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Subterahertz Acoustical Pumping of Electronic Charge in a Resonant Tunneling Device
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We demonstrate that controlled subnanosecond bursts of electronic charge can be transferred through a
resonant tunneling diode by successive picosecond acoustic pulses. The effect exploits the nonlinear
current-voltage characteristics of the device and its asymmetric response to the compressive and tensile
components of the strain pulse. This acoustoelectronic pump opens new possibilities for the control of

quantum phenomena in nanostructures.
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The coupling of dynamical strain to the electrons in
nanostructures gives rise to the possibility of probing and
control of quantum electronic states using nanoacoustic
waves. Currently, there is considerable interest in the in-
teraction of elastic waves, which have frequencies in the
range 10'°-10'? Hz corresponding to wavelengths of mi-
crometer to nanometer range, with electronic and optical
nanodevices. Potential applications are anticipated in such
fields as microscopy [1,2], ultrafast x ray [3], THz elec-
tronics [4] and nanophotonics [5], as well as in the genera-
tion, and detection of nanoacoustic waves for realizing
“sound ideas” concepts [6].

Hypersonic waves generated and detected by femtosec-
ond optical pump-probe techniques are now commonly
used to investigate physical phenomena in nanostructures
such as quantum dots [7], p-n diodes [8], phonon nano-
cavities [9] and freestanding membranes [ 10]. Experiments
with GHz surface acoustic waves [11,12] and picosecond
strain pulses [13] in optical microcavities with quantum
wells and quantum dots have shown strong modulation of
the light emitted by nanodevices. This has led to the
proposal that nanoacoustics could be used to study a broad
range of quantum phenomena [14].

The effects of hypersonic waves on the quantum elec-
tronic transport properties of nanodevices have received
much less attention, and there are outstanding fundamental
questions, e.g., relating to the charge transport mecha-
nisms, sensitivity, and speed of response, that must be
addressed before applications can be realized. Acoustic
control of electron transport in nanodevices, including
tunneling devices, has been achieved using surface acous-
tic waves [15,16]. However, for this technique, the upper
frequency is limited to a few GHz by the dimensions of the
ultrasonic transducer. New information about the interac-
tion of sub-THz and THz hypersonic waves with current
carriers has been obtained by measuring the acoustoelec-
tric response of bulk [17] and junction devices [18], but
these methods have limited temporal resolution and
sensitivity.

In this Letter we investigate the effect of a hypersonic
wave packet on the transport properties of a semiconducting
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quantum device: a double-barrier resonant tunneling diode
(RTD). We detect the time-integrated charge transferred
through the barriers of the device due to the passage of a
hypersonic wave packet. The response, which is dependent
on the nonlinear electrical properties of the device and is
thus qualitatively different to the linear response of bulk and
junction devices previously studied [17,18], exhibits a very
strong sensitivity to dynamical strain and provides subnano-
second time resolution. The basic principle of operation is
illustrated in Fig. 1, which shows schematically the band
diagram of a RTD with a two-dimensional (2D) electron
emitter [19] when the voltage drop between the collector
and emitter reservoirs, V,, corresponds to the threshold (a)
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FIG. 1 (color online). Schematic band diagrams of a double-
barrier resonance tunneling diode (RTD) biased near the
resonant threshold (a) and the resonant peak (b). (c) The
current-voltage characteristic of the device measured for increas-
ing and decreasing the bias voltage. (d) Temporal evolutions of
the strain in the middle of the first barrier (top, dotted curve) and
of the strain-induced shift between the electron levels in the
quantum well and the 2D emitter (bottom, solid curve). The
experimental setup is shown schematically in the inset in (d).
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and peak (b) of the resonance in the current-voltage curve
[see Fig. 1(c)]. In semiconductors, acoustoelectrical effects
are governed mainly by the strong dependence of the energy
of the electron states on dynamical strain, which accompa-
nies the THz acoustic wave packet [20]. Thus the hypersonic
wave, which propagates with the longitudinal sound
velocity, modulates the energy separation, A, between the
electron states in the 2D emitter and quantum well (QW) of
the RTD. The response to A is similar to that to V,; and
hence the resonant tunnel current is also modulated by the
strain pulse.

The strain-induced modulation leads to a particularly
strong asymmetric response of the current to the sign of
the dynamical strain-induced shift A(f) — A, where A is
the stationary detuning from resonance in the absence
of the strain pulse. This asymmetry is most pronounced
when the RTD is biased at the threshold at which A, =
Erp, where E -, is the Fermi level in the emitter and also at
the peak of the resonance (A, = 0). Indeed, at the thresh-
old [Fig. 1(a)], the stationary current I is very small, and
current starts to flow only if the strain pulse induces the
shift of the levels in the emitter and QW towards reso-
nance, i.e., A(f) — Ay < 0. In the opposite case, A(r) —
A, > 0, the electron ground state in the QW moves above
the Fermi level in the emitter and, at low temperature, the
current is negligible. On the other hand, at the resonant peak
[Fig. 1(b)], I, is a maximum and values of A(z) — A, of
either sign lead to a marked decrease of I, i.e., AI(r) < 0.In
these two extreme cases, the current integrated over a period
of time, which exceeds the duration of the hypersonic wave
packet is nonzero. The current response of a RTD to the
hypersonic signal is analogous to the working of a mechani-
cal pump, in which a system admits and expels the pumped
fluid when the piston is moving in the backwards and
forwards directions, respectively.

Our n-i-n RTD structure was grown by molecular beam
epitaxy (MBE) on a semi-insulating GaAs substrate. It
comprises a 5 nm GaAs quantum well between two
5.5 nm wide undoped Al 4GajAs barriers. The emitter
and collector layers consist of 2.5 nm undoped GaAs
spacers separating the barriers from 50 nm n-doped
GaAs layers, in which the doping increases linearly from
5 X 10 cm ™3 adjacent to the spacers to 2 X 10'® cm 3.
The top and substrate side n* contacts consist of 0.5 um
and 3 um of GaAs (doped at 2 X 10'"® cm™3), respec-
tively. The sample was processed into 100 wm cylindrical
mesas and InGeAu Ohmic contacts made to the n* layers.
Detailed electronic transport studies of the same and simi-
lar RTD devices [19] showed that at V, above the
threshold, but below the resonant peak, the 2D electron
density in the emitter remains constant and has a value
n, = 1.5 X 10!" cm~2, corresponding to a Fermi energy
Eprp = 15 meV. In this bias range the quasi-2D subband
levels in the emitter and QW are closely aligned. From the
(I-V) curve shown in Fig. 1(c) we can deduce the Fermi

energy in the QW at the peak of the resonance, Epy =
7.5 meV, and the electron tunneling time from the QW to
the collector: 7. = 200 ps.

Strain pulses were generated in a 100 nm thick Al film
deposited on the back side of the GaAs substrate. The film
was excited using 400 nm wavelength, 60 fs duration,
optical pump pulses from an amplified titanium-sapphire
laser of repetition rate 5 kHz, focused onto a spot of
diameter 200 pm directly opposite the device mesa. This
excitation generates bipolar strain pulses of duration
~15 ps via thermoelastic effects in the Al film [21]. The
strain pulses propagate through the GaAs substrate and
pass the RTD twice with an interval ~200 ps: the first
time on the way to the sample surface and the second
time while moving in the opposite direction after reflection
from the surface with a 77-phase change. The model simu-
lations of the strain £(7) in the middle of the QW with
an amplitude gy ~ 1.5 X 1073 is shown schematically in
Fig. 1(d) by the dotted line. For simplicity, we ignore the
nonlinear properties of the strain pulse propagation in the
GaAs [22]. Using (1), the speed of longitudinal sound in
GaAs (sp 5 = 4.8 X 10° m/s) and the deformation poten-
tial E = —7 eV [23], we deduce the time-dependent shift
A(r) — A, as shown by the solid line in Fig. 1(d).

The changes in the current, AI(r) = I(¢) — I,,, induced
by the strain modulation of A were recorded by a Textronix
digital oscilloscope with an analogue bandwidth of
12.5 GHz, and are shown in Fig. 2 for various bias voltages,
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FIG. 2 (color online). The strain-induced current pulses mea-
sured at various bias voltages, V,. The corresponding V), is
shown by the dotted lines connecting the measured current
pulses with the corresponding point at the /)-V, characteristic
presented on the right panel. The time is counted relative to the
moment when the pump pulse hits the metal film at the surface
opposite to the RTD device.
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V,, applied across the series combination of the device and
50 € load resistor. The dependence Iy(V,) in the right
panel of Fig. 2 corresponds to changing V,, in the forward
bias direction. The deviation of AI(7) from zero starts when
the strain pulse reaches RTD in a time 7, = d/s; o = 58 ns
after the pump pulse, where d = 278 um is the distance
from the Al transducer to the RTD. The sign of the AI(r)
changes from positive to negative when V,, increases from
the threshold towards the peak of the resonance, and then
AI(r) changes again to positive when the peak is passed.
The temporal shape of AI(7) has a two-humped profile and
an overall duration ~2 ns, which significantly exceeds the
duration of the strain pulse. When V), is varied in the
opposite direction, from V;, =3 V to 0, the dependence
of I(V,) differs from that shown in the side panel in Fig. 2
due to the well-known bistability effect in RTDs [24]. This
case does not affect the main conclusions of the present
Letter and thus will not be considered further here.

Figure 3(a) shows the temporal profiles AI(r) measured
for the highest pump power density, P = 10 mJcm ™2, on
the Al transducer and three values of V,, increasing se-
quentially from V, near the threshold (V, = 0.5 V),
through the rising part of the (/-V) curve (V,, =1 V) and
on to the peak of the tunneling resonance (V;, = 1.8 V). As
noted earlier, AI(z) > 0 at the threshold and AI(r) < 0 near
the peak. Between these extreme cases AI(7) > 0 but the
amplitude is lower than at the threshold. The signal Al(z)
shows fine structure over a time interval + = 58 to 59 ns
which appears as two overlapping peaks with separation
200 ps. This separation is better resolved near the resonant
peak than at the threshold.

Of particular interest is the high amplitude of the AI(z)
measured. The relative changes of the current are ~10% at
the threshold and ~1% at the peak for our highest value of
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FIG. 3 (color online). (a) Strain-induced current pulses mea-
sured at pump density 10 mJ/cm? for bias voltages corresponding
to the resonant threshold (lower curve), halfway up the resonant
peak in (/y-V},) (middle curve) and near the peak of the resonance
(upper curve). (b) The strain-induced charge transferred through
the device due to the action of the strain pulse as a function of
pump density. The traces are offset for clarity.

P. The signals are also free from any heat pulse background.
Since AI(z) is also dependent on the temporal response of
the system, instead of considering the peak change of
current, we consider the total charge A Q transferred though
the RTD as a result of the strain-induced changes in current
AI: AQ = [ AI(t)dt. The dependence of AQ on P, shown
in Fig. 3(b), is generally nonlinear and depends on V.
Especially strong nonlinearity is observed for V, near
the peak current (V, = 1.8 V, I, = 18 mA), when the
strain-induced changes |AQ| are not noticeable for
P <10 mJ/cm? and rapidly increase with increasing P.

These results are a clear experimental demonstration of
controlled charge transfer through the RTD during the
action of the strain pulse which acts effectively as an
acoustic pump. We now quantify our model of the acoustic
pumping effect in a RTD by means of a more detailed
analysis, which makes use of the phenomenological
tunneling rates that follow from a detailed quantum me-
chanical consideration of the tunneling processes [25]. We
include the effects of charge accumulation in the GaAs
QW by solving the kinetic equation for Epy at zero
temperature (7 =0):

dEFW o

ar — (We + W)Epy + [Epg — A w AH[Epg

— AWM, (1)

where H(x) is the Heaviside function. The time-dependent
function A(z) includes the sum of stationary detuning, A,
and the strain-induced shift shown in Fig. 1(d) by the solid
line. The coefficient w,, is the electron tunneling rate from
the QW to the collector, and is independent of A. The rate
for an electron to tunnel from the emitter to a nonoccupied
state in the QW or back from the QW to an available state
in the emitter is w,, and this passes through a resonance
when the ground electron states in the emitter and QW are
aligned (A = 0). Assuming a Lorentzian resonance profile
we have:

wel?

T2+ AN @)

WC
where wy, is the tunneling rate at resonance and I' charac-
terizes the resonance damping. In our calculations we use
w. =wg =5 X 10° s7!, estimated from the dc (I-V,)
curve [Fig. 1(c)] and I' = 12 meV.

The values which we deduce for AI(r) = w.n,eS are
shown in Figs. 4(a) and 4(b) for high and low strain ampli-
tude g, respectively. Here n,, = m*Epy,/mh? is the sheet
density of 2D electrons in the QW and S is the device area.
The curves in Figs. 4(a) and 4(b) show AI(z) for three values
of stationary detuning: at the threshold (A, = Eyg); half
way up to the resonant peak (A, =0.5E); and at the peak
of the resonance (A, = 0).

The main qualitative result of our simulations: the de-
pendence of the sign of the calculated AQ on A, which is
directly related to V;, in our experiment, is fully consistent
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FIG. 4 (color online). Model calculations. Temporal evolu-
tions of the current changes induced by strain pulses with
amplitudes &, = 1073 (a) and &, = 10™* (b), calculated when
the device is biased at the resonant threshold (lower curves),
halfway up the resonant peak in the (/-V) curve (middle curves)
and at the peak of the resonance (upper curves). The strain pulse
arrival time to the RTD is set as t = 0. For comparison with
experimental results, note the different time scales in (a) and
Fig. 3. (c) The strain-induced charge transferred through the
RTD during the action of the strain pulse as a function of strain
pulse amplitude for various amounts of detuning between elec-
tron levels in the QW and emitter.

with our experimental data. Near the threshold (A = Egg)
AQ > 0; and at the resonant peak (Ay = 0) AQ <0, as
observed in experiment. We also obtain good quantitative
agreement between the measured and calculated absolute
values for AQ. The calculations give |[AQ| ~ 0.1 pC for
g9 ~ 1073, In the experiments this value of g is realized
by exciting the Al film on the GaAs with an energy density
P ~ 10 mJ/cm? [26]. Under such conditions we measure a
value |AQ| very close to the calculated one [see Fig. 3(b)],
thus providing strong support for the validity of the model.

A close comparison of the experimental and calculated
temporal shapes of AI(z) in Figs. 3(a) and 4(a) reveals that
the fast picosecond features in the calculated curves are not
detected in the experimentally measured A(z). Moreover,
the peak, which is delayed by ~1 ns relative to the maxi-
mum of the strain-induced current observed in the experi-
ment, is not predicted by the model. We attribute this to the
first cycle of a ~1 GHz ringing superimposed on the
decaying tail of the signal. The ringing, which is excited
by the transient current pulse, is due to the oscillations of
a resonant electrical circuit comprised of the RTD capaci-
tance and the parasitic inductance and capacitance of
the device packaging [27]. Interestingly, the temporal re-
sponse at threshold is noticeably slower than at higher
V,, [compare AI() curves for various V,, in Fig. 2]. This
can be understood in terms of the increase of tunneling
rates with increasing V;, on approach to resonance and the
decrease of the effective barrier height. Hence the expected

0.2 ns separation between the peaks related to incident and
reflected strain pulses is more pronounced in the experi-
mental curves for higher V.

The calculated and experimental dependences of AQ on
strain amplitude g, are in general nonlinear [compare
Fig. 4(c) with Fig. 3(b)]. This is because integration of
the e-linear component of AI(f) over the time interval
when the strain pulse is passing through the RTD is zero
due to the bipolar nature of the strain pulse. The exception
is the case when the RTD is biased exactly at the threshold
and the rectified response is linear with the time-integrated
A(z) [Fig. 1(a)]. The signals AI(f) measured at the thresh-
old appear to have the highest amplitude for all pump
excitations [see Fig. 3(b)]. We attribute the weak super-
linear behavior for P < 2 mJ/cm? to the thermal smearing
of the electron distribution at 7 = 5 K.

Our experimental data and their agreement with our
model calculations demonstrate the high level of control
provided by the acoustic pumping technique which for a
RTD may be considered as a hypersonic prototype of the
detection of an oscillating electric field using a rectifying
device. The sensitive detection of the integrated sub-THz
acoustic flux by measuring the charge transferred through
the device is not inhibited by the relatively limited tempo-
ral resolution. This is a particular advantage of the acoustic
pumping approach.

In conclusion, we have demonstrated that a picosecond
strain pulse induces changes in the current passing through
a semiconductor resonant tunneling device. The amount
and sign of the integrated charge transferred through the
device during the passage of the pulse can be precisely
controlled by changing the bias voltage and the strain
amplitude. We find that the fraction of electrons in the
QW that are transferred though the barrier and into the
collector on a subnanosecond time scale is as much as 10%
at high strain pulse amplitudes. The effect, which arises
from the strong nonlinearity of the current-voltage charac-
teristics, is similar to mechanical pumping of a fluid, where
a system of valves is used to prevent backflow. The maxi-
mum charge transferred by acoustic pumping is achieved at
the threshold for dc resonant tunneling, when the current
though RTD starts to flow. The results of model calcula-
tions agree with experiment.

Sub-THz acoustic pumping has the potential for future
applications in high-frequency acoustics. The technique
has high sensitivity to dynamical strain and provides sub-
nanosecond temporal resolution. Thus measuring the
charge passing through a tunneling device acts as a sensi-
tive detector of hypersonic signals. The acoustic pumping
concept may be also used to control the charge and current
in tunneling devices, a feature which may find applications
in the integrated sub-THz and THz acoustoelectronic
devices.

We acknowledge the support for this work from the
Engineering and Physical Sciences Research Council of
the UK, and Dr. Boris Glavin for helpful discussions.
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