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Abstract
We study experimentally and theoretically the effects of high-frequency strain pulse trains on the
charge transport in aweakly coupled semiconductor superlattice. In a frequency range of the order of
100 GHz such excitationmay be considered as single harmonic hypersonic excitation.While travelling
along the axis of the SL, the hypersonic acoustic wavepacket affects the electron tunnelling, and thus
governs the electrical current through the device.We reveal how the change of current depends on the
parameters of the hypersonic excitation and on the bias applied to the superlattice.Wehave found that
the changes in the transport properties of the superlattices caused by the acoustic excitation can be
largely explained using the current–voltage relation of the unperturbed system.Our experimental
measurements showmultiple peaks in the dependence of the transferred charge on the repetition rate
of the strain pulses in the train.We demonstrate that these resonances can be understood in terms of
the spectrumof the applied acoustic perturbation after taking into account themultiple reflections in
themetal film serving as a generator of hypersonic excitation.Ourfindings suggest an application of
the semiconductor superlattice as a hypersonic-electrical transducer, which can be used in various
microwave devices.

1. Introduction

Since the pioneering work of Esaki andTsu [1], semiconductor superlattices (SLs) have attracted very large
interest owing to their vertical transport properties and potential applications atmicrowave frequencies [2–6].
During the past decade, studies of the interaction of carriers with high-frequency electrical and far infrared fields
in SLs have been intensively carried out, and as a result, a number of phenomena have been revealed, including:
Bloch gain [7–10]; quantum cascade lasing [11, 12]; parametric THz radiation [13, 14]; noise-induced current
switching [15]; coherence resonance [16, 17]; and high-frequency quasi-periodic and chaos generation [18–22].
In addition, new devices with prospective applications inmicrowave andTHz technologies have been
developed, e.g. superlatticemillimeter wavemixers [23], frequencymultipliers [24] and randomnumber
generators [25]. In parallel with electrical and optical studies, the interaction of carriers in the SLswith gigahertz
(GHz) and terahertz (THz) phonons (i.e. hypersound) has been studied in a number of works, experimentally
[26] and theoretically [27]. This has led to the development of a sound amplification by stimulated emission of
radiation device [28] and electrical control of hypersound fluxes in phononic chips [29, 30]. From these earlier
studies it is clear that hypersound has the ability to control carrier transport, and thus to control the electrical
andmicrowave responses in the SLs. In otherwords, carriers, due to their efficient interactionwith phonons,
may play a role of a transducer between sound and high-frequency (up to THz) electric field in the
semiconductor SLs. Recent theoretical studies of the interaction of harmonic hypersoundwith carriers in SLs
[31, 32] have shown interesting newphenomena. In particular, it was found that a high-frequency acoustic wave
can induce different types of single electron oscillations with a frequency several orders ofmagnitude higher
than that of the acoustic wave itself [31].
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Themain challenge of the experiments in this field is the generation of high-amplitude coherent GHz and
THz acoustic waveswith a spectrum close to themonochromatic [33–36]. Indeed, there are well developed
methods of picosecond acoustics allowingmanipulation of high-amplitude strain pulses, but the acoustic wave
packet in this case possesses a broad spectrum [37]. Themost appropriate technique for the search of harmonic
hypersonic-electrical phenomena in SLs is to usemultiple periodic strain pulses generated by the train of optical
pulses from a regeneratively amplified femtosecond laser. This technique is, inmany cases, suitable for
generation of high-amplitude harmonic hypersound andwas used earlier for experiments such as the generation
of shear waves in liquids [38] andmeasuring acoustic attenuation in vitreous silica [39].However thismethod
has not yet been exploited for studies of electrical properties in semiconductor SLs.

The aimof the present work is to apply a periodic train of strain pulses with a frequency 10–100 GHz to a
semiconductor SL and study the effect of harmonic hypersoundwaves on the vertical electron current. Based on
the experimental observations we develop a theoretical approachwhich describes hypersonic-electrical
transduction in the semiconductor SLs. As the experimental structurewe take an n-doped ( 10 cm )17 3∼ − SL
which containsGaAs quantumwells (QWs)with rather thick AlAs barriers that allow us to consider theQW
carrier states as weakly coupled. In such a SL sequential tunnelling dominates overminiband transport [40].We
observe a considerable (up to 3%) decrease of the SL current induced by the hypersonic waves which shows that
the semiconductor SL can serve as an efficient hypersonic-electrical transducer. For theoretical analysis we use
the phenomenological approach previously applied to the study of electromagnetic waves in SLs, and get a good
agreement between the experiment and theory for the impact of harmonic hypersonic excitation on the SL
electrical current. Finally, we use the same experimental technique, and results of the theoretical studies, for the
analysis of the frequency dependence of the amplitude of quasi-monochromatic hypersonic waves emitted into
theGaAs substrate fromAl thinfilms prepared in different ways and excited by a train of femtosecond optical
pulses. In the summarywe discuss the prospective of exploiting SLs as hypersonic-electrical transducers in the
microwave andTHz ranges.

2. Experiment

2.1. Samples and experimental technique
The scheme of the studied sample, whichwas grown on a 0.164 mm-thick semi-insulatingGaAs substrate by
molecular beam epitaxy, is shown in figure 1 (a). The SL consists of 50 periods ofGaAs andAlAs layers with
thicknesses 5.9 and 3.9 nm respectively, n-dopedwith Si ( 10 cm )17 3∼ − . The n –GaAs+ layers at each end of the SL
play the role of contacts for vertical transportmeasurements and 20.2 nmGaAs spacer layers with gradient
dopingwere grown to screen the SL structure from the higher doping of the contacts. The structures were
prepared in the formofmesaswith various diameters (from50 up to 400 μm), and the results presented here
were obtained using themesaswith diameter 100 μm.The current–voltage characteristicsmeasured at the
temperature,T=5 Kwhichwas used throughout these experiments, are shown infigure 1 (b) for 7mesas
(denotedM1–M7) of the same design. Allmesas demonstrate current–voltage characteristics typical of GaAs/
AlAs SLs studied in previous works [30, 41]. The dash–dot–dot vertical lines indicate the values of the threshold
voltages,Vt, abovewhich the space charge and negative conductivity effects become apparent formesaM2. It
can be seen infigure 1 (b) that the current–voltage characteristics of all themesas are very similar to each other.

On the face of theGaAs substrate opposite to the SL, Alfilmswith various thicknesses, ξ, (from30 up to
150 nm)were deposited (see figure 1 (a)). Thefilm plays the role of optoacoustic transducer: the excitation of
the Alfilm by optical pulses from a femtosecond laser results in the injection of picosecond strain pulses into the
GaAs substrate [37]. The duration of the strain pulses is in the range 5–15 ps, and dependsmainly on the
thickness of the Alfilm used. In our experiments we use a regeneratively amplified Ti:Sapphire laserwhich
produces 100 fs optical pulses with a 5 kHz repetition rate and energy 0.5 mJ. The scheme of the excitation and
electrical detection of the hypersonic impact on the vertical current in the SL is shown infigure 1 (c). The
essential part of the experimental arrangement is the Fabry–Perot (FP) cavity which transforms a single optical
pulse from the laser into a train of optical pulses with the period, f 1− , defined by the distance between the
mirrors of FP cavity. The train of optical pulses is focused on the Alfilm to a spotwith an approximate diameter
of 100 μm,which results in the injection of the corresponding train of picosecond strain pulses into theGaAs
substrate.

Figure 2 (a) shows an numerical simulation of an individual strain pulse such as would be expected from the
excitation of a 30 nmAlfilm [37, 42], andfigure 2 (b) shows the train of strain pulses with the repetition rate f =
50 GHz. For simplicity, in the simulations shown infigure 2we have assumed zero acousticmismatch between
Alfilm andGaAs. The simulations for variousmismatches will be discussed in section 3.2 of the present paper.
The pulses in the train are decaying in accordancewith the reflectivity values of the FP cavity (97%and 92% for
input and outputmirrors respectively). Figure 2 (c) shows the power spectral density S ( )f ν of strain pulse trains
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for various train frequencies f obtained as fast Fourier transforms in a timewindow 5 nswhich significantly
exceeds the duration of the trains. It is seen that at low frequencies, f ∼ 10 GHz, the spectrumpossesses a
number of spectral lines centred at frequencies nfν = , where n 1, 2, 3 ...= is the harmonic number. For high

Figure 1. (a) The sample structurewhich includes theweakly coupled superlattice (SL), contacts and spacer layers; the optoelastic Al
film transducer is deposited on the side of theGaAs substrate opposite to the device. (b)Current–voltage characteristics of seven
differentmesasM1–M7 studied in the experiments. (c) Experimental arrangement formeasuring the electrical response from the
train of the picosecond pulses in the SL; FP is an optical Fabry–Pérot cavity for the transformation of a single strain pulse to a train.

Figure 2.The simulation of the hypersonic excitations: (a) the temporal evolution of a single strain pulse, such as would be generated
in a 30 nmAlfilm; (b) the train of picosecond strain pulses for f = 50 GHz; (c) the power spectra of the hypersonic excitation in the
strain pulse train for a number of frequencies f; (d) the total elastic energy,Qf in the hypersonic train as a function of the frequency f in
the train. For simplicity the simulations do not include themismatch between theAlfilm transducer andGaAs substrate.
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f >60 GHz, one spectral linewith n=1 dominates and in this range of fwemay consider the hypersonic
spectrum in the strain pulse train as essentially single harmonic with frequency fν = .

In the example shown infigure 2 (c) the intensity of the harmonic peak goes down at f ∼ 90 GHz because
individual strain pulsesmerge and interfere destructively due to their bipolar character (see the individual pulse
in the figure 2 (a)). Further increase of f eventually leads to constructive interference of the individual strain
pulses and in the limit of high f ∼ 1 THz the train ismodified to a single strain pulse with the amplitude equal to
the sumof the strain amplitudes in the train. This behaviour is clearly demonstrated infigure 2 (d), which shows
the dependence of the hypersonic energy in the strain pulse train on f,Qf, integrated over thewhole acoustic
spectrum (0 ν< < 50 THz): for f <90 GHz,when individual strain pulses are not interfering,Qf is constant; at

f90 < <150 GHz (destructive interference)Qf decreases; and at f >150 GHzQf increases with the increase of f
due to constructive interference.

In the present work, the described experimental techniquemaking use of strain pulse trains is employed to
study the impact of harmonic hypersound on the transport properties of the SL. In the experiments, the injected
strain pulse train propagates through theGaAs substrate and reaches the SL. The stationary dc currentmeasured
in the absence of strain, with an applied biasV is denoted I0. The hypersonic-induced changes of the current in
the SL, I t I t I( ) ( ) 0Δ = − weremeasured using a 12.5 GHz bandwidth oscilloscope. The signal I t( )Δ is studied
as a function of f,V, and the amplitude of the strain pulses in the train.

2.2. Experimental results
Figure 3 shows temporal traces I t( )Δ of the hypersonic induced changes of the current I(t). The presented
signals were detected in the studied SL (mesaM4) for the frequency f = 46 GHz. The traces are recorded for
three values of the applied biasV. The signals possess a pulse arriving at a time, ta = 34.2 ns, which is equal to the
propagation time for longitudinal sound from theAl transducer to the SL through theGaAs substrate (see inset
infigure 3, where the pulse corresponding to optical breakthrough is also shown). The strain pulse is followed by
the heat pulses related to longitudinal and transverse ballistic incoherent phonons [43]. The signals detected for
reasonably highV, but at V Vt∣ ∣ < ∣ ∣, show that I t( ) 0Δ < forV 0> and I t( ) 0Δ > forV 0< . Thismeans that
the hypersonic waves induce a decrease of current in the SL. The I t( )Δ measured atV=0possessmuch smaller
amplitude than I t( )Δ measured under bias, and depend on the particularmesameasured.

Figure 4 shows the traces I t( )Δ for several frequencies f of the excitation pulse train. These traces were all
normalized to the samemagnitude for clarity. For low frequencies, f <10 GHz, the individual pulses in the train
may be resolved and examples of this case are shown for f=5 and 7.5 GHz (see two upper curves infigure 4). For
the intermediate frequencies, f10 < <30 GHz, the individual pulses are not resolved, but themean duration τ ̄
of the detected pulse I t( )Δ decreases with the increase of f. For high frequencies, f > 40 GHz, 500τ ̄ ≈ ps as
characterized by the full width at halfmaximumand is independent of f. Such behaviour of the temporal
evolution for I t( )Δ may be understood if we assume that hypersonic-induced changes of I t( )Δ occur onlywhen
the strain pulse train is propagating through the SL. Then the dependence of temporal shape of I t( )Δ on f can be

Figure 3.Temporal evolutions of themeasured current for three values of biasV and f = 46 GHz; t ta= corresponds to the arrival
time of thefirst strain pulse in the train to the SL. Inset shows themeasured signal in the extended time interval where t=0 corresponds
to the optical excitation the Alfilm by the pumppulse.
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obtained qualitatively from temporal/spatial relations between the duration of the excitation pulse train and the
total thickness of the studied SL. A single strain pulse propagates through the SL in forward and, after reflection
from the open surface, reverse direction in a time t L C s2( )p SL= + = 304 ps, where s 5 10 ms3 1= × − is the
sound velocity and L CSL + = 760 nm is the propagation pathwhich includes the SL and top contact with the
thicknesses LSL= 490 nmand C = 270 nm respectively. In the low frequency limit, there is only one strain pulse
travelling in the SL and the impact on the SL current from individual pulses in the train can be easily resolved.
Alternatively, in the high-frequency limit f t( 1 )p≫ , when the spatial length of thewhole strain pulse train is
shorter than the SL’s thickness, wemay expect that the duration of the impact on the SL current is limited by the
propagation time and thus tp∼ . This simple explanation is consistent with the experimental observations
presented infigure 4. Thus the dependence of the shapes of I t( )Δ on f confirms our assumption about the
hypersonic impact on the carriers in the SL being themain origin of I t( )Δ . A single polarity of I t( )Δ (positive or
negative depending on the sign ofV) excludes the strong contribution of hypersonic impacts on the contacts and
interfaces of the device which are known to have bipolar temporal shape [44].

In further presentations of the experimental result we use the value, qΔ , of the electrical charge transferred in
the SL under the hypersonic impact:

q I t t( )d , (1)
t

0
∫Δ Δ=

′

where the upper limit, t′, of the integral essentially exceeds the duration of the strain pulse train and its
propagation time through the SL.

Figures 5 and 6 show the dependencies of qΔ on biasV and optical excitation density J0 of the train
respectively.We limit our consideration to bias values V Vt∣ ∣ < ∣ ∣when no charge domains are formed in the SL.
In this regimewefind that the temporal shape of I t( )Δ does not depend on J0 andV. Figures 5 and 6 show the
data for variousmesas, the current–voltage curves of which are shown in figure 1(b). Remarkably figure 5 shows
thatwith good approximation the dependencies of qΔ onV are close to linear for allmesas and values of f. The
dependencies of I t( )Δ on J0 shown in log/log scale infigure 6 aremostly superlinear and close to square-law
dependence, q J0

2Δ ∼ (comparewith the solid and dashed lines which show the square and linear dependencies
respectively). It is useful tomention that the values of J0 used in our experiments correspond to strain

Figure 4.The temporal traces of the hypersonic induced current pulsesmeasured at V = 300 mV inmesaM3 for various frequencies
of the strain pulse train. Thesewere all normalized to the same amplitude for clarity.
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amplitudes in the train 10 4ε < − , [45]. At this value acoustic nonlinear effects are not strongly pronounced in
theGaAs substrate used in our experiments [45–47]. Thuswemust explain the observed nonlinearity of qΔ on
J0 taking into account themechanism of hypersonic-electrical transduction and not elastic nonlinearities.

3. Analysis and discussion

In the present sectionwe discuss the experimental results presented in section 2. For this we present a theoretical
model describing the hypersonic-electrical transformation in the SL, and use thismodel for the comparison
between the experiment and theory (section 3.1). Finally, in section 3.2, we discuss the spectral efficiency of the
hypersonic-electrical transformation in the SL analyzing the experimental and simulated dependencies of the
hypersonic-induced changes of the SL current on the frequency in excitation train.

3.1. Theoreticalmodel and comparisonwith experiment
In order to analyze the hypersonic-electric impact in the SLwe follow an approach similar to that previously
used to study the dc current inweakly coupled SLs under electromagnetic THz radiation [48, 49]. In aweakly

Figure 5.The total charge transferred through the superlattices in variousmesas as a function of bias voltage. The large differences in
magnitude between the different data setsmakes comparison between themdifficult. The curves were therefore all normalized to be of
equal amplitude at V= 150 mV.

Figure 6.The charge transferred through the superlattices in variousmesas as a function of the optical pump energy density on the Al
film. Solid and dashed lines showquadratic and linear dependencies.
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coupled SL, the vertical electron transport is due to sequential tunnelling through the potential barriers of the SL.
It is assumed that the tunnelling events are independent,meaning that the electron tunnelling probability is
affected by the energy ω of the excitation quantum, but is not sensitive to its phase. Then the action of a
continuous harmonic acoustic wave at a given point in the SL can be represented by an effective electric field
oscillatingwith the frequency of the hypersonic wave 2ω πν= , and having the amplitude D ed( )ε , where ε is
strain amplitude in the acoustic wave,D is electron deformation potential, e is the electron charge, and d is the SL
period. Thus, the joint action of the hypersonic wave and a dc biasV applied to the SL can be represented by an
equivalent voltageV t V DL t ed( ) sin( ) ( )ac SLε ω= + , where LSL is the SL’s length. In this case, the electrical
current through the SL can be estimated as [49, 50]:

I V J I V n e( ) ( ) ( ). (2)
n

n
2

0 ∑ α ω= +
=−∞

+∞

Here, J (. )n is the Bessel function of thefirst kind, DL d( ) ( )SL α ε ω= . Forα sufficiently small the incremental
current can be estimated as:

I V I V I V
DL

ed

I V e I V I V e

e
( ) ( ) ( )

1

4

( ) 2 ( ) ( )

( )
. (3)0

SL
2

0 0 0

2
⎜ ⎟⎛
⎝

⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

 


Δ ε ω ω
ω

= − = + − + −

and, if the conductance of the SL varies slowly on the voltage scale eω , equation (3) is reduced to

I V
DL

ed

I V

V
( )

1

4

d ( )

d
. (4)SL

2 2
0

2
⎜ ⎟⎛
⎝

⎞
⎠Δ ε=

The estimation equation (4) is valid for the range ofωwithinwhich the expression in the square brackets in
equation (3) is approximately equal to I Vd d0

2 2. If one arbitrarily assumes that this approximate equality is held
for eω which is at least an order ofmagnitude less than the biasV, then forV of the order 100 mV, the range of
equation (4) validity extends up to ω ≅ 500 GHz.

In order to confirm the validity of this approach, we use the current–voltage characteristics I V( )0 of the
experimentally studiedmesas and approximate the ascending part of the curve by a cubic polynomial which is a
simple nonlinear approximation of the current–voltage characteristics of tunnel devices [51].

I V aV bV( ) , (5)0
3= +

where a and b are thefitting parameters, which depend on the electrical properties of the quantumdevice. For
instance, formesaM3 the least-squares fitting of this polynomial with a 1.67 10 S2= × − and
b 7.1 10 SV3 2= − × − − to the experimental current–voltage curve gives an excellent agreement.

It is obvious that the strongly doped electrical contact regionswill play an important role in redistribution of
an electric field inside the device, hence their effect should also be taken into account in a self-consistent
approach [52–54]. A detailed theoreticalmodel including the effects of the device contacts is beyond the scope of
this work.We adopt amuch simplified approach to including the contact effects in the calculation of the
magnitude of the device response to the acoustic impact by just replacing LSL in equation (4) by the total length,
L, of the device including SL and contact regions. Now, substituting equation (5) in equation (4) yields an
analytical estimation of the incremental current

I V
b DL

ed
V( )

3

2
. (6)

2
2⎜ ⎟⎛

⎝
⎞
⎠Δ ε=

Notably, the same equation can be obtained by substitutingV t V DL t ed( ) sin( ) ( )ac ε ω= + into
I V aV bV( )0

3= + and averaging the current I over the period 2π ω.
The theoretical analysis of the hypersonic induced current changes described by the equations (5) and (6)

predicts a linear dependence of I V( )Δ onV and a square-law dependence on strain amplitude, I V( ) 2Δ ε∼ .
The experimental results presented infigures 5 and 6 show good agreement with these predictions.With good
approximation, inmost cases, q VΔ ∼ (see figure 5) and q J0

2 2Δ ε∼ ∼ (see figure 6).Minor discrepanciesmay
be explained by the I V( )0 -curve needing amore sophisticatedfit than the simple cubic polynomial,
equation (5).

To providemore convincing evidence of the validity of the proposed theoreticalmodel, we attempt a
quantitative comparison of the absolute values ofmeasured hypersonic-induced signals with I V( )Δ calculated
by equation (6). As an example, wemake the comparison formesaM3, forwhich a good fit to the I V( )0 curve
can be obtained using equation (5) with b 7.1 10 SV3 2= − × − − .We choose the experimental signal I V( )Δ
measured forV = 300 mVand f = 60 GHz forwhich the excitationmay be consideredwith high accuracy as
single harmonic. Then, for the example of J 7 mJ cm0

2= − , we obtain experimentally themaximal current
I qΔ Δ τ̄ = ̄ = 8.7 × 10−5A, where τ ̄ = 530 ps is themean duration of I V( )Δ . It is also important to note that the

acoustic excitation used in the experiment is represented not by a continuous harmonic wave, but by an
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exponentially decaying pulse train (see figure 2(b)). However, the quality factor of the cavity used for this
experiment is such that the decay of the acoustic excitation is not significant over the period of an acoustic wave.
We estimate values for strain amplitude ε in the pulse train from the known fact that for individual strain pulses

10 4ε ∼ − for excitation density 1 mJ cm 2∼ − [45]. The energy J1 of thefirst pulse in our experimental train is
directly related to the total energy J0 exiting the FP cavity as J J0.111 0= . Therefore, for J 7 mJ cm0

2= − , we get
7.7 10 5ε = × − , and, using the total length of themesa including contact regions, L = 1.3 μm, then, within the

framework of the simplification above, the theoretical estimation equation (6) gives the changes in the dc
current IΔ = 3.2 ×10−5A. This compares favourably with the value of themaximal incremental current
measured experimentally, especially in view of the variability of the I V( )0 fitting parameter b between different
experimental runs.

3.2. Spectral characteristic of the hypersonic-electrical transformation
In this sub-section, we present the experimental results for the dependence of the detected signal qΔ as a
function of the frequency f of the strain pulse train.Wemake a qualitative comparison between these results and
the theoreticalmodel presented in the previous section and thus reach conclusions about the spectral sensitivity
of the SL as a hypersonic-electrical transducer.

We present the dependencies q f( )Δ measured for a number of different Alfilms used as hypersonic
generators. All the Alfilmswere deposited on the surface of the sample at room temperature by thermal
evaporation of Al wire. The thickness of the deposited filmswas controlled by a quartz crystalmonitor during
the evaporation and the nominal thicknesses were recorded. Figure 7 (a) shows themeasured dependencies

q f( )Δ and the nominal film thicknesses:mesaM3was used tomeasure a 100 nmAlfilm;mesaM1was used to
measure a 30 nmAlfilm;mesaM4was used tomeasure an 100 nmAlfilmdeposited on the oxidizedAlAs layer3;
andmesaM6was used tomeasure a 60 nmAlfilm deposited on top of an oxidized 50 nmAlfilm (after keeping
the samplewith the 50 nmfilm in the air for approximately 4 hours).

Themeasured dependencies q f( )Δ are very different for different Al films. All the curves show spectral
peaks, but the number of the peaks, their width and the contrast relative to the background are very different.
MesaM3 shows two broad peaks at approximately 59 and 32 GHz and a deepminimumaround 100 GHz. In

Figure 7.Themeasured (a) and simulated (b) transferred charge as a function of the strain pulse train frequency, f, for various Alfilms
deposited on theGaAs substrate.

3
An etchwas performed to remove an unnecessary structure from the reverse of the sample, which is thought to have stopped slightly short

resulting in anAlAs layer being exposed rather than the intendedGaAs layer. The oxidization and subsequent roughening of this AlAs layer is
thought to be the cause of poor adhesion of thisfilm.
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mesaM1 the peaks are observed at approximately 134 and 45 GHz. It is interesting thatmesasM4 andM6 show
a number of narrow andwell-defined peaks.

To understand themeasured dependencies q f( )Δ we atfirst calculate the hypersonic power spectra S ( )f ν of
the strain pulse trains, taking into account themultiple reflections of hypersonic waves in the Alfilm.We
describe the formof a single strain pulse t( )0ε injected intoGaAs substrate with the following equation:

t R t
j

s
t

j

s
( ) ( )

2
exp

1 2
, (7)

j

j
0

0 Al Al
2

Al

2⎛
⎝⎜

⎞
⎠⎟

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥∑ε

ξ
τ

ξ
∼ − − − −

=

+∞

whereR is the reflection coefficient for longitudinal sound at the interface between the Al film and theGaAs, sAl
is the speed of longitudinal sound in the Al film, ξ is the thickness of thefilm and Alτ is a parameter used to adjust
thewidth of the bipolar pulse for differentfilm thicknesses. Using the theoretically predicted square-law
dependence of qΔ on strain for the harmonic hypersonic wave, i.e. q 2Δ ε∼ , and that qΔ is independent of f,
means that the signal will be proportional to the total hypersonic energyQf of the strain pulse train:

q Q S ( )d (8)f f
0

∫Δ ν ν∼ =
∞

The calculated dependenciesQf are shown infigure 7 (b). To perform these simulationswe used the thickness of
the Alfilm ξ, reflection coefficientsR at theAl/GaAs interface, and characteristic duration Alτ of the individual
strain pulse in the train asfitting parameters. FormesaM3we find an excellent agreementwith the experiment
(compare upper curves onfigures 7 (a) and (b)) using 1ξ = 78 nm, Al1τ = 5.5 ps andR1 = 0.18which are
consistent with the nominal thickness 100 nm, andR obtained from the acousticmismatch theory at the Al/
GaAs interface. For themesaM1 a good agreement with the experiment is obtained (compare the second curves
downonfigures 7 (a) and (b)) by using the parameters 2ξ = 43 nm, Al2τ = 3.4 ps and R2 = 0.43. The value ofR2 is
twice higher than the value obtained fromacousticmismatch. FormesaM4 the agreementwith the experimental
curve is obtained using the values 3ξ = 66 nm, Al3τ = 6.4 ps and R3 = 0.45. For this sample better agreementwith
the experimental situationwas obtainedwhen no phase changewas includedwhen the strain pulse is reflected at
the Al/GaAs interface. Thewell-defined peaks seen inmesaM4 are thought to originate from the lack of phase
change at the Al/GaAs interface. No fittingwas attempted formesaM6due to the increase in the number of
fitting parameters required in the case of the double Al film. The cases ofmesasM4 andM6,which show sharp
peaks in the dependencies q f( )Δ (see figure 7 (a)), are of particular interest because the results cannot be
explained by acousticmismatch theory. However these and similar observations reported earlier by other groups
[55–58], stay beyond the present paper and demandmore detailed studies.

From the obtained agreement between the experiment and theory, wemay conclude that the approximation
made in equation (8) is valid for awide range of acoustic frequencies, f.We think that theminor difference
between theory and experiment is due to the harmonic approximation of the theoretical approachwhile the
spectrum S ( )f ν , especially at low f, possessesmany sub-harmonics and themaximum intensity does not
correspond to fν = . In the case of broad spectrum excitation, the theoretical approach should probably be
modified in accordance with the similar considerations for electromagnetic waves [50].However, the results
confirm the theoretical prediction of aflat spectral sensitivity of hypersonic-electrical transformation in the
studied frequency range.

4. Conclusions and outlook for the future

In conclusion, we have investigated the effects of a hypersonic pulse train on charge transport properties of
weakly coupled n-doped SL devices. The experiments show that the time evolution of the electrical response is
governed by the repetition rate, f, of the strain pulses in the train and its time of propagation through the
superlattice. Themeasured signals clearly show rectification of the hypersonic excitation, which is explained by a
theoreticalmodel based on the same principles as for rectification of electromagnetic waves. Both the amplitude
of current pulses induced by hypersonic stimuli and the total transferred charge increase superlinearly with the
growth of strain amplitude in the hypersonic wave packet. These effects can be explained by the nonlinearity of
the current voltage characteristics in the tunnelling devices. Our theoretical analysis suggests a flat spectral
response of the rectified current to the hypersonic frequency. This is confirmed by the experiments performed
using generated hypersonic wavepackets with various spectral characteristics.

The experiments and theoretical analysis indicate the possibility for hypersonic to electromagnetic
conversion in the SL device. Using hypersonic wavepackets consisting of trains of picosecond strain pulses
injected into periodic tunnelling devices shows the prospective for exploring high-frequency (GHz and sub-
THz) acoustic harmonic excitations inmicrowave and ultrafast electronics. In the present work, we have shown
that themeasured current pulses reflect the dc response of the SLs to the hypersonic wavepackets. However, the
ac component should also be present, as appears in SL-based detectors ofmicrowave radiation [59]. In fact the
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oscillating current is detected atGHz frequencies within the oscilloscope bandwidth. However, for detection of
higher frequenciesmore advancedTHz radiation detection techniques, e.g. electro-optic sampling, should
be used.

The harmonic hypersonic impact on the electrical properties of the SLs is not limited by the transformation
of acoustic wave into an electrical response. The technique opens the possibility to search for the hypersonic
control of high frequency electron transport [31, 32]. Other possible applications concern various parametric
effects in THz electronics, for example: a superlattice with its electron statesmodulated by harmonic hypersonic
wavesmay control the reflection of THz radiation and emission in quantum cascade lasers.
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