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in Al,Ga; — ,As/GaAs multiple-quantum-well structures

S. Tarucha,* K. Ploog, and K. von Klitzing
Max-Planck-Institut fur Festkorperforschung, D-7000 Stuttgart 80, Federal Republic of Germany
(Received 30 March 1987)

We have observed a strong reduction of the tunneling time in a Alg29Gag71As(5.8 nm)/
GaAs(12 nm) multiple-quantum-well structure caused by resonances of electrons between the first
excited state and the ground state (down to 430 ps) and also between the second excited state
and the ground state (down to less than 60 ps), which are adjusted by electric fields. In addition,
we provide evidence for the quenching of the excitonic luminescence to be also induced by the
resonance from a comparison of the tunneling time and the recombination time.

Recent developments in the growth of artificially lay-
ered structures have made feasible the extensive study of
tunneling effects in semiconductor superlattices or
multiple-quantum-well structures (MQWS’s). Most of
the resonant-tunneling features in the superlattices were
exemplified in static current-voltage characteristics.! Re-
cently, a striking evidence for resonant tunneling was pro-
vided by the observation of two peaks in the low-
temperature photocurrent-voltage characteristics of a
Al In; - As/Ga,In,-xAs MQWS.? These peaks were
attributed to resonance of electrons between the first two
excited states and the ground state in the adjacent wells.?
A similar resonance feature was also observed in a
Al,Ga, -,As/GaAs MQWS.* As yet, however, only very
few studies of the dynamical aspects of resonant tunneling
have been reported, although a considerable interest in the
effect of resonance on tunneling times exists. The mea-
sured time-resolved photocurrent (PC) of a MQWS at
room temperature showed a remarkable decrease of the
decay time due to the tunneling of carriers, but a reso-
nance effect was not observed.>® The tunneling properties
were also studied by measurements of excitonic pho-
toluminescence (PL) in QW heterostructures’® and
MQWS’s.’-!! A comparison of PL and PC at low tem-
peratures revealed an excess PC generated by the field-
induced ionization of exciton.”!! The time-resolved PL of
a QW with thick barriers exhibited a decrease of the car-
rier lifetime in high fields due to tunneling.®'® Recently,
in a Al,Ga;-,As/GaAs MQWS with rather thick bar-
riers, a constant fast decay of the excitonic PL was ob-
served in low fields and attributed to the resonant-tun-
neling effect.!!

In this paper we report the observation of the reduction
of the tunneling time in a Al,Ga;-,As/GaAs MQWS
caused by resonance effects of electrons between the first
excited state and the ground state (down to 430 ps) and
also between the second excited state and the ground state
(down to less than 60 ps) in the respective adjacent wells.
In addition, we provide direct evidence for the quenching
of the excitonic PL induced by the resonance effect from a
comparison of the tunneling time and the excitonic recom-
bination time. Time-resolved PC as well as static PL and
PC measurements are used to study the tunneling proper-
ties of the Al,Ga; —,As/GaAs MQWS. The exciting en-
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ergy is chosen to be slightly higher than the energies of the
excitonic absorption peaks at the energy gap, in order to
generate carriers homogeneously in the entire MQWS re-
gion along the axis of the layer sequence.

The sample is a p-i-n heterostructure diode grown by
molecular-beam epitaxy. The intrinsic region consists of a
100-period Alg29Gag 71As(5.8 nm)/GaAs(12 nm) MQWS
and is sandwiched between 1-um-thick Alg49Gags;As lay-
ers doped with Si to n=2x10!7 cm ~3 and with Be to
p=1x10"® cm 73, respectively. The diode is processed
into a high mesa-type cylindrical geometry having a diam-
eter of 190 yum. A cutoff frequency of 10 GHz is derived
from the RC time constant. A built-in voltage of the
diode is evaluated to be 1.6 V at 20 K from the PC-voltage
characteristics. The time-resolved PC is measured using a
785-nm Al,Ga, -,As double-heterostructure laser diode
as exciting light source. Optical pulses of 200 ps duration
and 100 kHz repetition rate are generated by injecting
electric pulses into the laser diode. The peak excitation
density is estimated to be about 0.5 W cm ~2. The absorp-
tion coefficient is about 10 ™2 per well at 785 nm.!? The
time-resolved PC is measured with a 14-GHz sampling
oscilloscope combined with a computer system to inte-
grate the signal. dc voltages are bandwidth limited be-
tween 10 kHz and 18 GHz. The overall time resolution of
the detection system is approximately 40 ps. The PC sig-
nal is fed from the sample mounted in a cryostat to the
sampling oscilloscope through a semirigid cable. Due to
the heat dissipation of the semirigid cable the lowest tem-
perature achieved on the sample is 20 K. Static PL and
PC measurements are performed with the sample cooled
to 5 K using the cw 753-nm line of a Kr* laser with about
5Wem ~2

Figure 1 shows the static PC and the spectrally in-
tegrated PL intensity versus bias voltage measured under
the same excitation conditions. The negative sign of the
bias voltage V), denotes the backward of the diode. The
observed PL is associated with excitons of electrons and
heavy holes in the ground states.!' The PL intensity
shows a small dip labeled 4 and a large dip labeled C
at Vp,=—3.2 and —9 V, respectively, and a complete
quenching for V, < —16 V. At the same voltages as the
dips 4 and C the PC shows small peaks a and c, and also a
broad peak d at —17 V, where the PL intensity is com-
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FIG. 1. Static PC and integrated PL intensity vs bias voltage.
The arrows indicate the peaks of the PC and the dips of the PL
intensity. The broken line is a guide for the eyes. The inset
shows a sketch of the resonance between 2e and le.

pletely quenched. This correspondence indicates that the
peaks a, ¢, and d are induced by the carriers generated by
the field ionization of excitons and are thus associated
with the escape of electrons or heavy holes in the ground
states from the wells.”!! The effective-mass calculation of
the energy levels leads to the assignment of the peaks ¢
and d to resonance effects of electrons between the first
two excited states and the ground state.®* The electric
field across each constituent MQWS period, which is eval-
uated from the Stark shift of the PL emission energy to
eliminate the field-screening effect of the photogenerated
carriers,!! amounts to 13, 37, and 80 kVem ! for the
peaks a, ¢, and d, respectively.'® The calculation yields
the energy difference of 65 meV between the first excited
electron state (2¢) and the ground electron state (le) and
161 meV between the second excited electron state (3e)
and le.!* These values predict resonances at 37 and 90
kVem T}, which are in good agreement with those for the
peaks ¢ and d, respectively. In the same manner we attri-
bute the peak a to resonance between the first excited
heavy-hole state (2HH) and the ground heavy-hole state
(1HH) or between 1HH and the ground light-hole state
(1LH). The effective-mass calculation predicts resonance
between 2HH and 1HH at 8 kVcm ~! and resonance be-
tween 1HH and 1LH at 7 kVcm ~!.!* These values are in
good agreement with the measured data of the peak a, al-
though no significant feature to distinguish the two reso-
nance effects is observed. The PC shows another small
peak b at —3.9 V, which is accompanied by a slight in-
crease of the PL intensity in contrast to the other three
peaks. We therefore assume that this peak is either due to
the quenching of a nonradiative recombination process as-
sociated with residual impurities or defects or due to the
field-induced change of the absorption coefficient at the
exciting energy. The excellent correspondence between
the PL intensity and the PC in Fig. 1 indicates that the in-
jection of carriers in the MQWS contributes either to the
luminescence or to the photocurrent. The dips of the PL
intensity imply the quenching caused by resonance effects.
We discuss the competitive processes of excitonic recom-
bination and resonant tunneling again in connection with
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the time-resolved PC characteristics.

In Figs. 2(a) and 2(b) we show the time-resolved PC
obtained at different bias voltages. The periodic oscilla-
tion in the decay profile is caused by electrical reflection.
For V, < —3 V, remarkable changes in the PC decay
profile are observed. The time-resolved PC exhibits two
different exponential decay components, i.e., a fast initial
decay and a slow subsequent decay. The peak of the PC is
followed by the fast initial decay. The peak (maximum)
value of the PC (PCM) becomes first larger when V} is
decreased from —4 to —6.5 V and then smaller when V),
is further decreased down to —10 V. A similar change of
PCM is observed for V;, from —10to —15 V. PCM be-
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FIG. 2. Time dependence of the PC at different bias voltages:
(@) =3V>V,>—9V,(b) —10V>V,> —20 V. The solid
and broken lines describe the biexponential decay.
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comes larger again when V} is further decreased down to
—20 V. For V3> —3 V, no difference of the time-
resolved profile between the initial and the subsequent de-
cay components are detected because of the limitation im-
posed by the signal-to-noise ratio.

The peak value PCM and the time constant 7; of the in-
itial decay components are plotted in Fig. 3 as a function
of the bias voltage. The value of 7; is determined from the
slope of the initial decay as, e.g., indicated by the solid
lines in Fig. 2. The value of 7; =60 ps is the lower limit
given by the time-resolved decay profile of the exciting
pulse. For ¥V, > —3.5 V, 7; is not determined for the
reason given before. PCM shows three peaks at —0.8,
—6.5, and —13.5 V following the abrupt increases in the
larger V, ranges. This feature is well reproduced in the
static PC curve, i.e., the peaks at —0.8, —6.5, and —13.5
V are compared to the peaks a or b, ¢, and d, respectively,
although the peaks of PCM are slightly shifted to the
larger ¥, ranges because the field screening is smaller un-
der pulse excitation. The peak at —13.5 V appears more
clearly than the peak d since PCM gives the peak value of
the time-resolved PC. The electric field across the
MQWS period given by (Vo—V;)/t, where Vy is the
built-in voltage and ¢ is the total thickness of the MQWS
region, is 13 kVcm “lat —0.8V,46kVcm ~'at —6.5V,
and 85 kVem ™! at —13.5 V. These values are in good
agreement with those of the peaks of the static PC (peak a
or b, ¢, and d). The separation of the two peaks (a and b)
is not detected in the PCM data possibly due to the limita-
tion by the signal-to-noise ratio. At the same voltages as
the peaks of PCM (—6.5 and —13.5 V) 1; exhibits large
dips. Therefore, these dips of z; are attributed to reso-
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FIG. 3. Peak value PCM and time constant 7; of the initial
PC decay as a function of bias voltage. The arrows indicate the

peaks of PCM and the dips of 7;. The broken and dashed-dot
lines are guides for the eyes.
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nance effects of electrons between 2e and le (at —6.5 V)
and also between 3e and le (—13.5 V). As far as the ini-
tial decay component of time-resolved PC is concerned,
we find that the main features are well explained by as-
suming the tunneling of electrons. On the other hand, the
subsequent decay component has a time constant of 5-10
ns, which can be only approximately evaluated in the
measured time range. This decay may be attributed to
the tunneling of holes. Additional investigations are re-
quired to trace the tunneling properties of holes in detail.

The population of carriers in the MQWS decays due to
radiative recombination or due to carrier escape through
the barriers as mentioned before. The carrier lifetime 7,
is given by 7. ! =7, '+ 15!, where 1, is the carrier escape
time and 7. is the radiative recombination time. For the
PC the relative intensity and the decay time are given by
7./7, and t., respectively, while for the PL they are given
by 7./7ex and 7., respectively. When the electric field is
increased, 1, is reduced by the field-induced tunnel-
ing,>%%10 while 7., is enhanced by the charge separation.®
Here we assume 7.,=7;. In most of the previous time-
resolved PL and PC measurements a monotonic decrease
of t. with increasing electric field was observed, and this
finding could be attributed to the field-induced tunneling
without considering resonance effects. The dips observed
in the 7; (Fig. 3), however, provide direct experimental
evidence for a drastic reduction of the tunneling time in
the MQWS caused by resonance of electrons. The sym-
metric ¥, dependence of t; around the dip at —6.5 V
demonstrates that the reduction of 7; is determined only
by the resonance effect and not affected by the magnitude
of the electric field.

The smallest 7; value measured in the V}, range of the
resonance is 430 ps at —6.5 V and less than 60 ps around
—13.5 V. This difference is attributed to the larger over-
lap of the wave function between 3e and le in the adja-
cent wells. For a rough estimate we assume that the over-
lap is related to the tunneling probability of electrons in
the excited states without electric field, according to
exp{—[B8mX/h*)(AE. —E)12Lg}, where mX is the
electron effective mass and AE, is the conduction-band
discontinuity, E is the confinement energy of the excited
states, and Lp is the barrier thickness. As this formula
reflects the extension of the wave function from one well
to the next one, we can approximate the ratio of the tun-
neling probabilities associated with 2e and 3e within the
order of magnitude. The calculated ratio is 0.08, which
compares favorably with the value of <0.14 (less than 60
ps divided by 430 ps) given by the measured ;. The
parameters given in Ref. 14 and E evaluated from our
static PC and PL measurement are used.

Of particular interest is the behavior of the time con-
stant 7; for ¥ less than —14 V. t; becomes smaller when
Vp is decreased below — 15 V. This reduction of 7; is as-
sociated with the tunneling of electrons from the ground
state in the wells to continuum states in the neighboring
wells because 3e evaluated from the resonance peak of the
static PC curve is only 10-20 meV below the top of the
potential barrier. This interpretation ensures the validity
of our assumption that AE.=0.62 (energy-gap differ-
ence).
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The quenching of the static PL intensity shown in Fig. 1
is well explained by comparing the field dependence of 7.
and 7e. In the low-field range 7ex is 1.5 ns, as reported
previously,!! and it increases gradually with increasing
electric field.® The 7. is given by the 7; shown in Fig. 3.
When the electric field is close to the value providing the
resonance between 2e and le, 7. is reduced down to 430
ps. This value is sufficiently small to quench the PL inten-
sity given by 7./tex. However, when V, is further de-
creased, 7, becomes as large as 1 ns, which is comparable
to 7ex so that the PL intensity recovers. The PL intensity
best recovered for ¥V, < —10 V is one-third of the intensi-
ty observed for ¥V, >0 V. This finding is in good agree-
ment with the value of 7./7ex= 1, where the enhancement
of 7.y is taken into account by a factor of 2.8 When ¥} is
further decreased and approaches the value giving the res-
onance of electrons between 3e and le, 7. becomes
abruptly small, leading to the relation of 7. < 7.x, which
means the complete PL quenching.

In conclusion, we use time-resolved PC measurements
as well as static PL and PC measurements to study the
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tunneling properties of a Alg29Gag71As/GaAs MQWS
forming the intrinsic region of a p-i-n heterostructure
diode in detail. The carriers are generated homogeneously
in the entire MQWS region due to the appropriate choice
of the exciting light energy. A strong reduction of the
electron tunneling time is observed which is caused by res-
onance effects between 2e and le (down to 430 ps) and
also between 3e and le (down to less than 60 ps) in the
respective adjacent wells. In addition, from a comparison
of the tunneling time and the excitonic recombination
time, direct evidence is given for the resonance-induced
quenching of the excitonic luminescence.
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