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Resonant tunneling of electrons in GaAs/AlGaAs quantum wells is resolved by picosecond pump-
and-probe electroabsorption measurements. The temperature-independent tunneling escape times are
dramatically affected by the applied electric field, with a pronounced minimum at the field correspond-
ing to the resonance between the n=1 electron level in one quantum well, and the n=2 electron level in
the adjacent one. The calculated field dependence of the tunneling times is in qualitative agreement

with the data.

PACS numbers: 78.50.Ge, 72.20.Jv, 73.40.Gk, 78.20.Jq

The investigation of the tunneling of particles through
potential barriers in semiconductor quantum wells has
recently attracted much attention. Intense research has
focused on basic quantum effects ranging from Bloch
transport of electrons and holes in minibands' to reso-
nant and nonresonant tunneling in samples with wider
barriers,? in a variety of material systems such as GaAs/
AlAs,>® GaAs/AlGaAs,”!! and InGaAs/InP.2!%!3 In
spite of the large amount of work, there are still many
open questions concerning dynamical aspects of the vert-
ical transport. Our purpose here is to study the mecha-
nisms by which carriers escape from quantum wells un-
der the influence of an electric field. The results are also
relevant for the speed limits of electro-optical devices us-
ing electroabsorption in semiconductor quantum wells.'*

Most of the experimental effort in this field has con-
centrated on steady-state photocurrent®*> and opti-
cal*”!3 measurements, providing only very indirect in-
formation on the dynamics of the transport. Time-
resolved techniques are required for the direct study of
transport processes. For example, it is possible to inject
a short charge pulse into one contact of the sample and
to measure the transmitted current pulse at the other
contact in real time.*> Or, one can generate carriers
directly in the quantum wells by absorption of photons
from a short laser pulse. The photoinduced carrier popu-
lation may then decay by recombination, thermionic
emission, or tunneling through the barriers. One way of
studying the loss of carriers is time-resolved photo-
luminescence spectroscopy, as shown in the pioneering
work of Deveaud et al.! and Tsuchiya, Matsusue, Saka-
ki,® and more recently by Jackson et al.”

We have chosen a new approach, that of time-resolved
electroabsorption measurements.'®!" A picosecond laser
pump pulse is used to excite carriers in quantum wells
contained in the intrinsic region of a reverse-biased p-i-n
structure. The carriers that escape from the quantum
wells are swept by the field towards the electrodes. This
separation of charge locally reduces the voltage between
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the electrodes and alters the absorption coefficient via the
quantum-confined Stark effect (QCSE)."* The time
dependence of the absorption change Aa(t) is monitored
with a time-delayed probe pulse, providing information
about the escape rate of the carriers. The experiment
has a pulse-width-limited resolution of ~10 ps. By
studying the effects of the applied field on the rise time 7
of Aa at temperatures of 100 and 300 K, we are able to
identify tunneling of electrons through the barriers as the
dominant carrier escape mechanism. We find that the
temperature-independent tunneling times vary between a
few hundreds of ps at low fields and a few tens of ps at
high fields, with a pronounced minimum at an intermedi-
ate field where the n=1 electron level in one quantum
well is in resonance with the n=2 electron level in the
adjacent one. Our results clearly demonstrate that this
dependence is the signature of resonant tunneling.

The sample used was a p-i-n structure grown by mole-
cular-beam epitaxy, containing 75 periods of 65-A/57-A
GaAs/Aly31GaggoAs quantum wells in its intrinsic re-
gion. The thickness of the layers and the Al concentra-
tion were obtained from the growth parameters, and
from optical and electron microscope measurements. '®
Using photolithographic techniques, contacts were made
to the doped regions, with 200% 200 ym? windows on the
p side. The samples were antireflection coated and the
substrate was etched away. The transmission spectrum
at room temperature [inset of Fig. 1(a)] shows the exci-
tonic peaks associated with the allowed n=1 and n=2
transitions. By applying a voltage V the allowed peaks
shift to longer wavelength and broaden. The field F in-
side the sample may be estimated from F=(V+V;)/d,
where Vyi=1.5 V is the built-in potential, and d=0.9
um is the thickness of the intrinsic region of the diode.
The shifts of the n=1 heavy-hole (En;) and light-hole
(E 1) excitonic peaks could be followed up to an applied
voltage of 30 V (estimated field of 3.5%X10° V/cm) and
were found to be in reasonable agreement with those pre-
dicted by the QCSE theory.'?
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FIG. 1. (a) Room-temperature absorption spectra of the p-i-n modulator at 0 V (inset) and 10 V (lower curve). The upper curve
is the room-temperature differential absorption spectrum at 10 V and 100 ps after excitation. Arrow: wavelength used for time-
resolved measurements at 10 V. The estimated field at 10 V is 1.2x10° V/em. (b) Biasing circuit and geometry used in pump-and-
probe experiment. (c) Schematic diagram of the electron (le,2e) and heavy-hole (1hh, 2hh) confined levels at resonance. The car-
riers are photogenerated in the le and 1hh states after the absorption of photons at energy Aw =F . The dotted arrow indicates
tunneling of the electron from the le state in one well to the 2e state in the adjacent one.

For the time-resolved measurements we used a con-
ventional pump-and-probe arrangement. Both beams
were derived from the same synchronously pumped
Styryl 9 dye laser (6-10-ps pulse width, 790-870-nm
tuning range), and were focused to ~25-uym-diam spots
overlapping on the sample [Fig. 1(b)]. In order to mini-
mize the space-charge effects of the carriers we used low
optical powers: 20-50 uW (0.24-0.6 pJ per pulse) for
the exciting beam, and 5 uW for the probe. The number
of photoexcited carriers per pulse was (2-5)x10'
cm 3. The energy of the exciting beam was close to
Enn, generating electrons and heavy holes with very
small kinetic energy near the lowest allowed confined
levels, le and 1hh [see Fig. 1(c)]. The carriers are gen-
erated in all the wells throughout the sample, although
their concentration decreases somewhat as the exciting
beam exits the quantum well region. We detected the
changes in the intensity of the transmitted probe using
standard lock-in techniques. An example of the data is
shown in Fig. 1(a). Represented here is the spectrum of
Aa at a reverse bias of 10 V (estimated field of 1.2x10°
V/cm), probed 100 ps after the exciting pulse. This
differential absorption spectrum indicates a blue shift
and an increase in oscillator strength of both F iy, and

E 1 excitons, consistent with a reduction AV of the ap-
plied voltage. The time-resolved measurements were
done in the vicinity of the E |, exciton, at the wave-
length corresponding to the largest positive Aa at each
voltage, as shown by the arrow in Fig. 1(a). The magni-
tude of Aa is affected by the power of the exciting beam:
Aa is roughly proportional to AV, which is determined by
the total number of photoexcited carriers. We were able
to confirm the proportionality of Aa with the pump
power over more than 1 order of magnitude; importantly,
this rules out any possible artifacts from an overall build-
up of space charge in the sample. The time dependence
of Aa measured at different applied fields is illustrated in
Fig. 2. Both the rise and decay times appear to be field
dependent; large fields are associated with larger signals,
having faster rise and fall times. While the rise time 7 of
Aa (thus AV) is determined by the vertical transport of
the carriers, its decay is related to the mechanism of
recovery of Aa. In our previous work!' we have shown
that the recovery of AV proceeds by a mechanism of
diffusive electromagnetic propagation over the area of
the p and n electrode layers: AV (1)~ (1+41¢/t.) ~'. Note
that this rapid electromagnetic propagation is not to be
confused with the much slower actual diffusion of the
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FIG. 2. Room-temperature differential absorption at dif-
ferent applied fields vs time delay after excitation. Full lines:
experimental; dotted lines: calculated. The curves correspond
to the following values of the applied field and rise time
(curve 1) 10° V/em, 375 ps; (2) 1.2x10° V/em, 60 ps; (3)
1.6x10° V/cm, 120 ps; (4) 2.4%10° V/cm, 25 ps.

photogenerated carriers. The diffusive time constant
1. =w2RsqC4, with w the exiting spot diameter, Ry, the
resistance per square of the contact layers, and C4 the
capacitance per unit area. For our sample and spot size,
t.~5 ps. The buildup of the voltage pulse AV induced
by the vertical movement of the carriers towards the con-
tacts is thus competing with the lateral spread of AV over
the area of these conducting regions. As a result, the
overall time dependence of Aa will be given by the con-
volution of the rising exponential [1 —exp(—¢/7)] and
the decaying function (1+:¢/1.) ~'. For v>>¢., AV will
start decaying before the majority of the carriers arrive
at the electrodes, resulting in a small and very slowly ris-
ing signal, whose decay essentially shows the slow end of
the function (¢t +1¢/2.) ! (see curves 1 and 3 in Fig. 2).
Hence our experiment is relatively insensitive to any slow
emission process. - For t~1t., AV can be built up to a
larger value before it starts decaying. The result in this
case is a faster rising, larger signal, followed by a faster
decay (see curves 2 and 4 in Fig. 2). While ¢, is a con-
stant for a given structure, t should depend on the ap-
plied field, and regardless of the particular escape mech-
anism of the carriers, it should become shorter at larger
fields. This is indeed what our data show (Fig. 2). The
dotted curves are calculated with our complete diffusive
conduction model,'! with r the only fitting parameter.
Our main emphasis here is the measurement of the
rise times r and their dependence on the applied field. In
Fig. 3(a) we show the experimental data obtained at
room temperature (open circles) and at 100 K (filled cir-
cles). Two key results are evident: The rise times are
(1) practically independent of temperature, and (2)
strongly affected by the applied field. A sharp decrease
of r with increasing field is observed, with a clear
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FIG. 3. (a) Differential absorption rise time vs applied field.
Open circles: data at 300 K; filled circles: data at 100 K. The
line connecting the data points is a guide for the eyes. (b) Cal-
culated electron tunneling times zr vs electrical field, for the
structure of Fig. 1(c). The parameters used are listed in the
text; the barrier widths Lz corresponding to the different

curves are indicated.

minimum around 1.2% 10° V/cm. Since 7 is independent
of temperature, it is more likely that the carrier escape
mechanism seen here is tunneling, as previously reported
in GaAs/AlAs double-barrier structures.>’ Further-
more, the presence of a minimum in  strongly suggests
that resonant tunneling occurs; importantly, we find that
the position of this minimum agrees with the field which
we have calculated for alignment of the first electron lev-
el (1e) in one well with the second electron level (2¢) in
the adjacent one. Hence we believe we see in these data
resonant tunneling of the electrons between adjacent
wells,

We do not see any features that we can ascribe to res-
onant tunneling of holes. This is not unexpected, since
heavy-hole tunneling probabilities are typically ~500
times smaller than those of electrons. On the other
hand, we do not see any evidence of space-charge effects
from hole buildup. This means that the holes eventually
escape too, in times shorter than the interval between
consecutive laser pulses (12 ns). Note that Aa is a mea-
sure of the local voltage change AV on the electrodes,
which in turn is induced by the dipole created by the in-
creasing separation between the drifting electrons and
the holes (whether the latter are also drifting or are
trapped behind). The rise time of this voltage pulse is a
measure of the time it takes the carriers to separate. Be-
cause of the rapid diffusive conduction process on the
electrodes, we can only see the fastest component of the
rise time. And its temperature and voltage dependences
strongly indicate that it is related to the electron tunnel-
ing.

A theoretical estimate of the electron tunneling time
and its dependence on the electrical field can be obtained
within the framework of coherent resonant tunneling
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from the energy width AEgwum of the resonance trans-
mission peak, as 77 =A/AEuwum. We have done the
calculation in the structure shown in Fig. 1(c), where
only two periods of the quantum well structure are taken
into account, because after tunneling through the second
barrier, the electron is in the conduction band and can
travel at the drift velocity corresponding to the applied
field. The parameters used in the calculation were as fol-
lows: an electron mass of 0.067n2¢ in GaAs and 0.092m¢
in AlGaAs (mg is the free-electron mass), a conduction
barrier height of 260 meV (corresponding to an offset ra-
tio of 67:33), and a well thickness of 65 A. The tunnel-
ing times 77 calculated for four different barrier thick-
nesses ranging from 50 to 62 A are plotted versus field in
Fig. 3(b). As expected, the calculated 77 is extremely
sensitive to the barrier thickness: Between 50 and 62 A,
77 increases 1 order of magnitude. Increased barrier
thickness is also associated with smaller resonance fields.
After a slight initial increase of 7 at low fields due to lo-
calization of the wave function in the asymmetric well, a
steeply decreasing t7 is obtained, with a minimum corre-
sponding to resonance of the 2e level in the well on the
right with the le level in the well on the left [Fig. 1(c)].
The calculated curves in Fig. 3 are qualitatively similar
to each other as well as to the experimental data; the cal-
culation corresponding to a barrier thickness of 62 A is
probably the closest to the measured behavior. At the
minimum, the calculated times are less than 1 ps, well
below the time resolution in our experiment. However,
the times we measure at the minimum and beyond it are
well above our time resolution, and significantly larger
than the calculated values. The difference cannot be ac-
counted for by the estimated transit time of the electrons
drifting through the structure (~10 ps). It is probably
related to other processes that our simple calculation has
neglected, such as elastic or inelastic scattering, or re-
capture by intersubband scattering. The intersubband
scattering process which involves relaxation of the elec-
tron from the 2e level in one well to the le level in the
second well is probably the most efficient. This process
was recently reported to be very fast, within times of less
than 3 ps in both the GaAs/AlGaAs (Ref. 17) and
InGaAs/InAlAs (Ref. 18) systems.

In conclusion, our time-resolved electroabsorption
measurements in GaAs/AlGaAs quantum wells clearly
indicate that the main escape mechanism of the photoex-
cited electrons is tunneling. By studying the dependence
of the sweep-out time on the applied field, we show how
resonant tunneling enhances the electron escape rate.
We calculate the field dependence of the electron tunnel-
ing times using the width of the transmission maxima in
a resonant tunneling model. Although the qualitative
behavior is remarkably well reproduced, this model gives

values in quantitative agreement with the experiment
only off resonance. At resonance and beyond it, we mea-
sure times much longer than those calculated. A more
rigorous description is needed, which should analyze the
dynamics of the holes, as well as the scattering mecha-
nisms of both carriers.
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