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A photoluminescence study of the optical response in asymmetric, double-quantum-well struc-
tures is presented. The results reveal the existence of strong nonlinearities that can be attributed to
electron and hole tunneling through the barrier layer. These nonlinearities arise from the difference
between the electron and heavy-hole effective masses. The band bending resulting from spatial
charge separation has a strong influence on the measured photoluminescence intensities for peaks
associated with transitions between the lowest-energy electron and hole subband states in each
quantum well. The system is strongly perturbed by an anticrossing of the second- and third-order
heavy-hole subbands. Establishment of the heavy-hole resonant tunneling condition is shown to
influence the intensities of the quantum-well photoluminescence peaks strongly. An effective-mass
model of the double-quantum-well system reveals how the strength of these effects depends on both
interwell coupling and the degree of structural asymmetry. This model successfully predicts the
heavy-hole anticrossing observed in photoluminescence.

I. INTRODUCTION

Double-quantum-well (DQW) structures display many
interesting properties not exhibited by single-quantum-
well (SQW) structures. These properties are due to the
finite potential barrier that separates the two constituent
SQW’s. The electron and hole tunneling through the
finite barrier between the two SQW’s makes DQW’s at-
tractive for fundamental studies of tunneling rates and
mechanisms.' "2 Since the DQW subband energy mini-
ma may be shifted, either by varying layer thicknesses
and compositions or by applying a perpendicular electric
field, both resonant and nonresonant tunneling processes
may be examined. Further, the DQW system offers an
opportunity to study many novel or enhanced electro-
optic effects such as a stronger quantum-confined Stark
effect compared with that of the SQW,%!3725 large oscil-
lator strengths for “forbidden transitions” induced by
perpendicular electric fields in symmetric and asym-
metric structures,'®?*728 and a blue shift of the absorp-
tion edge, again under application of a perpendicular
electric field.”* 732 In many studies the barrier and well
widths have been varied to determine how the electric
field dependences of the electro-optical effects change
with the strength of the interwell coupling. Some work
has also been reported on nonlinear optical effects in elec-
trically biased (p-i-n doped) DQW structures* ™% and in
electrically unbiased (undoped) DQW structures.>® ™42 In
the undoped structures strong nonlinearities arise from
the difference between electron and heavy-hole tunneling
rates or, equivalently, from the unequal confinements of
the electrons and heavy holes in the coupled constituent
SQW’s.** Thus the nonlinearities are ultimately driven
by the differences between the effective masses of carriers
in the conduction and valence bands. Studies of non-
linear effects can be used to understand the competition
between tunneling and recombination rates in DQW’s.
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These studies may also lead to novel nonlinear photonic
structures that exhibit bistability or even higher-order
multistable states.

This paper will examine tunneling-induced nonlinear
optical effects in electrically unbiased, asymmetric DQW
structures in the Al,3;Gagy,As/GaAs system. These
DQW structures exhibit two primary peaks in their pho-
toluminescence (PL) spectra. Under weak excitation, the
ratio of the low-energy PL peak intensity to the high-
energy PL peak intensity is large. The nonlinearity
shows up as a decrease in this ratio as the optical excita-
tion level increases. This nonlinear effect is caused by
electron and hole charge separation in the asymmetric
DQW, which results in band bending and brings the two
lowest conduction subband minima into resonance.*
Calculations predict that the strength of the nonlinearity
is sensitive to the magnitude of the structural asymmetry
in the DQW. In addition, this asymmetry can be used to
increase the heavy-hole tunneling rate by bringing two
heavy-hole subbands into resonance. New data
confirming this effect will be presented.

First, an effective-mass model of the asymmetric DQW
will be presented. Calculations of subband quantum
confinement energies and associated envelope wave func-
tions for electrons and heavy holes reveal how the
strength of the optical nonlinearity depends on both the
interwell coupling and on the degree of structural asym-
metry in the DQW. With regard to DQW asymmetries,
the model also examines the role played by the anticross-
ing of the heavy-hole n =2 and n =3 subband energy
minima and its implications for optical nonlinearities.

After a discussion of the DQW model, PL results mea-
sured as a function of optical excitation intensity will be
presented for several DQW structures having different
barrier widths. Thus the nonlinearity is studied as a
function of interwell coupling and photoexcited charge
density. These results on Al ;Ga,,As/GaAs DQW’s
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support earlier work reported on the Ing 5;Gag 4;As/InP
system.” In addition, the present study is extended to
show the effect of varying the structural asymmetry of
the DQW. For this purpose the width (L,,;) of the nar-
rowest quantum well is systematically varied. A new
phenomenon is revealed in which the nonlinearity
displays anomalous behavior for a critical value of L,,.
The effective-mass model of the DQW structure identifies
resonant heavy-hole tunneling as the cause of this
phenomenon and correctly predicts the critical L,; value
at which it occurs.

II. MODELING

In this section a model of the DQW system is present-
ed and the mechanisms responsible for optical nonlineari-
ties are discussed. The energies of the subband minima
and their corresponding envelope functions for a DQW
have been calculated by solving the Schrodinger equation
for both electrons and holes within the effective-mass ap-
proximation,

—ﬁz d2¢bn(z)
2m,, dz*

+Vb(z)¢bn(z)=Ebn¢bn(Z) 5 (1)

where z is the direction perpendicular to the quantum-
well plane, V,(z) represents the bulk band-edge potential,
and m,, is the effective mass. The subscript b specifies ei-
ther e for electrons in the conduction band or hh for
heavy holes in the valence band. Equation (1) admits
multiple solutions for each band, which are labeled by the
subband index n for both the energies E,, and the en-
velope functions v,,. The boundary conditions imposed
at the interfaces demand continuity of both the envelope
functions and the envelope-function derivatives divided
by the masses. Also, a band-gap energy difference split of
62% and 38% between the conduction and valence bands
is used at the Alj;Ga,,As/GaAs interfaces. Exciton
binding energies, although not discussed in this section,
are used in the experimental section to compare PL peak
positions with calculated transition energies.*>*

Figure 1 illustrates an asymmetric DQW potential used
in the modeling calculations. The spatial profiles of the
bulk band edges are labeled ¥V, for electrons in the con-
duction band and ¥V, for heavy holes in the valence
band. The widths of the two GaAs quantum wells in Fig.
1 are L,;=3.1 nm and L,,=6.2 nm, and the
Aly ;Gag ;As barrier thickness is Lz =5.0 nm. The
confinement energies and envelope functions of the first
two subbands for both electrons and heavy holes are also
shown in Fig. 1. The light-hole states are not shown
since the optical nonlinearities discussed in this paper
were only observed at low temperature, where the
thermalized light-hole population in each quantum well is
very small compared to the heavy-hole population. Since
the two quantum wells in Fig. 1 are only weakly coupled,
due to the moderately large barrier width, the energies of
the subband minima differ only slightly from those of un-
coupled SQW’s. Thus the n =1 levels of the DQW (E,,
and Ey;,) are approximately equal to the n =1 levels of
the wide SQW, and the n =2 levels of the DQW (E,, and
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FIG. 1. Spatial profile of the conduction-band-edge energy
V. and valence-band-edge energy V), for an asymmetric,
double-quantum-well structure. The confinement energies and
wave functions of the ground state and first excited state for
electrons (E,, and E,;) and heavy holes (E,,, and E;,) in the
quantum wells along with the primary optical transitions (AE,
and AE,) associated with these states are indicated.

E,;,) are approximately equal to the n =1 levels of the
narrow SQW.

The envelope functions displayed in Fig. 1 illustrate
the relative degree of coupling between the wells. For in-
stance, while both the n =1 electron and heavy-hole en-
velope functions (solid lines in Fig. 1) are localized pri-
marily within the wide well, they also have significant
amplitudes within the narrow well. In a similar manner,
while the n =2 envelope functions (dashed lines in Fig. 1)
are localized predominantly within the narrow well, they
have finite amplitudes within the wide well. The electron
envelope functions couple into the adjacent well more
strongly than the heavy-hole envelope functions because
of the smaller effective mass of the electron. This
difference in coupling between the electrons and heavy
holes causes the experimentally observed optical non-
linearities discussed in this paper and previously demon-
strated in Iny 5;Ga, 4,As/InP DQW’s.

For the DQW system portrayed in Fig. 1, two primary
optical transitions are observed in PL experiments. The
lower-energy transition labeled AE, in Fig. 1 corresponds
to recombination of the n =1 electron at energy E,; with
the n =1 heavy hole at energy E,;,. The higher-energy
transition, labeled AE, in Fig. 1, corresponds to recom-
bination of the n =2 electron (E,,) with the n =2 heavy
hole (E,;,). The envelope functions shown in Fig. 1 il-
lustrate that the AE, and AE, transitions are charac-
teristic of the wide and narrow wells, respectively, and
that both transitions are spatially direct.

The response of the asymmetric DQW system to opti-
cal excitation differs markedly from that of a SQW sys-
tem because of the coupling between the two wells. Be-
cause of this coupling, photoexcited electrons and holes
in the narrow quantum well have two possible recom-
bination channels rather than one. The carriers may
recombine directly as in the SQW case by emitting a pho-
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ton of energy AE, or they may tunnel into the wide well,
lose energy through intraband relaxation, and then
recombine by emitting a photon of lower energy AE,.
The competition between these two recombination chan-
nels is very sensitive to DQW design parameters. When
the net tunneling rate from the narrow to the wide well is
larger than the intrinsic SQW recombination rates, the
PL peak intensity at energy AE,; will be much larger than
that at AE,.

For the DQW design of Fig. 1, there is an important
difference between the charge carrier dynamics of the
conduction and valence bands. Because of the larger
mass, heavy holes in the valence band cannot maintain
the same tunneling current from the narrow to the wide
well as electrons in the conduction band. As optical exci-
tation intensity increases, causing larger steady-state elec-
tron and hole populations, a spatial separation of charge
results with an excess of electrons in the wide well and an
excess of holes in the narrow well. The dipole field creat-
ed by the displaced electron and hole charges induces
band bending. This band bending increases with excita-
tion intensity and shifts the n =2 subband minima of the
conduction band down in energy towards the n =1 level.
At a high enough excitation, the n =1 and n =2 conduc-
tion subband minima become degenerate, a resonant tun-
neling condition is established, and the electron exchange
rate between the two wells is enhanced. The band bend-
ing associated with increasing excitation intensity causes
a nonlinearity in the PL spectra. Specifically, as the exci-
tation increases, the PL intensity at energy AE, grows
faster than that at energy AE;’ As a result, the relative
strengths of the PL peaks are excitation dependent. For
this nonlinear effect to be observed the DQW must be
designed so that a large electron and hole charge dis-
placement can be established between the two wells. The
resulting dipole field must be strong enough to produce
sufficient band bending with moderate excitation intensi-
ties. Both the barrier width and the well widths must be
properly chosen to achieve this.

An optimum barrier width is most easily chosen by ex-
amining modeling results of the DQW system. Figure 2
shows the dependence of the subband confinement ener-
gies on the barrier width Ly in the DQW system.
Confinement energies for three conduction subbands are
shown in Fig. 2(a) and confinement energies for five
heavy-hole subbands are shown in Fig. 2(b). In both
cases the zero of energy is taken as the bulk band edge
and positive values of confinement energy represent how
deep into the band the energies are shifted due to quan-
tum confinement. The insets in Fig. 2 show the DQW
potential profile for each band and also identify the
relevant layer widths. The narrow well has width
L,;=3.1 nm and the wide well has width L,,=6.2 nm,
while the barrier thickness Ly is varied between zero and
10 nm. These DQW parameters correspond to the struc-
tures examined experimentally in Sec. IIT A.

Figure 2 can be used to design DQW’s with strong op-
tical nonlinearities by selecting values of Ly where cou-
pling is present for electrons but not for heavy holes.
This selection is accomplished by studying the subband
energies and associated envelope functions between the
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two limiting cases of an “infinitely wide” barrier (Lg > 10
nm) and no barrier (Lz =0 nm). For “infinitely wide”
barriers, where the two quantum wells are completely iso-
lated, the DQW confinement energies are equal to the
SQW confinement energies of the two constituent wells.
Thus, for both the conduction and heavy-hole bands, the
n =1 and n =3 DQW levels are equivalent to the n =1
and n =2 SQW levels for the wide well and the n =2
DQW level is equivalent to the n =1 SQW level for the
narrow well. In the limit of zero barrier width the SQW
case is also recovered, but with a composite well width of
L,=L, +L,,. 'As the barrier width decreases below 10
nm the two independent wells begin to couple and car-
riers previously confined to one well can tunnel into the
adjacent well. The presence of strong interwell coupling
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FIG. 2. Subband confinement energies for electrons (a) and
heavy holes (b) in an asymmetric, Al, ;Ga,,As/GaAs double-
quantum-well structure as shown in the inset. The index n la-
bels the subband order. Ly is the barrier width.
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is exemplified by measurable shifts in the subband
confinement energies. In Fig. 2 the confinement energies
exhibit very little sensitivity to changes in barrier width
until Ly is decreased below a critical value. In the con-
duction band, barrier widths less than 3 nm are required
before strong interwell coupling begins to significantly
alter the confinement energies. The results presented in
Fig. 2(a) are in agreement with earlier work reported on
conduction-band confinement energies in asymmetric
DQW’s.!® For the heavy-hole band, barrier widths less
than 1 nm are required to significantly alter the
confinement energies. Thus Fig. 2 shows that there exists
an intermediate range of barrier widths where the elec-
trons are strongly coupled but the heavy holes are not.
This is one of the requirements for the observation of
strong optical nonlinearities in the DQW system.

A second consideration for producing strong optical
nonlinearities is to use as wide a barrier as possible while
maximizing the differential electron and hole tunneling
currents. Wide barriers produce larger potential drops
between the quantum wells for the same separated charge
density. Another point to consider in the DQW system is
that interwell charge transfer occurs by nonresonant tun-
neling unless the subband levels are degenerate. To con-
serve momentum this process requires phonon participa-
tion if the concentration of impurities is low. Thus non-
resonant electron tunneling can be enhanced by designing
DQW’s where the » =1 and n =2 subband energy sepa-
ration is greater than the LO phonon energy. Since the
LO phonon energy in GaAs is 36 meV, differential elec-
tron and hole spatial charge transfer from the narrow
well to the wide well can be maximized in DQW struc-
tures if the electron subbands are separated by at least
this energy.>>>%1%12 Asymmetric DQW structures in-
corporating all of these design features should exhibit
strong tunneling-induced optical nonlinearities.

While Fig. 2 displays the effect of barrier width on cou-
pling, the DQW confinement energies also have a strong
dependence on well width. In particular, a new
phenomenon with significant implications for enhanced
optical nonlinearities is revealed when L,, is varied and
L,, is kept constant. T*e resulting structural asymmetry
can cause the n =2 and n =3 heavy-hole confinement en-
ergies to converge and exhibit an anticrossing. Under
this resonant condition the heavy-hole tunneling rate be-
tween the narrow well and the wide well increases
dramatically, becoming comparable to the nonresonant
electron tunneling rate. To exploit the heavy-hole reso-
nant tunneling condition, it is important to know at what
value of L,; the anticrossing occurs.

In Fig. 3 are shown the calculated confinement ener-
gies for the case where the width of one quantum well,
L,,, of the DQW system is varied from zero to 10 nm
while the width of the second quantum well is fixed at
L,,=6.2 nm and the barrier thickness is Lz =5.1 nm.
These DQW parameters correspond to the structures
measured experimentally in Sec. III B. Figure 3(a) shows
the conduction subbands while Fig. 3(b) shows the
heavy-hole subbands. The results presented in Fig. 3(a)
for the conduction subbands are qualitatively similar to
those reported earlier for Al, ;Ga, ;As/GaAs DQW’s.!®
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As L,, is made smaller or larger than L,,, the asymmetry
of the structure increases and the subband levels shift in
energy. The functional dependence of each subband level
on L,; can be qualitatively understood in terms of the
subband levels for the two individual constituent SQW’s.
Thus the plots of Fig. 3 can be considered to be com-
posed of two plots, one for a SQW of width L,, and
another for a SQW of width L,,. The subband levels of a
SQW of width L,; decrease in energy as L,; increases,
while the subband levels of a SQW of width L,, are in-
dependent of L,, and therefore appear as horizontal lines.
The coupling between the wells (due to the finite barrier
width) manifests itself as a series of anticrossings at each
point where subband-level degeneracy occurs. The ener-
gy gaps that open at the conduction subband anticross-
ings are larger than those at the heavy-hole subband an-
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FIG. 3. Subband confinement energies for electrons (a) and
heavy holes (b) in an asymmetric, Al ;Gag;As/GaAs double-
quantum-well structure as shown in the inset. L,; is the width
of the first quantum well.
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ticrossings because the conduction-band mass is smaller
than the heavy-hole mass.

The dependence of the confinement energy on L,, for a
given subband changes abruptly as L, is increased from
a value below an anticrossing to a value above it. For in-
stance, if a given subband exhibits a strong functional
dependence on L,; for values below the anticrossing, it
will abruptly change to being nearly constant for L,
values greater than the anticrossing. This change is due
to the envelope function for each subband switching from
one well to another at these anticrossings. When the en-
velope function is localized mainly in the quantum well of
width L,, its confinement energy has only a weak depen-
dence on L,, and when the envelope function is localized
mainly in the quantum well of width L,, the dependence
is strong.

The values of L,; at which the anticrossings occur are
specific to both the choice of band and the choice of sub-
band except for the anticrossings which occur for all sub-
bands at the L,,=L,, symmetry point. In general, the
different anticrossing points make possible the design of
an asymmetric DQW structure in which two of the
heavy-hole subbands are degenerate while the corre-
sponding (same index n) conduction subbands are nonde-
generate. An example of this can be seen in Fig. 3 for
L,,=2.2 nm, where the n =2 and n =3 heavy-hole sub-
bands exhibit anticrossing behavior. At this point the
n =2 and n =3 heavy-hole confinement energies of both
levels are approximately equal, and resonant tunneling is
established. Therefore the hole tunneling rate between
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the two quantum wells is expected to be relatively high
compared to other cases where the heavy-hole states are
essentially uncoupled. In contrast, the n =2 and n =3
conduction subbands display a much larger energy sepa-
ration (several tens of meV) since the conduction-band
anticrossing does not occur at L,;=2.2 nm. Thus, for
L,,=2.2 nm, nonresonant tunneling occurs in the con-
duction band and resonant tunneling occurs in the
valence band.

In the DQW system, an increase in tunneling rate at an
anticrossing is accompanied by increased mixing of the
envelope functions. Figure 4 shows quantitatively the
change in envelope function shape that occurs as L, is
varied. In this figure the solid lines represent the
conduction-band envelope functions and the dashed lines
represent the heavy-hole envelope functions. Envelope
functions are plotted in each row for a different subband
(labeled by the subband index n) and in each column for a
different value of L,,. In Fig. 4, column (a) has the widest
L,, (3.1 nm), column (b) has an intermediate L,; (2.0 nm),
and column (c) has the narrowest L,; (1.0 nm). Figure 4
shows that the n =1 subband envelope functions for both
the conduction and heavy-hole bands change very little
with L,, and are localized in the wide well for all values
of L,,. In contrast, the n =2 (n =3) envelope functions
exhibit a dramatic change and shift from the narrow
(wide) to the wide (narrow) well as L, decreases. Thus as
an anticrossing region is approached the n =2 and n =3
envelope functions behave as a strongly coupled pair of
states, primarily localized in opposite wells, that switch

FIG. 4. Electron (solid lines) and heavy-hole (dashed lines) wave functions for the » =1, 2, and 3 subbands in an asymmetric,
Al ;Gag ;As/GaAs double-quantum-well structure having a barrier width of 5.1 nm and quantum-well widths (L,,/L,,) of (a) 3.1

nm/6.2 nm, (b) 2.0 nm/6.2 nm, and (c) 1.0 nm/6.2 nm.
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wells as L,, is decreased through a critical value. The
envelope-function switch for heavy holes is a rapid func-
tion of L,,. Figure 4 shows that complete switching
occurs between L,;=3.1 nm and L,;=2.0 nm. This is
consistent with the anticrossing point at L,;=2.2 nm,
which was previously identified through the use of Fig. 3.
At this degenerate anticrossing the strongly coupled en-
velope functions for both the n =2 and n =3 subbands
spread over both wells.

For electrons in the conduction band, the same qualita-
tive trend is found. The n =2 electron envelope function
shifts towards the wide well and the n =3 envelope func-
tion shifts towards the narrow well as L,, decreases.
However, the envelope-function switching occurs over a
larger range of L,, for electrons than it does for heavy
holes, as Fig. 4 shows. Even for L,;=1.0 nm the full
transfer of the n =2 (n =3) electron envelope function to
the wide (narrow) well is not complete. In fact, at
L, ;=1.0 nm the n =2 and n =3 electron envelope func-
tions have strong amplitudes in both wells, consistent
with the location of the anticrossing in Fig. 3.

The strengths of optical transitions between the vari-
ous subband states in the asymmetric DQW system are
determined by the degree of spatial overlap between the
initial- and final-state wave functions. Using effective-
mass theory, the total wave function is separated into
Bloch functions and envelope functions. The optical non-
linearities that can arise from asymmetries in the DQW
system are most clearly shown by examining the
envelope-function contribution to absorption and emis-
sion. Quantitatively, the intensity of an optical transition
observed in PL is proportional to the square of the
envelope-function overlap integral,

w 2
I U_ Bn (D (2)dz |, @

where ,;,(z) and ¢,,,(z) are the envelope functions of
the nth heavy-hole subband and the mth conduction sub-
band, respectively.

Figure 5 shows the square of the overlap integral for
various pairs of subbands (up to third order) as L,, is
varied. Of the nine cases studied for these particular
structural parameters, five have little impact on optical
nonlinearities in the asymmetric DQW system. For ex-
ample, the e3-hhl and the e1-hh3 overlap integrals are
essentially zero for all L,, values. Thus these transitions
have very little strength in optical experiments. Al-
though the el-hh1 transition along with the e2-hh1 and
e1-hh2 transitions show some structure, it occurs only in
the vicinity of the L, =L,,=6.2 nm symmetry point
where both the conduction-band and heavy-hole band en-
velope functions switch simultaneously between wells.
The simultaneous switching of the overlap integrals for
all subbands is not particularly interesting. The small
variations in overlap integral near L,;=6.2 nm are
caused solely by differences in band offsets and effective
masses for electrons and heavy holes.

The remaining four plots in the lower right corner of
Fig. 5 show dramatic structure near L,;=2.2 nm. The
overlap integrals of the diagonal e2-hh2 and e3-hh3 tran-
sitions are large for L,; > 2.2 nm but decrease sharply for
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L,,<2.2 nm. The opposite behavior is displayed by the
off-diagonal transitions, e2-hh3 and e3-hh2, where the
overlap integrals are zero for L,;>2.2 nm and large for
L, <2.2 nm. This very sharp transition of the overlap
integrals near L, =2.2 nm is caused by envelope-
function switching of the heavy-hole n =2 and n =3 sub-
bands as previously discussed with reference to Fig. 4.
As L, decreases from 2.4 to 1.9 nm, the envelope func-
tion for the n =2 heavy-hole level completely switches
from the narrow well to the wide well and the n =3 sub-
band envelope function does just the opposite. However,
the conduction-band envelope functions are experiencing
only minor spatial variations for L,; values near 2.2 nm,
i.e., the n =2 subband envelope function remains pri-
marily in the narrow well and the » =3 subband envelope
function remains mainly in the wide well. A switch of
the n =2 heavy-hole envelope function from the narrow
to the wide well (as L,; decreases) results in large overlap
integral changes with the n =2 conduction-band en-
velope function, as shown for the e2-hh2 transition near
L,;=2.2 nm in Fig. 5. Also, the shift of the n =2
heavy-hole subband envelope function to the wide well
produces strong overlap with the n =3 conduction sub-
band envelope function, as the box labeled e3-hh2 in Fig.
5 shows. Qualitatively similar results are found for tran-
sitions involving the n =3 heavy-hole subband. Calculat-
ed oscillator strengths between electron and hole subband
states were previously reported in electrically unbiased,
asymmetric Al ,,Gay .3As/GaAs DQW  structures.?’
However, the strong functional dependence shown in Fig.
5 was not found in these DQW structures. This
difference can be attributed to the use of a much thinner
barrier layer (Lz;=1.8 nm) in the calculated oscillator
strengths,”” which allows the hole states to couple more
strongly than in the present work. It is important to
design DQW structures with strong electron coupling
and weak hole coupling to maximize the effects of asym-
metry.

The occurrence of these very sharp and relatively large
changes in overlap integral in the vicinity of the n =2 to
n =3 heavy-hole anticrossing is expected to affect PL ex-
periments in three ways. First, the characteristic energy
of the AE, transition illustrated in Fig. 1 is expected to
change. The PL peak energy associated with the AE,
transition will be determined by the n =2 electron
confinement energy in conjunction with either the n =2
or n =3 heavy-hole confinement energy, depending on
whether L,, is greater or less than 2.2 nm. Second, and
more important for optical nonlinearities, is the expecta-
tion that the intensity of the AE, transition observed in
PL increase at L,;=2.2 nm. This increase in intensity is
a direct result of the stronger interwell coupling for
heavy holes at the L,;=2.2 nm anticrossing. Finally, in-
creased tunneling of the heavy holes because of the reso-
nant condition should inhibit the buildup of a spatial
charge separation between the two quantum wells as opti-
cal excitation is increased. Without charge separation,
excitation-dependent band bending does not occur, and
since electron and hole tunneling currents then become
comparable the nonlinear excitation intensity dependence
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of the quantum-well peaks should be weak. However, the
electron and hole tunneling rates will not be identical and
some charge separation and nonlinear excitation depen-
dence will occur. In fact, the band bending that results
from stronger electron tunneling should drive the heavy-
hole subbands in and out of resonance, producing addi-
tional nonlinear structure in the optical response of the
system.

The modeling results presented in this paper have
shown in part how optical nonlinearities in DQW’s de-
pend on both the interwell coupling, which is controlled
by the choice of barrier width, and on the spatial asym-
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metry of the structure, which can be controlled by the
choice of well widths. These modeling results were used
to design a series of asymmetric DQW structures, which
were then probed by use of PL spectroscopy.

III. EXPERIMENTAL RESULTS

A. Effect of interwell coupling

A series of asymmetric, coupled GaAs/Alj;Ga,,As
DQW structures were designed by making use of the cal-
culated subband energies, envelope functions, and associ-
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ated coupling strengths for electrons and heavy holes
presented in Sec. II. In particular, DQW structures were
designed to have barrier widths which allow sufficient
electron coupling but very little heavy-hole coupling be-
tween the wells. The quantum-well widths were tailored
to ensure that the energy separation between the n =1
and n =2 electron subband states is larger than the GaAs
longitudinal-optical phonon energy (36 meV), thus per-
mitting more effective phonon-assisted nonresonant elec-
tron tunneling from the narrow well to the wide well.
The electron and hole confinement energies in all of the
DQW structures designed for these experiments are plot-
ted in Figs. 2 and 3. The DQW structures were grown by
molecular-beam epitaxy (MBE) on undoped (100)-
oriented GaAs substrates.

All of the DQW structures were probed optically at 8,
77, and 300 K by use of PL spectroscopy. An argon-ion
laser operating at 488 nm was used to photoexcite
electron-hole pairs in the Alj ;Ga, ;As cladding layers in

(a)
Alg3GagrAs

Photoluminescence Intensity (Arb. Units)
x
w

I a
600 700 800 900
Wavelength (nm)

FIG. 6. Photoluminescence spectra measured at 8 K in an
asymmetric Al ;Gay ;As/GaAs double-quantum-well structure
similar to that illustrated in Fig. 1. Two quantum-well peaks
arising from the ground-state (n =1) and first excited-state
(n =2) transition are shown, along with peaks associated with
the Al 3Gag ;As and GaAs layers. The laser excitation intensi-
ties used were (a) 6.4 X 10™* W/mm?, (b) 1.0X 10~2 W/mm?, (c)
6.4X 1072 W/mm?, and (d) 2.0X 10! W/mm?.
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these structures. Most of these photoexcited carriers are
captured in the GaAs quantum-well region before recom-
bining through the transitions labeled AE, and AE, in
Fig. 1. The PL emission was spectrally resolved and
detected by use of a double-grating monochromator in
combination with a cooled GaAs photomultiplier. The
primary optical transitions illustrated in Fig. 1 for asym-
metric DQW’s show up clearly as two peaks in each of
the four PL spectra displayed in Fig. 6. These four spec-
tra were measured at 8 K using different laser excitation
intensities. This asymmetric structure consists of two
GaAs quantum wells of unequal thickness (3.1 and 6.2
nm) separated by a thin Al, ;Gag ;As (7-nm) barrier. In
addition to GaAs and Al,;Ga;;As bound exciton and
carbon acceptor peaks, two strong quantum-well peaks
are observed in each spectrum shown in Fig. 6. The
shorter wavelength PL peak labeled n =2 near 740 nm
and the longer wavelength peak labeled » =1 near 780
nm are attributed to transitions between states associated
with the narrow and wide quantum wells, respectively.
The n=1 PL peak arises from the spatially direct
ground-state transition and the n =2 PL peak arises from
the first excited-state transition. As optical excitation in-
tensity is increased [Figs. 6(a)—6(d)] the relative strength
of the n =2 transition approaches that of the n =1 tran-
sition. To further quantify this, the n =1 and n =2
quantum-well PL peak intensities measured as a function
of excitation intensity are plotted in Fig. 7 for two, asym-
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FIG. 7. Photoluminescence peak intensities measured at 8 K
in two asymmetric Aly ;Gay;As/GaAs double-quantum-well
structures having well widths of 3.1 and 6.2 nm. The barrier
widths are 6 nm (open symbols) and 7 nm (solid symbols). The
square symbols are measured photoluminescence intensities for
the ground state (n =1) transition while the circles are mea-
sured intensities for the excited-state (n =2) transition.
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metric DQW samples having well widths of 3.1 and 6.2
nm. The barrier widths for the structures are 6 nm (open
symbols in Fig. 7) and 7 nm (solid symbols in Fig. 7). The
squares in Fig. 7 represent PL intensity (/,) arising from
the ground-state (el-hhl) transition in each structure
while the circles represent PL intensity (I,) from the first
excited-state (e2-hh2) transition. As expected, PL arising
from the ground-state transition is stronger than that
from the first excited state, and the intensity differences
(I,-1,) are larger for the structure having the thinner
Aly ;Gag ;As barrier separating the two GaAs quantum
wells. The total integrated PL intensity arising from the
quantum-well region (I, +1,) is nearly the same for the
two structures and exhibits a linear dependence on laser
power for low excitation intensities. As concluded in ear-
lier work® on Ings;Gag,,As/InP, the PL intensity
differences observed in the spectra of Fig. 6 and plotted in
Fig. 7 are attributed to electron and hole tunneling be-
tween the two coupled quantum wells since structures
having very wide ( > 15 nm) barriers show no appreciable
changes in relative intensity. The PL peak intensity ra-
tios (I,/1,) for the quantum-well transitions in DQW
structures having fixed well widths (L,;=3.1 nm and
L,,=6.2 nm) and three different barrier dimensions (5, 6,
and 7 nm) are plotted in Fig. 8. As optical excitation
power increases, the PL intensity ratio approaches unity
for all samples. For a constant optical excitation power
density, wider barriers give rise to smaller intensity ra-
tios. The PL intensity dependence observed in these
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FIG. 8. Photoluminescence intensity ratios (I, -,/I, -,) mea-
sured as a function of incident laser power density in asym-
metric, Aly3Gay;As/GaAs double-quantum-well structures
having 3.1- and 6.2-nm-thick quantum wells separated by bar-
rier layers having widths of 5, 6, and 7 nm as indicated.
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GaAs/Al, ;Ga, ;As DQW structures is similar to that re-
ported in Ing5;Gag 4;As/InP.*° Also, the measured PL
intensity ratio dependence on barrier width closely
matches that measured in Alj,,Ga, 14,As/GaAs DQW’s
(Ref. 10) and in AlAs/GaAs DQW’s.*’ In the latter sys-
tem thinner barriers are required to observe significant
tunneling effects since the barrier potential is higher in
AlAs than it is in the alloy. Thin barriers make it harder
to establish sufficient band bending in the DQW struc-
ture, thus reducing the nonlinear optical response of the
AlAs/GaAs system. This is the likely reason a weak
nonlinear PL intensity dependence on excitation power is
found in AlAs/GaAs DQW’s.*

The variation in PL intensity ratios between the three
structures shown in Fig. 8 can be explained by the
differences in tunneling rates between electrons and holes
from the narrow well to the wide well. This tunneling-
induced effective-mass filtering effect results in charge
separation as discussed previously. The dipole field pro-
duces band bending in a direction which reduces the en-
ergy separation between the n =1 and n =2 electron sub-
band states. As the electronic subband state degeneracy
is approached at high excitation intensity, the electron
tunneling currents between the wide and narrow quan-
tum wells become equal and the PL arising from the two
wells is nearly equivalent. Thus excitation-dependent sat-
uration of the PL intensity ratio is a signature of subband
alignment and the establishment of resonant tunnel-
ing.”’“

The n =1 and n =2 subband level population distribu-
tion is not thermalized at low excitation levels for PL
data shown in Fig. 8. This conclusion is drawn from the
fact that no significant differences in PL intensity ratio
were found between 8 and 77 K in these structures.*'
The thermal activation energy involved in this process is
half of the energy separation between the measured n =1
and n =2 subband PL peaks, which is 87 meV in these
structures. Thus, for barrier widths between 5 and 7 nm,
the temperature-independent PL intensity ratios found
below 77 K indicate that carriers captured in the narrow
quantum well either recombine directly with energy AE,
or tunnel into the wide well and recombine at a lower en-
ergy (AE,) without significant backtunneling.*!
Thermalized population distributions were important at
300 K, where the PL peak intensity ratios for all of the
structures became much smaller.

Optical hysteresis has been predicted in asymmetric
DQW structures.’® The mechanism driving the bistabili-
ty is expected to be a switching between resonant and
nonresonant tunneling as the electron subband states be-
comes degenerate due to band bending. The DQW struc-
tures presented in this paper were examined for optical
bistability. A small hysteresis effect was observed at 8 K
for the n =2 electron—to-heavy-hole transition. A
slightly larger effect was measured for the n =2
electron—to-light-hole transition, although the PL inten-
sity was much smaller. This noticeable hysteresis
difference is attributed to band bending, which can switch
the light hole from a bound state to a quasibound state
and allow the light hole to escape from the quantum-well
region entirely.
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B. Effect of structural asymmetry

The degree of asymmetry built into the DQW structure
can result in subband-level anticrossings as discussed in
the modeling section and illustrated in Figs. 3-5. The
occurrence of subband-level degeneracy and associated
envelope wave function switching can be expected to
alter the optical properties of DQW structures both by
changing the tunneling rates through the barrier layer
and by altering the transition oscillator strengths between
the different pairs of subbands involved at an anticross-
ing. Thus the strongest optical transition involved would
be expected to switch from one pair of subbands to a
different pair as an anticrossing point is approached.

Four DQW samples were fabricated to study the effects
of subband anticrossing. Each DQW structure consisted
of a 6.2-nm-wide GaAs quantum well and a 6-nm-thick
Aly ;Gay ;As barrier layer. The width of the narrow
quantum well (L,,) was varied over a range which en-
compassed the n =2 and n =3 heavy-hole anticrossing il-
lustrated in Fig. 3. As with previous DQW structures,
the measured PL spectra for each sample exhibited two
strong peaks associated with the quantum-well region.
However, some significant changes occurred in the PL
spectra for this series of structures where the narrow
quantum-well width (L,;) passed through the heavy-hole
anticrossing region. Both the measured PL peak posi-
tions and the intensity ratios exhibited behavior charac-
teristic of heavy-hole subband anticrossing.

Figure 9 presents the measured PL peak energies as a
function of the narrow quantum-well width in the DQW
structure. The solid lines in Fig. 9 represent the calculat-
ed transition energies between pairs of electron and
heavy-hole subband states (en-hhn) having the same in-
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FIG. 9. Photoluminescence peak energies measured at 8 K in
four asymmetric, Al ;Gagy;,As/GaAs double-quantum-well
structures as indicated. The solid lines are calculated transition
energies between pairs of electron and heavy-hole subband
states (en-hhn) having the same index n. The dashed line is the
calculated transition energy between the n =2 electron and
n =3 heavy-hole subbands (e2-hh3).
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dex n. The dashed line in Fig. 9 is the calculated transi-
tion energy between the n =2 electron and n =3 heavy-
hole subbands (e2-hh3). In this series of samples, the
lowest-energy quantum-well PL peak was found to be in-
sensitive to changes in L,;. As expected, this low-energy
PL peak tracks the energy dependence of the ground-
state transition (el-hhl) associated with the wide quan-
tum well. The PL response was quite different for the
high-energy peak measured in the four DQW samples.
This PL peak follows the e2-hh2 transition energy depen-
dence on L,; down to the heavy-hole anticrossing near
L,;=2.2 nm and then switches to the e2-hh3 dependence
for L,; <2.2 nm. This behavior is expected on theoreti-
cal grounds since the overlap integrals (Fig. 5) for the
e2-hh2 and e2-hh3 transitions change abruptly near
L,,=2.2 nm. The slight deviation of some experimental
points from the theoretical results in Fig. 9 can be ex-
plained by one monolayer thickness variations in calcu-
lating the quantum-well widths based on MBE growth
rates and shutter times.

An additional signature of the heavy-hole anticrossing
is found by examining the PL intensity ratios (I,/I,),
which are plotted in Fig. 10. The PL intensity ratios for
each of the four samples having different L, thicknesses
exhibit a dependence on laser excitation intensity that is
similar to that plotted in Fig. 8 for other asymmetric
DQW structures. However, the PL intensity ratio
(I,/1,) dependence on L, exhibits anomalous behavior
at the L,;=2.2 nm heavy-hole anticrossing. In general,
reducing L,, causes the PL intensity ratio to increase.
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FIG. 10. Photoluminescence intensity ratios (I,—,/I,-,)
measured as a function of incident laser power density in asym-
metric, Al ;Gay;,As/GaAs double-quantum-well structures
having quantum-well widths as indicated and a barrier layer
thickness of 6 nm.
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Thus the relative carrier population in the wide quantum
well is enhanced as the narrow quantum-well width is re-
duced. This overall trend is a direct result of reduced
carrier localization for subband states having a higher en-
ergy due to decreased well widths, which leads to higher
tunneling currents from the narrow quantum well to the
wide quantum well. The anomalous behavior found in
the structure having a narrow quantum-well width of 2.3
nm is exemplified by significantly lower PL intensity ra-
tios than expected for low excitation levels. This DQW
structure represents the case where the n =2 and n =3
heavy-hole levels become degenerate and strongly couple.
The strong resonant coupling of the two heavy-hole
states in this sample causes the intensity of the narrow
quantum-well PL peak to increase relative to the wide
quantum-well PL peak. Both the hh2 and hh3 subbands
actively participate in recombination with e2 at the an-
ticrossing point. Thus establishment of heavy-hole reso-
nant tunneling enhances the strength of the narrow
quantum-well radiative recombination transitions (e2-
hh2 and e2-hh3). Since nonresonant electron tunneling
remains stronger than resonant heavy-hole tunneling, the
band bending in the quantum-well region continues to
follow the displaced electron and hole charge distribu-
tions as it did in previous samples. This band bending
causes the DQW system to pass through the heavy-hole
resonant tunneling condition as the optical excitation in-
tensity is increased, and results in the PL intensity ratio
plateau region observed in Fig. 10 for the structure with
L,;=2.3 nm. The PL intensity ratio ‘“‘minimum” for this
structure corresponds to the heavy-hole resonant tunnel-
ing case. The anomalous behavior of the PL intensity ra-
tio for the structure with L,;=2.3 nm cannot be ex-
plained by impurities or unintentional doping of the
quantum wells since all of the DQW samples were
prepared in a similar manner by MBE with the dopant
effusion cells cold. These undoped samples have back-
ground impurity concentrations below 5X10' cm™3.
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The combined experimental data presented in Figs. 9 and
10 support the theoretical prediction that the heavy-hole
levels cross at L,;=2.2 nm in the series of DQW struc-
tures examined in this study.

IV. CONCLUSIONS

The Alj ;Ga, ;As/GaAs DQW system exhibits optical
nonlinearities that depend on both the strength of cou-
pling between the quantum wells and the degree of asym-
metry associated with the structure. The nonlinearities
show up as large intensity changes observed in quantum-
well PL peaks, and these changes are attributed to band
bending caused by tunneling currents and a transition
from nonresonant to resonant heavy-hole tunneling.
Tunneling-induced effective-mass filtering causes a space
charge buildup as optical excitation intensity is increased.
The resultant dipole field bends the bands until the n =1
and n =2 electron subband states become degenerate and
tunneling between the two quantum wells becomes sym-
metric. Under these conditions the PL intensity ratio for
the peaks associated with the subbands approaches unity.
The design of a DQW structure where two heavy-hole
states become degenerate based on an effective-mass mod-
el is shown to significantly alter the PL intensity ratio.
The heavy-hole resonant tunneling condition has a strong
effect on the band bending as well as on optical recom-
bination strengths for transitions involving these subband
states.
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