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Impact of piezoelectric fields on coherent zone-folded phonons in GaAs/AlAs superlattices
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The amplitude decay of folded longitudinal acoustic phonon oscillations in GaAs/AlAs superlattices grown
in the [100] and [111] directions is studied as a function of carrier excitation density. Time-resolved pump-probe
measurements in reflection reveal decay times on the order of several tens of picoseconds, which are independent
of the excitation density for all phonons in the [100] sample and for phonons at wave vectors q �= 0 in the [111]
sample. In contrast, the decay time increases with carrier density for the phonon at q = 0 in the [111] sample.
This phonon couples to the photoexcited electron-hole plasma via the piezoelectric interaction. Friction in the
carrier plasma induces a damping of the phonon oscillations. The impact of the piezoelectric phonon-electron
coupling on the amplitude decay is reduced by screening at high carrier density, resulting in longer phonon decay
times.
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Introduction. Semiconductor superlattices [1] have at-
tracted attention for the generation and amplification of sound
waves with ultrahigh frequencies up to the terahertz range
[2–8]. While it is possible to optically excite either acoustic
phonons with low frequencies or optical phonons with high
frequencies in bulk semiconductors, the phonon spectrum of
superlattices can be tailored by design, e.g., by exploiting the
occurrence of backfolded acoustic phonons.

A superlattice consists of a periodic arrangement of layers
of two different materials. In the direction normal to the
layers, it represents an artificial crystal with a lattice constant
much larger than those of the layer materials. Accordingly, the
Brillouin zone along this direction extends only from −π/d to
π/d (d is the superlattice period), which is a small part of the
bulk Brillouin zone. This leads to a backfolding of all states in
the bulk material into the superlattice Brillouin zone, resulting
in a strong increase of the number of phonon branches that
can be excited optically [2]. The generation, propagation,
damping, and amplification of coherent superlattice phonons
have been studied in detail, including measurements of their
mean free path upon propagation into bulk semiconductor
substrates [3–23].

Coherent superlattice phonons have been generated with
femtosecond pulses at photon energies in the range of the
superlattice band gap. Both displacive excitation via the me-
chanical stress originating from the generation and subse-
quent relaxation of a photoexcited electron-hole plasma, and
resonantly enhanced impulsive Raman scattering within the
spectrum of the pump pulses have been exploited. In the
presence of an electron-hole plasma, coherent phonons couple
to carriers via different types of electron-phonon interactions,
making the coherent phonon amplitude susceptible to carrier
dynamics, e.g., friction in the carrier system and/or transient
charge transport. In polar zinc-blende semiconductors such
as GaAs and AlAs, the relevant electron-phonon interaction
terms depend on the orientation of the superlattice, i.e., on

the growth direction. For longitudinal superlattice phonons
in the [100] direction, electron-phonon coupling arises only
via the deformation-potential interaction, whereas in the [111]
direction one has the piezoelectric interaction on top [24,25].
While Raman spectra of phonons at wave vectors q �= 0 have
been studied in a [311] superlattice with a built-in piezoelec-
tric field [26], the influence of piezoelectric coupling on the
decay of coherent phonon excitations has remained mainly
unexplored.

In the present Rapid Communication, we investigate the
influence of the piezoelectric interaction on coherent folded
phonons in time-resolved optical pump-probe experiments
with femtosecond pulses. Phonon kinetics are mapped by
the transient modulation of the optical reflectivity of the
superlattice samples. We compare two (otherwise identical)
GaAs/AlAs superlattices grown in the [100] and [111] di-
rections and demonstrate the distinct and strong influence
of piezoelectric coupling on phonon decays in the [111]
sample.

Experiment. The two superlattice samples were grown by
molecular beam epitaxy on 350-μm-thick n-doped substrates.
They each contain 70 periods of GaAs quantum wells of
a thickness of d1 = 9.7 nm and AlAs barriers with d2 =
1.5 nm (period d = d1 + d2 = 11.2 nm). The GaAs layers
are n doped with a sheet density of 6 × 109 cm−2. On top of
the superlattice structures are 55-nm-thick n-doped GaAs cap
layers. Room-temperature photoluminescence measurements
indicate that the first interband transition energy is around
1.47 eV for both samples.

Pump-probe measurements were carried out with a mode-
locked Ti:sapphire oscillator (Spectra-Physics Tsunami), hav-
ing a center photon energy of 1.5 eV, a spectral bandwidth of
45 meV [full width at half maximum (FWHM)], a pulse length
of 80 fs, and a repetition rate of 80 MHz. At this photon energy
the absorption length is about 1 μm [27], so that electron-hole
pairs are generated in all GaAs layers of the superlattices.

2469-9950/2019/100(12)/121302(6) 121302-1 ©2019 American Physical Society

https://orcid.org/0000-0001-5656-6431
https://orcid.org/0000-0003-4290-0659
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.121302&domain=pdf&date_stamp=2019-09-12
https://doi.org/10.1103/PhysRevB.100.121302


FELIX MAHLER et al. PHYSICAL REVIEW B 100, 121302(R) (2019)

FIG. 1. (a) Transients of the reflectivity change of the [100]
sample (blue) and the [111] sample (red). The reflectivity change
�R/R0 = (R − R0)/R0 is plotted as a function of pump-probe delay
(R, R0: reflectivity with and without excitation). The energy of the
pump pulse was 9.5 nJ. (b), (c) Oscillatory components of the
transients in (a) after subtraction of a ratelike background kinetics.
(d) Kinetics of spectrally integrated superlattice photoluminescence
(25 ps time resolution) from the [100] sample. The recombination
time of 0.9 ns is much longer than the decay times of the coherent
phonon amplitudes shown in Fig. 3(a).

Pump and probe pulses were linearly polarized with the probe
perpendicular to the pump.

The experimental geometry is sketched in the inset of
Fig. 1(a). Both pump and probe pulses were focused onto the
sample with a spot diameter of 70 μm (FWHM). The pump
energy was varied between 0.85 nJ corresponding to a two-
dimensional electron-hole pair density of 2.2 × 1011 cm−2,
and 9.5 nJ (2.5 × 1012 cm−2). The energy of the probe pulse
was kept constant at 90 pJ. The pump beam was incident nor-
mal to the surface and mechanically chopped at a frequency of
1630 Hz for lock-in detection (Stanford Research SR830) of
the pump-probe signals. The probe beam was incident under
an angle of 15◦ for spatial separation from the pump. The
reflected probe pulses were detected with a Si photodiode
(Thorlabs DET36A). In addition to the spatial separation, a
polarizer in front of the photodiode reduced scattered pump
light to a negligible level. All measurements were performed
at room temperature with the samples mounted on a copper
heat sink.

Results. Figure 1(a) shows the time-dependent reflectivity
changes of the [100] and [111] samples for a pump pulse

FIG. 2. (a) Calculated dispersion curves of folded longitudinal
acoustic phonons for the two growth directions. (b), (c) Spectra of the
oscillatory signals from Figs. 1(b) and 1(c). (d) Same as in (c), but
for a lower carrier density. The dashed arrows connect the observed
peaks to the dispersion curves.

energy of 9.5 nJ. In both samples the reflectivity rises within
our time resolution. The subsequent decays extends over some
100 ps and follows an incoherent, i.e., ratelike kinetics. This
behavior reflects relaxation processes and real-space transfer
of photoexcited carriers in the superlattice and in the cap layer
and will not be analyzed in the present context. We would
like to stress that the signal does not directly give the carrier
density. The latter decays on a nanosecond timescale, as is
evident from the time-resolved decay of photoluminescence
[Fig. 1(d); see also Refs. [28–30]].

Superimposed on the incoherent kinetics are the (much
weaker) oscillatory phonon signals, which are the subject of
the present Rapid Communication. To extract the oscillating
component from the pump-probe transients, a triexponential
fit of the incoherent decays is subtracted from the full data.
The resulting difference data are high-pass filtered with a
cutoff frequency of 0.1 THz. This procedure results in the
oscillatory time-dependent phonon transients presented in
Figs. 1(b) and 1(c). The frequency-domain spectra of such
signals as determined by Fourier transform are displayed in
Figs. 2(b) and 2(c). Both samples show three main frequency
components in the range between 0.3 and 0.6 THz.

In Fig. 2(a), we compare the frequency positions of the ob-
served peaks (labeled P−1, P0, P+1) with dispersion curves for
zone-folded longitudinal acoustic phonons, calculated with
the elastic continuum model [31–33]. The difference between
the phonon dispersions in the two samples is caused by the
higher speed of sound in the [111] direction compared to the
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FIG. 3. (a) Envelopes of the P0 oscillation at 510 GHz in the
[111] sample at two different carrier densities. A much faster de-
crease is observed at lower carrier densities. (b), (c) Corresponding
linewidths (FWHM) as a function of carrier density.

[100] direction. For both samples, the peaks P−1 and P+1 are
identified as folded phonons at q = 2klight [34] and peak P0

as the folded phonon at q = 0. The excitation mechanisms
for these folded phonons are impulsive Raman scattering
[3,9,26,35] and displacive excitation [6,36,37] due to the
photoexcited electron-hole pairs in the GaAs quantum wells.
Selecting the P0 peak (by a frequency filter) and transforming
it back to the time domain gives the time-dependent envelopes
shown in Fig. 3(a) for two different excitation densities of the
[111] sample. The decay of such envelopes slows down for
higher excitation densities but is much faster than carrier re-
combination [cf. Fig. 1(d)], i.e., there are only minor changes
of carrier concentration during the envelope decays.

Apart from the higher frequencies for the [111] direction
because of the higher speed of sound, the spectra in Figs. 2(b)
and 2(c) taken with 9.5 nJ pump energy display the same
pattern of phonon lines. We now consider the spectral widths
of the individual Fourier components. The spectral widths
(FWHM) of the peaks from the [100] sample are plotted as
a function of the carrier sheet density per quantum well in
Fig. 3(b). They are independent of carrier density, as is the
width of the P−1 peak from the [111] sample [Fig. 3(c)].
In contrast, the width of its P0 component decreases with
increasing carrier density [Figs. 2(c) and 2(d)], a behavior
which is in line with the slowing down of the decay of the P0

envelope [Fig. 3(a)]. This surprising observation is opposite
to the behavior of optical phonons in bulk GaAs, for which
the decay of the temporal envelope becomes faster, i.e., the
linewidth increases, for increasing excitation density [38]. It
should be noted that the frequency positions of all peaks in our
measurements are independent of pump energy [apart from a
small overall shift caused by sample heating; cf. Figs. 2(c) and
2(d)].

Discussion. The mechanisms for the femtosecond excita-
tion of backfolded superlattice phonons have been analyzed
in the extensive literature [2–6,21,36,39–41] and will not
be reconsidered here. Instead, we focus on the unexpected
behavior of the P0 phonons in the [111] sample, namely, the
decreasing linewidth of the Fourier spectra [Fig. 3(c)] and
slowing down of the picosecond envelope decay [Fig. 3(a)]
with increasing carrier density.

The elastic continuum model [31–33] leads to the fol-
lowing equation for a plane wave in the z direction in a
homogeneous material,

ρα

∂2

∂z2
u(z, t ) = Cα

∂2

∂t2
u(z, t ). (1)

Here, ρα is the density of material α, Cα the rele-
vant elastic constant (for longitudinal acoustic waves in
the [100] direction C = c11, for the [111] direction 3C =
c11 + 2c12 + 4c44 [42]), and u(z, t ) the displacement from
the equilibrium position. The speed of sound vα follows
from Eq. (1) as vα = √

Cα/ρα . For the calculation of the
phonon dispersion we use the following parameters: c11 =
1.19 × 1011 N/m2, c12 = 5.38 × 1010 N/m2, c44 = 5.95 ×
1010 N/m2, ρ = 5317 kg/m3 [43] for GaAs and c11 = 1.2 ×
1011 N/m2, c12 = 5.7 × 1010 N/m2, c44 = 5.9 × 1010 N/m2,
ρ = 3760 kg/m3 [44] for AlAs.

At the boundary of two materials, both the displacement
and the stress have to be continuous, leading for a boundary
at z = 0 to [31,33]

u(0 + δ, t ) = u(0 − δ, t ), d � δ > 0, (2)

C1
∂

∂z
u(0 + δ, t ) = C2

∂

∂z
u(0 − δ, t ). (3)

With the requirement for a wave with wave vector q,

u(z + d, t ) = exp(iqd )u(z, t ), (4)

this results in the dispersion curves of Fig. 2(a), the dis-
placements of Fig. 4(a), and the strain s(z, t ) = ∂u(z, t )/∂z
of Fig. 4(b). The observed phonon frequencies agree for both
growth directions with the calculations.

The connection between the strain components s jk and the
generated electric polarization P is given by the piezoelectric
tensor ei jk [42],

Pi =
∑

jk

ei jks jk (i, j, k = x, y, z). (5)

In crystals with a zinc-blende structure, the only nonzero
coefficient is exyz = eyzx = ezxy = exzy = eyxz = ezyx [45,46].
A strain along the [100] direction, which is equivalent to
a longitudinal acoustic phonon in this direction, does not
generate a piezoelectric polarization. In contrast, a strain
along [111] leads to a longitudinal piezoelectric polarization
parallel to [111]. Accordingly, a longitudinal acoustic phonon
propagating in the [111] direction couples to the electrons
by the piezoelectric and deformation potential interaction,
whereas a longitudinal acoustic phonon propagating in the
[100] direction couples via the deformation potential only
[24,25].

The strain and the related piezoelectric polarization have,
at a fixed time, only for q = 0 the same value in different
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FIG. 4. (a) Displacement of the modes P−1 (dashed green line)
and P0 (solid black line). (b) Corresponding strain. While both the
displacement and the stress are continuous at the layer boundaries
[Eqs. (2) and (3)], the strain exhibits jumps because of the different
elastic constants. The displacement and the strain look identical for
longitudinal folded phonons in both directions, [100] and [111], but
the strain generates a piezoelectric polarization only in the [111]
direction.

periods of the superlattice [cf. Fig. 4(b) and Eq. (4)]. For
q �= 0, the piezoelectric polarization is positive in some layers
and negative in other layers, so that its average over many
superlattice periods is zero. This average is relevant for the
influence on the electrons since in a superlattice the electron
wave functions are delocalized over many periods [47]. A
macroscopic electric polarization exists only for the peak
P0 at q = 0 in the [111] sample and oscillates with the
frequency of the P0 mode. The related macroscopic electric
field couples to the photogenerated electron-hole plasma via
the piezoelectric interaction [45] which is particularly strong
for small q, i.e., for the P0 mode. Carrier oscillations induced
via the oscillating piezoelectric field are strongly damped
by friction mainly due to inelastic scattering processes in
the electron-hole plasma. As a result of the piezoelectric
interaction, friction in the carrier plasma acts back on the
coherent phonon motions and leads to the damping of the
envelopes of Fig. 3(a). During this process, the carrier density
undergoes only minor changes [Fig. 1(d)].

The linewidths of the P0 peak [Fig. 3(c)] are substantially
higher than those of the P−1 peak. We assign this extra
width to the damping of the coherent phonon amplitude by
the piezoelectric interaction with the electron-hole plasma.
The P−1 peak displays a spectral width (FWHM) of �ν =
7 GHz, similar to the peaks measured with the [100] sample
[Fig. 3(b)]. For a predominant homogeneous broadening, this
�ν translates into a dephasing time of T 0

2 = 46 ps. The [111]

P0 peak has a spectral width of approximately 28 GHz for
a carrier density of 7.5 × 1011 cm−2, corresponding to T2 =
11.4 ps. According to τ−1 = (T2)−1 − (T 0

2 )−1, one estimates
a time constant of additional damping of τ ≈ 15 ps, in good
agreement with the damping of the corresponding envelope
in Fig. 3(a). For a carrier density of 2.1 × 1012 cm−2, a
value of τ ≈ 40 ps is derived, similar to the envelope decay
time.

The damping of the coherent P0 phonon oscillations be-
comes less efficient with increasing density of the photoex-
cited electron-hole plasma. This behavior is due to a weaken-
ing of the piezoelectric interaction by electric screening. For
low carrier densities, the piezoelectric interaction is strongest
and results in a strong damping of the coherent phonon
motions. At high electron-hole densities, screening limits
the impact of friction on the phonon motions, leading to a
weaker damping. We estimated the characteristic screening
lengths from a standard Thomas-Fermi approach for a quasi-
two-dimensional carrier system [48]. For a sheet density of
2 × 1011 cm−2, the screening length κ−1 = 20 nm, which is
longer than the superlattice period of our samples of 11.2 nm.
In contrast, a screening length κ−1 = 5 nm, about half the
superlattice period, is calculated for a sheet density of 2.5 ×
1012 cm−2, resulting in less damping and a smaller linewidth
of the P0 spectrum.

A microscopic theory of phonon damping via the piezo-
electric coupling needs to be developed. Vertical carrier
transport through the superlattice in response to the phonon-
induced electric field, which is the main source of phonon
damping, is a very complex phenomenon. The driving field
is spatially inhomogeneous, i.e., mainly located in the barriers
as the strain profiles in Fig. 4 suggest. Thus, in addition to the
electric-field screening discussed above, the vertical carrier
transport contains spatially nonlocal contributions, making a
transport theory very demanding. Thus, we refrain from an
attempt to quantitatively calculate the phonon damping.

Conclusions. A comparative pump-probe study of [100]
and [111] GaAs/AlAs superlattices has demonstrated the
influence of piezoelectric phonon-electron interactions on
the amplitude decay of coherent zone-folded phonons. A
macroscopic piezoelectric field couples the coherent phonon
motions to a photoexcited electron-hole plasma which intro-
duces friction and, thus, damping of the coherent phonon
amplitudes. At two-dimensional carrier densities of some
1012 cm−2 the piezoelectric field gets screened, reducing
the piezoelectric damping term. Our results are relevant for
acoustic wave resonators made from polar semiconductors
[23,35]. The damping mechanism established here directly
affects the quality factor of such resonators. Beyond those ap-
plications, our study is a step towards understanding the decay
of the coherent phonon amplitude in piezoelectric materials in
general.
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