the accurate calculations and measurements. The
experimentally observed differences Eb(ls) —Eb(2s} for
the heavy-hole (triangles) and light-hole (circles) excitons
are compared with the theoretically predicted values
(curves for x=0.32) in Fig. 4. In addition, values for
x =0.51 and 1 are shown. We note that the effect of the
barrier composition change in the range 0.29~x ~0.35
is within the experimental uncertainty of the given results
(in the worst case Lw=3 nm about 1 meV for the light-
hole excitons).

The 1s ground-state exciton binding energies were ex-
perimentally determined directly as the energy distance
between the electron-hole sublevel and the ground-state
exciton transition (cf. columns 7 and 8 in Table I). Figure
5 compares the experimentally observed ground-state ex-
citon binding energies E~(ls) for the heavy holes (closed
triangles} and light holes (closed circles) with the corre-
sponding theoretical predictions (curves calculated for
x =0.29 and 0.32). Values for x =0.51 and 1 are addi-
tionally displayed. In the case where only the 2s excited-
state transition was resolved we add the small and weakly
Lw-dependent binding energy Eb(2s) [1.6 ~ Eb "(2s ) ~ 2. 1
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TABLE I. l.~ well width in nm, x AlAs mole fraction of the barriers. Energy distance between the
2s and ls states [El(ls) E—b(2s)] and ground-state exciton binding energy Eb(ls) (in meV) of heavy-
hole (1,1h) and light-hole (1,11) free excitons.

No. L, ~ (nm)
E& (1s ) —EI, (2s ) (meV)

(1, 1h) (1, 1l)
Eb( ls ) (meV)

(1,1h) (1, 11)

2.7

3.5

4.5

5.3

6.5

7.6

7.9

8.8

11.9

0.32

0.29

0.32

0.35

0.32

0.29

0.35

0.32

0.35

exp.
calc.
exp.
calc.
exp.
calc.
exp.
calc.
exp.
calc.
exp.
calc.
exp.
calc.
exp.
calc.
exp.
calc.

11.7
11.7
11.1
11.0
10.5
10.6
10.3
10.2
9.7
9.5
9.0
8.7
9.2
8.8
8.5
8.4
7.4
7.5

14.4
13.5
12.9

12.8
12.2
12.5
1 1.3
11.5
10.5
10.6

10.7
10.2
10.1

8.7

14.5
14.0
13.2
13.1
12.6
12.5
12.5
12.3
11.2
11.2

10.5

10.7

10.2

9.2

16.5

15.5

15.5
15.0
15.3
14.1
14.1
13.1
13.1

13.5

12.7

11.3
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meV in the range 12)L~)3 nm] to the experimentally
observed value to get the continuum edge energy (open
circles in Fig. 5).

The agreement between the experimental and theoreti-
cal findings is excellent for both the heavy- and light-hole
excitons and in the whole well width range investigated.
It is worth noting that there is no parameter to align the
theoretical prediction to the experimental data. Consid-
ering this agreement we expect a reliable 1s ground-state
binding energy predicted by the theory given in Ref. 6 or
by relation (2).

C. Transition energies

PL and PLE spectra of sample 11 are shown in Fig.
6(a). The peak labels are chosen to refer to the originat-
ing recombination process. The PL spectrum shows a
split exciton feature caused by monolayer fluctuations at
the interface. From the PLE we obtain that the thinner
parts of the well dominate. The two most prominent
peaks in the PLE spectrum are evidently the ground-state
free excitons associated with the n=1 electron and
heavy-hole [h v, (1, lb ) = 1.5420 eV (FWHM = 1.4 meV)]
and with the light-hole [h v, (1, ll ) = l. 5515 eV] sublevels.

The well-resolved (FWHM =4 meV) excitons at
hv, (2, 1/)=1.6260 eV and hv, (2, 2h )=1.6324 eV are as-
sociated with the second (n =2) electron and first light-
hole as well as the second heavy-hole sublevel. The "for-
bidden" (2, ll) transition, which can only be observed in a
2p state, has 1.5 times higher strength than the (2, 2h) one
that agrees with oscillator strength calculations involving

TABLE II. CoeScients A,k for interpolation formula (1) of
heavy- and light-hole ground-state exciton binding energies cal-
culated in Ref. 6. The energies are given in meV if the well
widths are taken in units of 10 nm. The parameter Lo amounts
to 0.5.

~, & x=051

10 'l2

LQ( ( RITl
J

FICs. 4. Energy distance between the ground- and excited-
state heavy-hole (triangles; solid lines) and light-hole (circles;
dashed lines) excitons associated with the lowest sublevels
versus the well thickness. The theoretical results (curves) were
calculated for x =0.32 using Eq. (2). Results for x =0.51 and 1

are additionally shown.

Exciton

(1,1h; 1s)

(1, 1l; 1s)

k=o

27.909
—38.131

30.417
—10.389

31.401
—40.120

27.250
—8.960

3.325
3.552

—5.075
6.289

—5.739
41.440

—19.564
3.849

—1.163
3.593

—5.232
0.789
0.091
1.656

—29.228
19.393
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V. DISCUSSION AND CONCLUSIONS

In examining Table III, which compares the measured
and calculated excitonic peak energy shifts
h v, —E"(GaAs) due to the exciton confinement, the con-
clusions are the following: Figure 8 presents the energy
separation between the light- and heavy-hole ground-
state exciton transitions [5E=h v, (1, il )

—h v, (1, lb)]
versus well width. The energy separation between the

10-

——E~0(1s)

EIlI1
(1 ~ )

+ x='l; v, Q x=0.51

8 10 12
Lw [nm I

FIG. 5. Ground-state binding energies of the light-hole
[EJ"(ls)] and heavy-hole [E„""(ls)]excitons associated with the
lowest sublevels versus the well width L~', experimental data
(closed circles) and theoretical predictions (curves). Theoretical
curves are given for x =0.32 and 0.29 for the heavy-hole (solid
lines) and light-hole (dashed lines) excitons. Results for x =0.51
and 1 are additionally shown. In some cases (cf. text) Eb(2s)
was added to h v, (1,11,h, 2s) to get Eb(1s) (open data paints).
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the valence-band mixing via the calculated valence-band
structure and via Coulomb coupling between excitons be-
longing to different sublevels. 2 Figure 6(b} displays PL
spectra of the same sample. Owing to the thermalization
of the carriers with increasing temperature all expected
transitions associated with the confined first and second
electron levels can be resolved. It is worth noting that
the reduced peak energies [hv, —E (GaAs}] observed by
PL and PLE agree excellently with each other.

Figure 7 shows the PL spectra of sample 5 at different
temperatures between 60-296 K. Note the intensity cov-
ers over six orders of magnitude for each spectrum. The
most prominent peaks at hv, (1, lh )

—E"(GaAs)=65. 5
meV and hv, (1, ll) —E (GaAs)=85. 9 meV are due to
the recombination of free heavy- and light-hole excitons
associated with the lowest sublevels. Four additional
peaks are assigned to the (1,3h}, (2, 11), (2,2h), and (2, 21)
free exciton transitions due to recombinations in the well.
This completes all the expected ground-state excitonic
recombinations associated with the sublevels confined in
this well. The luminescence band (X) at peak energy
hv, (X)=1.974 eV (T=60 K) is caused by the radiative
decay of excitons in the barrier and corresponds to an Al
content of x =0.32 [cf. Ref. 9]. At increased temperature
the exponential tail, mainly due to the free-electron-hole
recombination, becomes more pronounced and begins to
submerge the higher-energy peaks. At room temperature
the high-energy tail dominates the high-energy spectral
range. However, the ground-state free exciton recom-
binations (1, lh) and (1,11) are still prominent, by a factor
of 5 or more intense than the subleve1 free carrier recom-
bination.
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FIG. 6. (a) PL (dashed line) and PLE (solid line) spectra of
sample 11 (L~=11.0 nm, x=0.20) at T=5 K. The split exci-
ton in the PL [(1,lh) and (1, lh)] is due to monolayer fluctua-
tions at the interface. This assignment was confirmed by mea-
surements with increasing temperature, which indicates the ex-
citon transfers from thicker into thinner well regions. (b) PL
spectra of sample 11 at T=45 and 100 K, excitation density 0.3
W cm . The numbers represent the amplification step height.
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FIG. 7. PL spectra of sample 5 (L&=6.5 nrn, x=0.32) at
different temperatures in semilogarithmic scale. The horizontal
axis represents the photon energy minus the energy gap of 3D
GaAs (E").

light- and heavy-hole sublevels depends on the valence-
band offset. Consequently, the value 5E is sensitive to
changes in the ratio ATE&.hE~. Near k=0 the split-off
valence band repels the light-hole band only and 5E de-
creases. To illustrate these features the calculations in-
cluding the split-off —light-hole valence-band (SOVB) in-
teraction [cf. Ref. 5] and different values b,Ec are
displayed in Fig. 8. In addition, a simulation neglecting
the SOVB interaction is shown (EEc=0 76E. g) Th. e cal-
culations including the SOVB interaction and a
conduction-band offset b,Ec=0.7b,E (solid line) excel-
lently agree with the experimental data, whereas one' s
neglecting SOVB or using EE&=0.656Eg predicts 5E
too large, outside the experimental uncertainty, especially
for thin wells (cf. dotted and dashed lines).

This result supports the ofFset ratio EE&.AEV=0. 7:0.3
that was experimentally determined by optical examina-
tion of low confined states under hydrostatic pressure.
This deduction depends on the details of the theoretical

TABLE III. L~ well width in nm, x AlAs mole fraction of the barriers. Reduced transition energies
hv, —Eg" (GaAs) {in meV) of free excitons associated with the lowest electron and heavy-hole (1,1h),
lowest electron and light-hole (1,11), second electron and lowest light-hole (2, 11), second electron and
heavy-hole (2, 2h), and second electron and light-hole (2,21) sublevels. The exciton binding energies are
given in parentheses.

No. L,~ (nm) (2, 2A) (2, 21)

10

12

13

11.6

11.0

10.5

10.7

2.7

3.5

4.5

6.5

7.6

8.8

0.12

0.20

0.51

0.32

0.29

0.32

0.32

0.29

0.32

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

exp.
calc.

17.3
17.3
(8.4)
22.8
22.4
(9.1)
31.5
30.2

(10.1)
35.2
31.0

(11.2)
191.8
189.9
(14.0)
138.9
138.7
(13.0)
105.8
108.2
(12.5)
66.4
64.1

(11.2)
48.7
48.2
(10.5)
38.7
38.9

(10.2)

24.3
24.2
(9.9)
32.3
31.0

(11.0)
43.6
41.5
(12.3)
49 4
42.5
(14.3)
223.8
222.4
{16.5)
167.3
167.1
(15.5)
131.8
134.4
(15.5)
86.0
83.0

(14.1)
64.1

63.6
(13.1)
51.9
52.3

(12.7)

81.1
87.6
(4.7)

106.8
107.1

(5.7)
138.0
138.6

(7.9)
154.2
145.0

(9.7)

238.5
244.6

(5.9)
180.2
195.2

(6.1)
158.0
166.7

(6.7)

88.0
93.7
(4.1)

113.2
113.2

(5.4)
145.0
147.4

(5.6)
170.3
156.2

(6.5)

320.0
347.0

(5.6)
257.0
262.3

(8.2)
196.3
209.9

(5.6)
166.0
176.2

(7.6)

135.8
150.6

(5.1)

304.0
331.5

(5.0)

214.0
233 ~ 1

(6.0)
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FIG. 8. Energy distance between the (1,1l) and (1,1h) transi-
tions vs the well width. Experimental data are shown for
x =0.29 (CI), 0.32 (+), and 0.35 (0). The curves were calculated
for x =0.32 including SEC =0.75Eg with (solid line) and
without (dotted line) split-off-light-hole valence-band (SOVB)
interaction. The calculation with SOVB interaction and
5Ec=0 656Eg is. additionally shown (broken line).
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FIG. 9. Heavy- (closed points) and light-hole (open points)
exciton transition energies of the samples 1,2,3,5,6,8 [x =0.29
(triangles) and x =0.32 (circles) cf. Table III] vs the indepen-
dently observed well width. The curves were calculated for the
heavy- (solid line) and light-hole (chain line) transitions using
the parameters given in the text and for x=0.32 as well as
x =0.29 (partly).

model chosen. In this work, the influence of the split-off
band was calculated in second-order perturbation theory
and at the same time a parabolic light-hole band was as-
sumed. Indeed, the conclusion about the offset ratio
would not be essentially changed by inclusion of the
light-hole nonparabolicity, whose effect was found to be
more than three times smaller than that of the coupling
to the split-off band.

The peak energies of the transitions (1, lh) and (1, ll)
are listed in Fig. 9 versus the independently observed well
width. Two things should be noted: (i) the transition en-

ergies change by a factor of 5 in the range investigated,
and (ii} the 10-monolayer-thick well approaches the valid-
ity limit of the efFective-mass theory. Nevertheless, the
agreement between the experimental and theoretical re-
sults is excellent for the heavy- and light-hole exciton
transitions in the whole thickness range investigated.
This agreement demonstrates the reliability of the experi-
ments and the theoretical approach including the offset
value of DEC=0.7b,E (Ref. 24) and the SOVB interac-
tion. Using these calculations, the energies of the lowest
electron, heavy- and light-hole sublevels with respect to
the 3D GaAs gap can be fitted by the relation

3 4 k

E, hhIh(Lw, x)= g g Ajk
k=oq=& (Lw+Lo)

(3)

This formula describes the theoretically predicted sublev-
el energies in the range 2.5 L~ ~12 nm; 0.1~x ~0.5
with an average accuracy of 0.1 meV [worst case 0.2 meV
for (x =0.1; L~=3.8 nm)], 0.15 meV [0.4 meV (x =0.25;
Ls,=2.6 nm)], and 0.2 meV [0.5 meV (x =0.5; Ls,= 12
nm)] for the heavy holes, light holes, and electrons, re-

TABLE IV. Coefficients A,k for interpolation of the lowest
electron (e„),heavy-hole (e„„,},and light-hole (e,„,) sublevel en-

ergies using Eq. (3). The energies are given in meV if the well

width is taken in units of 10 nm. The parameters 1.0 amount to
0.5325, 0.5035, and 0.7049 for the electron, heavy-hole, and
light-hole sublevels, respectively.

Sublevel j k=1 k=2 k=3

Electron

&e&

Heavy-hole
~hhl

Light-hole
&a l

1 21.0300 —1.9384
2 —24.7774 180.8804
3 66.7841 203.6167
4 —42.3846 9.9876
1 4.6838 0.2104
2 —11.3998 27.3533
3 32.1678 —26.9544
4 —16.7558 70.3640
1 17.7688 —70.0193
2 —22.7024 179.1406
3 58.8663 257.7219
4 —48.2929 40.2566

—232.3450
—289.1602
—334.5747

187.0574
—57.2411

144.9361
—233.0475

29.5898
64.5475

—393.8990
—244.8422

212.6958

451.0892
127.7617

—166.0166
28.7673
21.2893
9.9938

13.0987
23.2258

243.6362
—188.3782
—46.4185
123.0737

spectively. The coefficients A k and parameters Lo are
given in Table IV.

Considering now the excitons associated with the
higher (n =2) electron level. Comparing the values
within Table III we recognize a systematic trend: Nearly
all calculated transition energies involving the
second electron h v, (2,mhl)"' level are greater than
the experimentally observed h v, (2,mhl)'"I' one
[h v, (2,mhl)"' —h v, (2,mhl)'"I'=he) 0].
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It is well known that the nonparabolicity of the con-
duction band included in the bulk dispersion relation and
in the boundary condition shifts the n =2 electron sub-
levels much more strongly than the n =1 electron sublev-
els. Considering this behavior it would be tempting to
explain the observed deviation by an incorrect descrip-
tion of the conduction-band nonparabolicity. Conse-
quently, we would expect an increasing he with a grow-
ing second electron level energy. In contrast we observe
that (i) for the (2, 1/) and (2, 2h) transitions b, e decreases
with increasing energy of the n =2 electron level between
different samples (cf. samples 10—12 in Table III), and (ii)
although the same electron level is involved in the (2, ll)
and (2, 21) excitons, b,e increases with growing energy of
the transitions observed on the same sample (cf. samples
2, 8, and 10}. Therefore, we rule out an incorrect descrip-
tion of conduction-band nonparabolicity as an explana-
tion of the apparent energetic discrepancies.

In conclusion, the ground-state exciton binding ener-
gies were found in excellent agreement between experi-
ment and theory. Using these values the (1, 1h) and (1, ll)
transition energies excellently agree with the theoretical
predictions that include the split-of —light-hole valence-
band interaction. Interpolation formulas are given for
the calculation of the lowest electron, heavy- and light-
hole sublevels as well as for the heavy- and light-hole
ground-state exciton binding energies. Deviations be-
tween experiment and theory especially for the higher
(n =2) levels might be connected with a nonsquare poten-
tial model based on well imperfections. More de-
tailed studies of the interface are obviously needed to
answer the questions raised by the presented investiga-
tions.

ACKNOWLEDGMENTS

This work was made possible through grants from the
Deutsche Forschungsgemeinschaft (No. IIC3-Oe 16112-
1). The authors want to thank R. Riedel for her technical
assistance.

APPENDIX

The QW energy sublevels are calculated using an
envelope-function approach. At k =0 the finite barrier
solution for the square well is '

+2m~E
sin( 1/ m~E/2)

'/I}2m ~(V E)—
mg

cos(+ms E/2) =0,

where m~ and mz are the well and barrier efFective
masses (in units of mo), E is the sublevel energy, and Vis
the barrier potential (band offset}. Bulk nonparabolicity
is taken into account via energy-dependent electron
masses [cf. Ref. 32] m,"=m'/[1 E/P] f—or the well
and m,"=m ' /[1 (E—V)—/P] for the barrier
[m'=0. 0665+0.0835x (Ref. 33). P by coincidence has
the value of the fundamental gap E (x)=1.5192+1.42x
(eV).' The hole masses are determined from the Lut-
tinger parameters, m„'s =(y, —2y2} ' and m;z
=(y, +2yz) ' (y, =6.85 —4.75x and y2=3.45 —2.77x
(Ref. 32). The split-off [b,E =0.340—0.05x (eV)] light-
hole band interaction is included via a second-order per-
turbation calculation on the Luttinger Hamiltonian.
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