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We have studied the sequential resonant tunneling characteristics of coupled GaAs/AlAs quantum
wells (QW’s) by measuring the electric-field dependence of the photocurrent and of the excitonic photo-
luminescence (PL) associated with the first and second conduction subband. If the first subband of a QW
is resonantly aligned with the second subband of the adjacent QW, a maximum of the photocurrent, a
strong reduction of the PL intensity from the first subband, and a pronounced enhancement of the PL
associated with the second subband are observed. Unexpectedly, these resonant extrema are observed at
different electric fields. This phenomenon is attributed to the different binding energies of the intrawell

and interwell excitons.

I. INTRODUCTION

Recently, there has been considerable interest in tun-
neling phenomena between coupled multiple quantum
wells (MQW?’s) in an electric field. In strongly coupled
MQW structures (or superlattices), the interwell coupling
between subbands results in a delocalization of the elec-
tronic wave functions. This delocalization gives rise to
line splittings in the spectral dependence of the optical
absorption and of the photocurrent. The most intriguing
observation of this kind has been the demonstration of
the Wannier-Stark localization of electronic minibands.!?
Resonant alignment between different subbands of adja-
cent wells also induces a line splitting.> > In this case,
the splitting is observed in transitions involving both the
first and second subbands. It has been shown by Fox
et al>’ that the resonance field, where this line splitting
is most pronounced, depends on the particular excitonic
transition under study. The reason for this effect arises
from differences between the binding energies of the par-
ticipating excitons. This difference in binding energy al-
ters the precise value of the resonance field.

In weakly coupled MQW'’s, the (homogeneous) width of
the transitions involved exceeds the expected line split-
ting. Therefore, a line splitting due to resonantly aligned
subband energies cannot be observed. Instead, coupling
between adjacent wells results in a resonant enhancement
of the transport rates, if the electric field is such that sub-
band energies of adjacent wells are in resonance. This
phenomenon has been investigated by field-dependent
measurements of the photoluminescence (PL) intensi-
ty,>"% the transient photocurrent,® !© the PL decay
time,!! and optical pump-probe experiments.'> In addi-
tion, as has been shown recently,!*!* this transport effect
induces an increase of the carrier population of the excit-
ed subband, thus giving rise to optical emission from ex-
citons involving the excited subband. This emission is
strongly enhanced at resonance. Such an emission exper-
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iment was used previously!>!* to determine the intersub-
band relaxation time with subpicosecond accuracy.

In the present work, we report on a detailed study of
the electric-field-dependent photoluminescence intensity
due to excitonic recombination involving the first heavy
hole and first conduction subbands (e1-A1) and the first
heavy hole and second conduction subbands (e2-A1) of
weakly coupled GaAs/AlAs MQW’s. If the field is such
that the lowest two subbands el and e2 of neighboring
wells are energetically aligned, we observe a resonant de-
crease of the el-A1 intensity and a resonant enhancement
of the e2-h1 transition. The extrema of these resonance
effects are observed at different fields. We show that, al-
though the situation is different from the coherent re-
gime, this difference can be traced back to excitonic
effects. This phenomenon gives insight into the role of
intrawell and interwell excitons on tunneling-related phe-
nomena.

II. EXPERIMENTAL

This study was performed on an undoped MQW struc-
ture with 50 GaAs quantum wells of 12.3 nm width
separated by 2.1-nm AlAs barriers. The MQW is
sandwiched between 30-nm-thick layers of GaAs fol-
lowed by 600-nm-wide Al, sGa, sAs window layers. The
Alj sGag sAs layers are n doped at the substrate side and
p doped at the top side, respectively, both to about
5%10'7 cm™3. A p-doped GaAs cap was grown on top.
The structure was grown by molecular-beam epitaxy on a
(100)-oriented n * substrate and processed into mesas of
300 pm diameter with ring-shaped Ohmic contacts.
647.1-nm radiation from a c.w. Kr-ion laser was focused
onto the sample with a spot size of about 200 um. The
PL was detected using a triple monochromator equipped
with an intensified Si-diode array detector. The electric
field F was calculated from the applied voltage V by using
the equation F=a(V —V,;)/L, with the MQW thickness
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L =0.78 um and the built-in voltage V,; =1.55 V. The
field-screening parameter ¢ was determined from the in-
tensity dependence of the resonance field. We obtained
a=0.95 and 0.76 at excitation powers of 0.06 and 0.3
mW, respectively. These values also gave satisfactory
agreement between the field dependences of the el-h1
wavelength at different excitation powers.

III. EXPERIMENTAL RESULTS

A. Photoluminescence intensity

Figure 1 shows a series of PL spectra in the spectral re-
gions of the el-A1 [Fig. 1(a)] and the e2-A1 [Fig. 1(b)]
transitions at different electric fields and an excitation
power of 0.3 mW. In Fig. 1(a), the el-h1 transition ap-
pears at 1.539 eV at small fields and is Stark shifted with
increasing field (1.508 eV at 116 kV/cm). Additional
features, not to be further discussed here, arise from the
thermally populated light-hole—exciton transition and
from an impurity-related transition (about 11 meV above
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FIG. 1. Quasi-3D plot of PL spectra showing the spectral re-
gions of the (a) el-~#1 and (b) e2-Ah1 transitions as a function of
electric field. The spectra were excited with an optical power of
0.3 mW, corresponding to about 1W/cm?. The subbands are in-
dicated in the inset.
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and 26 meV below the el-h 1 transition, respectively). In
Fig. 1(b), the e2-h 1 transition is observed at 1.617 eV (60
kV/cm). Resonant alignment between the lowest two
conduction subbands el and e2, which occurs at around
60 kV/cm, causes a strong reduction of the el-A1 PL in-
tensity and a pronounced enhancement of the e2-h1 sig-
nal. A discussion of this resonance phenomenon includ-
ing exciton effects is given below (see also Fig. 5).

The detailed field dependence of the el-A1 and e2-h1
PL intensities, as obtained by a numerical integration of
the PL spectra, is shown in Figs. 2(a) and 2(b) for two
different excitation intensities. In both cases, the reso-
nance maximum of the e2-4 1 luminescence is observed to
occur at clearly smaller fields than the resonance
minimum of the e 1-A 1 luminescence. As indicated by the
dashed lines, the difference between these resonance fields
in Fig. 2 is about 7 kV/cm at 0.06 mW and 5 kV/cm at
0.3 mW excitation power. For further purpose we will
use the average value of 6 kV/cm. Essentially the same
resonance fields as observed for the PL intensities are also
obtained for the occupation densities of the el and e2
subbands, since the field dependence of the oscillator
strengths!>!* (see below) of these transitions is compara-
tively weak.

In addition to the pronounced structure arising from
the el-e2 resonance, the data of Fig. 2(b) contain some
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FIG. 2. PL intensities of the el-A1 and e2-k1 transitions at
(a) 0.06 mW and (b) 0.3 mW excitation power versus electric
field. The dashed lines indicate the resonance extrema.
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weaker structures at small fields. The minimum of the
el-h1 intensity appearing at 10 kV/cm arises from mini-
band conduction. The dip at 35 kV/cm, which corre-
sponds to a potential drop of about 50 meV per MQW
period, is probably associated with inelastic tunneling be-
tween the el subbands of adjacent wells, assisted by
AlAs-like longitudinal-optical phonons. We note that
these field values are influenced by space charges since
our assumption of a constant field screening parameter
underestimates space-charge effects at these small fields
where the PL intensity is close to saturation. At high
fields, the el-h1 intensity drops again because of the
nearby el-e3 resonance occurring at around 150
kV/cm.>1%13 In addition, nonresonant tunneling pro-
cesses become more and more important with increasing
field.

B. Photocurrent

Additional information on the transport characteristics
is obtained from the field dependence of the photo-
current, which is plotted in Fig. 3. Under constant il-
lumination power, the photocurrent is a function of the
ratio between the transport rate and the recombination
rate. The photocurrent saturates when the transit time of
the photoexcited carriers is much smaller than the
recombination time. So the photocurrent as a function of
the electric field shows only weak structure when the
transit time is very short. However, a maximum in the
field-dependent photocurrent still corresponds to a max-
imum in the ratio between the transport rate and the
recombination rate. The inset of Fig. 3 illustrates the res-
onance situation of interest here, namely, the resonant
alignment of the energies E, |, E,, of the el and e2 sub-
bands. With the MQW period d, the resonance condition
reads as

eFd=E,,—E,, . (1)

From Fig. 3, we find an experimental field value of 60
kV/cm corresponding to this condition. This value lies
in between the resonance fields as obtained from the
el-h1 PL and the e2-A1 PL. This result seems very
reasonable since the field for maximum photocurrent
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FIG. 3. Photocurrent versus electric field at 0.06 mW excita-
tion power. The inset shows the situation when the el and e2
subbands are in resonance.
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agrees with the field value where the ratio I, /I, between
the e2-h1 PL intensity I, and the el-h1 PL intensity I,
is maximized (see Fig. 2). In addition, a maximum in the
photocurrent occurring in between the maximum of I,
and the minimum of I, is also expected from particle
conservation.

We briefly discuss the additional structures contained
in Fig. 3, which are analogous to those of Fig. 2(b). The
steplike structure in Fig. 3 at 5 kV/cm is related to mini-
band conduction. It appears at smaller fields than the
corresponding structure in Fig. 2(b) because of the
different space-charge influence. The step at around 32
kV/cm corresponds to phonon-assisted tunneling as men-
tioned above. The increase of the photocurrent above
100 kV/cm is partly due to enhanced nonresonant tun-
neling rates and to the el-e3 resonance. It is not associ-
ated with avalanche multiplication processes which are
only observed above 220 kV/cm.°

Time-resolved measurements of the photocurrent un-
der pulsed optical excitation have been performed previ-
ously* in order to determine directly the resonance field
for photocarrier transport. Although essentially the
same resonance fields are obtained, the results are not
directly transferrable to the present situation since the
precise influence of the space charges in both experiments
is presumably not identical.

IV. DISCUSSION

A. Influence of space charges on the resonance phenomena

A rate equation analysis of the transport and recom-
bination processes in weakly coupled quantum wells re-
sults in the following relation!® between the observed PL
intensities I; and I, of the el-h1 and e2-h1 transitions,
respectively,

222k 2)

Here 7, is essentially the time constant for electron trans-
port from one well to the adjacent well, 7 is the intersub-
band relaxation time. f; and f, are the oscillator
strengths of the el-A1 and e2-h1 transitions. The ratio
f1/f, for different external voltages has been determined
by photocurrent spectroscopy.’* At the electric fields of
interest here, the result can be expressed as'*
f1/f,=aexp(—F/B), with the coefficients a=9.64 and
B=49 kV/cm. Equation (2) was used previously to deter-
mine 7,.!> There the PL intensity ratio I, /I, was mea-
sured under pulsed excitation, with an observed value of
I,/I,=0.4% under resonance conditions, corresponding
to an occupation ratio between the e2 and e 1 subbands of
ny/n,=U,/I1)f,/f,=1.1%. In combination with
7,=60 ps, as obtained from time-resolved photocurrent
measurements,'® an intersubband relaxation time of
about 0.65 ps was found.

The pulsed excitation conditions of Ref. 13 differ from
the present case where we use stationary optical excita-
tion. In the experiment, this difference becomes evident
from the field-dependent PL intensities of Figs. 2(a) and
2(b). In fact, both the el-A 1 and the e2-k 1 PL intensities
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I, and I, show a pronounced resonance behavior at
around 60 kV/cm, giving maxima in the intensity ratio
I,/I, of 5.5% and 4% at 0.06 mW and 0.3 mW, respec-
tively. Under nonresonant conditions, say, at about 80
kV/cm, we have I, /I, =0.1-0.2 %. In addition, the ob-
served resonance minimum of I, is very sharp, with a full
width at half maximum (FWHM) of 8 kV/cm (at 0.06
mW) and 7 kV/cm (at 0.3 mW). In contrast, a steplike
field dependence of I, /I, was found in Ref. 13, without
any resonance minimum. The time-of-flight experiments
in Ref. 10 give rise to a resonance FWHM of 22 kV/cm
for the transport rates.

In order to explain these differences we consider the
fact that the resonance field of a tunneling resonance is
usually stabilized by space-charge effects. An experimen-
tal manifestation of this stability of resonant-field
configurations has been given previously!® by the obser-
vation of electric-field domains arising from a space-
charge determined field distribution, where each field
domain corresponds to a resonance field. In the present
context, there is a space-charge density of about
(1-2)X10% cm ™ in the undoped region already without
illumination due to residual impurities, giving rise to a
field inhomogeneity of 10-20 kV/cm across the intrinsic
layer of the p-i-n diode. Such an inhomogeneity has also
been discussed previously'© since it will cause a broaden-
ing of the resonance behavior at small excitation levels.
In addition, monolayer fluctuations of the well width may
cause an additional inhomogeneity of the field values for
resonant tunneling between adjacent wells.® The field in-
homogeneity is now reduced under static illumination if
the diode is biased close to resonance, thus giving rise to
a sharpening of the field dependence of the resonance.
This explanation is further supported by the enhance-
ment of the resonance behavior of the el-A21 PL intensity
with increasing power as observed in Fig. 2.

In order to get further information on the field distri-
bution across the MQW, we have analyzed in Figs. 4(a)
and 4(b) the spectral position of the peak and the half-
intensity energies of the field-dependent el-A1 PL line.
The overall redshift with increasing field is due to the
quantum-confined Stark effect. The choice of the screen-
ing parameter a, as defined above, is justified from the
agreement of the exciton peak energies between Figs. 4(a)
and 4(b). The resulting values of a give evidence that
space-charge effects actually play an important role.

Of particular interest is the regime close to resonance
(around 60 kV/cm) where both the position and the
width vary in a steplike manner. We note that this
feature cannot be explained by a level repulsion, as ob-
served in strongly coupled MQW,375 since the signature
of the latter is an additional redshift on the low-field side
and an additional blueshift on the high-field side of the
resonance, which is opposite to the present results.

Similar structure as in Fig. 4(a) has been observed pre-
viously by Tarucha and Ploog.® They attributed the
anomaly to a spectral inhomogeneity of the PL quench-
ing due to the tunneling resonance. Following their argu-
ments, spatial fluctuations of the well width give rise to a
spectral distribution of the luminescence intensity with
the low (high) energy side arising from the wider (nar-

HARALD SCHNEIDER, JOACHIM WAGNER, AND KLAUS PLOOG 48

rower) wells, and to a distribution of resonance fields with
the low (high) field part of resonance fields arising from
the wider (narrower) wells. Thus, close to resonance, the
low (high) energy side of the PL spectrum is quenched at
lower (higher) fields, thus explaining the observed steplike
structure in Fig. 4. As a second explanation, field inho-
mogeneities from space charges due to residual impurities
again generate PL lines distributed over a certain spectral
range through their Stark shift. Here the low (high) ener-
gy portion of the PL spectrum is associated with the high
(low) field regions of the field distribution, so that the low
(high) energy part of the PL is suppressed at low (high)
fields around the resonance.

The field-dependent el-h1 PL peak energies and
linewidths in Fig. 4(a) are consistent with both explana-
tions. In addition to the steplike structure, which is ob-
served exactly at the intensity minimum of the el-A1l
transition (see Fig. 2), there is a line narrowing on both
sides of the step, thus indicating a preferential quenching
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FIG. 4. Peak energies (@) and half-intensity energies (+) of
the el-A 1 PL intensity at (a) 0.06 mW, (b) 0.3 mW, and (c) of the
e2-h1 PL intensity at 0.3 mW, versus electric field. Dashed
lines indicate the resonance fields obtained in Fig. 2.
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of the low-energy and high-energy parts of the PL spec-
trum, respectively, slightly below and slightly above the
step position. This line narrowing is more pronounced at
the low-field side of the step, where the resonant max-
imum of the e2-h1 PL intensity is observed, than at the
high-field side. As shown in Fig. 4(b), only the low-field
line narrowing is still observed at higher excitation
power. In addition, the field dependence of the step
structure is now smeared out. The low-field resonances
give additional structures in the energy positions and
linewidths of Fig. 4(b) which will not be discussed fur-
ther.

Under the conditions of Fig. 4(b), the e2-A1 PL was in-
tense enough to perform a similar analysis, as shown in
Fig. 4(c). At the field value of the e2-h1 intensity max-
imum (57 kV/cm), the e2-h1 position reaches a local
minimum. There is a clear increase in energy by about 5
meV when approaching the field of the el-A1 intensity
minimum (62 kV/cm). Such increase is not unexpected
from the previous discussion since, on increasing the
field, selective quenching of e1 transitions with increasing
energy should imply selective pumping of e2 transitions,
again with increasing energy. Slightly above 62 kV/cm,
there is a tendency of line broadening, which is not quite
understood presently, probably arising from hot-electron
effects. At higher fields, the Stark shift moves the e2-41
transition towards lower energies.

B. Influence of the exciton binding energy

Although a variety of aspects has already been dis-
cussed, it is not yet clear what is the origin of the shift in
electric field between the resonance minimum of the
el-h1 and the resonance maximum of the e2-h1 PL in-
tensities. In strongly coupled quantum wells, resonance
between subbands manifests itself in a level splitting’~> of
the el-A 1 and the e2-h 1 excitons due to the coherent in-
teraction with the e2-h1 and el-h1 transitions, respec-
tively, of the right- and left-adjacent wells. However, the
resonance splitting in the energy regime of the el-hA 1 ex-
citon is observed at larger fields than the resonance split-
ting of the e2-h1 exciton. This is the case because the
resonance splitting is due to an avoided crossing of exci-
ton states, not of pure conduction subbands. If E7},,,
Efi, E3 4, and E3;; denote the binding energies of the
spatially direct and spatially indirect e1-A 1 and e2-h 1 ex-
citons, respectively, the condition for the resonance split-
ting of the e1-A 1 exciton is

|eFd|=E,,—E,,+E%,;,—E%,; . (3)
The resonance splitting of the e2-h 1 exciton occurs at

leFd|=E,,—E,+Ef;—E3q4 - )
The corresponding energy configurations, though for the
situation of weak interwell coupling, are indicated in
Figs. 5(a) and 5(b), respectively. Since the binding ener-
gies E{;; and E3,; of the intrawell excitons are larger
than those of the interwell excitons E7{;; and E3,;, the
resonance field of the el-A1 transition is larger than the
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FIG. 5. Band diagrams of (a) the resonant damping of the
el-A1 luminescence and (b) the resonant pumping of the e2-A1
luminescence in weakly coupled MQW. Ef;, ET,;, E34, and
E3,; are the binding energies of the spatially direct and spatially
indirect el-A1 and e2-h1 excitons, respectively (not to scale).
Dashed lines indicate the energies of the excitons involving the
h1 subband located in (a) the left quantum well and (b) the right
quantum well, as counted from the respective valence subband
energy.

resonance field of the e2-A4 1 exciton by the amount

AF=—(Ef,,—E3u+E3i—Efi)) (s)
In Ref. 5, these binding energies were calculated for simi-
lar sample parameters (9.5-nm GaAs wells, 1.5-3.5-nm
Al ;Gay,As  Dbarriers). The result E7},;—E3;
=~E% 14— E7;;=4.0-4.5 meV compares well with their
experimental value of 5 meV. We note that the calculat-
ed binding energies of the interwell excitons are still rela-
tively large (3.6-3.7 meV) although their oscillator
strength is negligibly small.

The resonant alignment of exciton transitions, as al-
ready expressed in Eqgs. (3) and (4), respectively, is shown
schematically in Figs. 5(a) and 5(b). In contrast to the sit-
uation considered in Refs. 3—5 we do not observe a reso-
nant splitting of excitonic absorption peaks in our present
experiment. Instead, we are studying the influence of
transport effects (shaded arrows in Fig. 5) on the intensity
of the excitonic recombination (full arrows). If the exper-
imental minimum of the field-dependent el-A1 PL and
the maximum of the e2-h1 PL (see Fig. 2) can be associ-
ated with the situations of Figs. 5(a) and Fig. 5(b), respec-
tively, then the observed difference AF=6 kV/cm, i.e.,
eAFd=8.6 meV, gives rise to a difference of about 4.3
meV between the binding energies of the intrawell and in-
terwell excitons. [See Eq. (5)]. This value is in reasonable
agreement with the theoretical values.” Consequently,
such an assumption will quantitatively explain the experi-
mental shift between the el-A1 and e2-A1 PL resonance
positions.

Therefore, it is important to discuss which of the situa-
tions outlined in Fig. 5(a), Fig. 5(b), and in the inset of
Fig. 3 is relevant for a specific resonance phenomenon.
In a photoconduction measurement, the resonance condi-
tion usually corresponds to the alignment of the conduc-
tion subbands, as depicted in the inset of Fig. 3. This is
due to the fact that the drifting carriers are predominant-
ly located in nonexcitonic states.

While the motion of all the carriers is seen in the pho-
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tocurrent, the excitonic PL only monitors carriers located
in exciton states. In order to identify the resonance
behavior of the PL intensity, we therefore have to consid-
er the field where the respective excitons are resonantly
damped or pumped. For the intrawell e1-A1 exciton, the
damping is expected to be strongest when the exciton en-
ergy is degenerate with the energy of the spatially in-
direct e2-h1 exciton. This argument suggests that Fig.
5(a) actually applies to the resonance minimum if the
el-h1 PL is monitored. Similarly, the intrawell e2-41 PL
is most strongly pumped if the energies of the intrawell
e2-h1 exciton and of the interwell el-A1 excitons are in
resonance, as shown in Fig. 5(b). This mechanism relies
on the efficient formation of spatially indirect e1-h 1 exci-
tons. Indeed, the rather large binding energy’ of these in-
terwell excitons reveals that the Coulomb attraction be-
tween carriers located in adjacent wells is still very
strong. To summarize these arguments, the apparent
field position of the el-e2 tunneling resonance, as ob-
served in the field dependence of the photocurrent, the
el-h1 PL, and the e2-A1 PL, is given by Egs. (1), (3), and
(4), respectively, and corresponds to the situation out-
lined in the inset of Fig. 3, in Fig. 5(a), and Fig. 5(b).
Consequently, the measured resonance field does not only
depend on the subband spacing and on the MQW period,
but also on the measurement method.

V. CONCLUSION

We have studied the influence of resonantly enhanced
tunneling rates in weakly coupled MQW?’s on the intensi-
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ties of the excitonic photoluminescence, involving the ini-
tial conduction subband el and the final conduction sub-
band e2, and on the photocurrent. Each of these experi-
mental probes gives rise to a slightly different field posi-
tion where the resonance arising from the energetic align-
ment of the el and e2 states is observed. We discuss
these differences in the resonance field value as an evi-
dence for excitonic effects giving rise to a shift of the res-
onance minimum of the el-A1 PL towards higher fields
and to a shift of the resonance maximum of the e2-41 PL
towards lower fields, both with respect to the resonance
field as determined from the photocurrent. The observed
magnitude of this shift is consistent with calculated
differences® in the binding energies of direct (intrawell)
and indirect (interwell) excitons. In addition, these re-
sults give evidence for the contribution of interwell exci-
tons to the transport phenomena. Our experiments
therefore provide a method to study these interwell exci-
tons which cannot be studied directly by optical methods,
namely, by their influence on the luminescence of in-
trawell excitons.
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