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Coherent folded acoustic phonons in a multilayered GaSb/InAs epitaxial heterostructure were
generated by femtosecond laser pulses and studied by means of ultrafast x-ray diffraction. Coherent
phonons excited simultaneously in the fundamental acoustic branch and the first back-folded branch were
detected. This represents the first clear evidence for phonon branch folding based directly on the atomic
motion to which x-ray diffraction is sensitive. From a comparison of the measured phonon-modulated x-
ray reflectivity with simulations, evidence was found for a reduction of the laser penetration depth. This
reduction can be explained by the self-modulation of the refractive index due to photogenerated free

carriers.
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Periodic layered semiconductor heterostructures con-
sisting of two or more semiconductor materials in alternat-
ing lattice matched thin layers such as multiple quantum
wells (MQWs), or superlattices play an important role in
modern optoelectronics. Light emitters, diode lasers, and
many kinds of photodetectors are based on these hetero-
structures. Apart from their technological importance,
nanometer-scale semiconductor heterostructures are prom-
ising candidates for the realization of ‘“‘coherent control™
in condensed matter [1-3]. In both cases, it is vital to
understand and to be able to control phonons, since
phonon-electron interaction in semiconductors is strong.
Specific to phonons in periodic layered heterostructures is
the effect of branch folding. It can be put down to the
destruction of the lattice periodicity along the translation
vector of the layer periodicity. As a consequence, the
lattice periodicity given by the lattice constant a must be
replaced by the heterostructure periodicity D and thus the
dimension of the first Brillouin zone (BZ) in this direction
reduces dramatically from 27/a to 27/D. The phonon
branches have to be folded back into this reduced BZ while
small alterations occur in the proximity of the zone
boundaries [4], leading to gaps in the frequency spectrum.
The folding creates new phonon branches, which lie in
frequency between those of the acoustic and the optical
branches. Such folded acoustic phonons have been exten-
sively studied by optical techniques [5-9].

Here we present the first clear evidence for folded
coherent acoustic phonons in a multiple quantum well by
means of time-resolved x-ray diffraction (TRXD). The
phonon-related coherent atomic motion indicates a reduc-
tion of the laser penetration depth due to the self-
modulation of the refractive index by photogenerated
free carriers. This effect was observable because ambipolar
diffusion, which usually extends the effective penetration
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depth, was strongly inhibited by the broken-gap lineup of
the GaSb/InAs heterojunction.

In the way TRXD was used here, x-ray scattering from
phonons is the underlying effect: the phonon-related
atomic motion modulates periodically the phases of the
scattered x rays. This leads to sidebands of the rocking
curve oscillating at the phonon frequency [10-15]. The
distance of these sidebands to the center of the rocking
curve is directly proportional to the modulus of the phonon
wave vector g. Thus by measuring the reflectivity at a
certain point on the rocking curve, one probes a single
phonon wave vector, provided that the wave vectors of the
coherently excited modes are parallel; i.e., the strain profile
is one dimensional.

The heterostructure used in the experiment consisted of
five GaSb/InAs double layers with single layer thicknesses
of 52 and 82 nm, respectively. The layers were grown in the
[001] direction by metal-organic vapor phase epitaxy
(MOVPE) onto a GaSb substrate. The heterostructure
was tested by atomic force microscopy (AFM) and x-ray
diffractometry. The AFM scan showed atomic terraces on
the GaSb top layer, indicating a good crystal quality. X-ray
diffractometry revealed layer thicknesses and misfit strain.
The static strain due to a small difference in the lattice
constants of InAs and GaSb, 7,y = 0.62%, was partially
relaxed in the thicker InAs layers which led to a small
amount of misfit strain in the GaSb layers as well [16].

The experiment was carried out at beam line ID9 of the
ESRF electron synchrotron storage ring in Grenoble. The
general setup was very similar to that of previous time-
resolved x-ray diffraction measurements, and a more de-
tailed description can be found elsewhere [14]. Coherent
acoustic phonons were generated by illuminating the het-
erostructure with ultrashort laser pulses from a
Ti:Al,O3-based laser system (A = 800 nm, 7 = 150 fs),

© 2005 The American Physical Society



PRL 94, 125509 (2005)

PHYSICAL REVIEW LETTERS

week ending
1 APRIL 2005

»
W A
T

I Expelriment
Model non-lin.abs.

Model lin.abs. -

2 T T T T T
FrrT ] Experiment --------
b 1.8 +E ] Model non-lin.abs. b
L6 H\Wwwmnenndt Model lin.abs. ===
E O

S (=
S S
oy oy
=25 =14
g 2 g 1.2
b5 5|
=15 = 1 /\ |
& 1 2 08 \.fv:”}\,"\:‘: i
0.5 0.6 ! y’\"” II" ’lIIJ 1 1 1 1
0 50 100 150 200 250 300
Time (ps) Time (ps)
FIG. 1. Evolution of normalized reflectivity at 6 = gy, + FIG. 2. Evolution of the normalized reflectivity at 6 =
0.61 mrad. Oprage — 0.3 mrad. The inset shows the evolution of the normal-

which were incident on the GaSb cap layer at about the
Brewster angle (¢ = 74 °, @prew = 77.3 °). The laser was
focused down to a spot size of 1.3 X 0.3 mm? on the
sample resulting in a fluence at the surface of 8 mJ/cm?.
Since the spot size is large compared to the laser penetra-
tion depth, the laser generated strain profile is essentially
one dimensional. X rays delivered by the U20 undulator
with a divergence of approximately 10 prad, monochrom-
atized to 16.45 keV by a double crystal monochromator [Si
(111), AE/E = 2 X 10™*] served as the probe. The x-ray
focal spot size was about 0.1 mm?2, ie., considerably
smaller than that of the laser to ensure that over the entire
probed area the pump conditions were the same. The signal
diffracted from the GaSb/InAs 002 planes (OBrage = 7.1°)
was recorded by an ultrafast streak camera [17] equipped
with a Csl transmission photocathode. For readout the
camera’s phosphor screen was fiber optically coupled to
an image intensifier and a charge-coupled device (CCD)
camera. The laser operated at a repetition rate of 900 Hz
and was synchronized to the storage ring clock and thus to
the electron bunches with a jitter less than 10 ps by an
adaptive oscillator cavity length. Since temporal resolution
was achieved by the detector and not by the pulse length of
the probe (the x-ray pulse from a single electron bunch was
about 100 ps long), this jitter was not limiting the temporal
resolution. For a reasonable S/N ratio, the signal of the
order of 10° shots had to be accumulated. This made the
jitter of the streak camera trigger relative to the laser pump
the limiting factor for the temporal resolution of the whole
setup. By triggering the streak camera with the laser itself
using a low capacity photoconductive switch, an effective
temporal resolution of the order of a picosecond was
achieved. The streak camera itself had a single-shot tem-
poral resolution of 500 fs and thus was not a limiting factor.

Figures 1 and 2 show measured and simulated evolution
of the normalized 002-Bragg reflectivity R(6, £)/Ry(6) (Ry:
reflectivity of heterostructure before laser pump) of the
laser heated GaSb/InAs MQW at two different x-ray en-
ergies, E; = 16.37 keV and E, = 16.49 keV, correspond-

ized reflectivity at the same angle for a bulk GaSb crystal.

ing to two different locations on the rocking curve. The
patterns are considerably different from the very periodic
and rather slowly developing pattern from a laser excited
bulk crystal [11,14], which is shown in the inset. This is a
direct consequence of phonon branch folding. Phonon
modes are excited not only in the longitudinal acoustic
branch but also in the upper branches created by the fold-
ing process. It is the superposition of these modes, with
equal wave vectors but different frequencies, which leads
to the observed irregular fluctuations. This is shown in a
more quantitative way in Fig. 3 where a Fourier based
power spectrum estimate (PSE) [18] of the measured signal
in Fig. 2 is presented. One can clearly see two peaks. The
noise level can be inferred from the PSE of the signal
without pump. The peak frequencies match those given
for the probed phonon wave vector in the dispersion dia-
gram in Fig. 4. Obviously, the higher frequency belongs to
the back-folded branch. This is clear evidence for branch
folding. Very recently another TRXD study of coherent
phonons in a periodic heterostructure has been published
[19]. However, the evolution of the x-ray reflectivity there

PSIE signal & nolise ,,,,,,,,,
PSE noise

Rel. reflectivity R/R, (a.u.)

0 50 100 150
Frequency (GHz)

FIG. 3. Fourier based power spectrum estimate for the evolu-
tion of the normalized reflectivity at 6 = 6p,, + 0.61 mrad
with and without laser pump.
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FIG. 4. Phonon dispersion diagram for the GaSb/InAs hetero-
structure (lines) calculated within an elastic continuum model
[4]. Also shown are the experimentally observed frequencies
[bullets, PSE of the recorded reflectivity R(¢)/R,]. The error bars
represent the maximum error estimates of the error in the time
calibration (linear regression) of the streak camera.

is of a single frequency and thus only a single phonon
branch can be involved.

The choice of phonon wave vectors in Fig. 4 was dic-
tated by the source limited S/N ratio. The diffracted x-ray
intensity is highest and thus the S/N ratio best near the
reduced BZ centers where the superlattice diffraction
peaks are located. The data point at g = —0.025 rad/nm
is an exception. The good S/N ratio there is due to the
proximity to the central Bragg peak.

TRXD supplies more than just phonon wave vectors and
frequencies: in principle, the laser inflicted transient strain
can be reconstructed ab initio from the recorded signal of a
single rocking curve, R(0, ). However, the brightness of
presently available x-ray sources is only sufficient to probe
the region close to the center of the rocking curve where
the reflectivity is high. Thus, so far only the BZ center is
accessible. Therefore, the detection of phonons via TRXD
is still somewhat model dependent. The simulated curves
in Figs. 1 and 2 were created using an elastic continuum
model for the generation and propagation of coherent
acoustic phonons in a heterostructure [8]. The model
uses a transfer matrix method to propagate laser field and
elastic strain through the heterostructure. This method
takes account for multiple reflections at the layer interfa-
ces. In the case of the elastic strain, this procedure leads to
two different kinds of modes: bulk and surface modes. The
bulk modes correspond to the freely propagating longitu-
dinal acoustic modes in a bulk crystal. Surface modes, on
the other hand, remain at the surface. In the dispersion
diagram, the latter are located in the small frequency gaps
at the BZ boundary. A condition for the existence of
longitudinal surface modes is that the acoustic impedance
of the surface layer is smaller than that of the layer below.
This condition is not fulfilled in the case of the GaSb/InAs
MQW, since the acoustic impedance of the GaSb surface

layer is larger than that of InAs. Thus, there are no surface
modes in this experiment. Finally the x-ray reflectivity was
modeled within the statistical dynamical theory of x-ray
diffraction for dislocational mosaic crystals [20].

The match between measured and modeled x-ray reflec-
tivity (Figs. 1 and 2, solid and dashed curves) is very good
considering the low photon number and thereby limited
S/N ratio. It should be noted that there is no free scaling
factor for the normalized reflectivity R/R,. To achieve this
match it was necessary to adapt the model for the coherent
phonon generation. It turned out that the strain profile
predicted using interband absorption alone is too shallow.
For comparison, the modeled time-dependent x-ray reflec-
tivity based on plain interband absorption, too, is given in
Figs. 1 and 2 (dotted curves). This can be explained by the
self-modulation of the real and imaginary part of the
refractive index due to the massive photogeneration of
free carriers [21]. This effect was integrated into the model
in the form of a first order approximation: it was assumed
that the effective absorption coefficient increases linearly
with the laser fluence w(z, £), which at a given time ¢ has
passed through a layer at depth z, ie., w(zt) =
Mo + 2aw(z, t), where u stands for the interband absorp-
tion coefficient. The constant a was used as a free parame-
ter to fit the modeled data to the experimental results. The
simulated curves in Figs. 1 and 2 were generated with @ =
3500 m/J.

In earlier TRXD experiments with bulk crystals [15], the
opposite effect was observed: the strain profiles were flatter
than expected from plain interband absorption. This was
explained by ambipolar diffusion. Following a steep den-
sity gradient, photogenerated electron-hole pairs diffuse
into the bulk of the crystal. The electron-hole pairs carry
and finally transfer their energy to the lattice beyond the
laser absorption depth. In our experiment, these effects are
not present due to the relative alignment of the valence and
conduction bands of GaSb and InAs. In the GaSb/InAs
heterojunction, the lower edge of the InAs conduction band
lies about 100 meV below the upper edge of the GaSb
valence band (so-called ‘“‘type-II broken-gap’) [22]. As a
consequence, the electrons in the InAs conduction band
and the holes in the GaSb valence band are confined
between the forbidden zones of the respective neighbor
layers. Thus, ambipolar diffusion across the interfaces is
strongly inhibited.

This experiment has demonstrated the particular
strengths of time-resolved x-ray diffraction (TRXD): it
simultaneously provides information about phonon wave-
lengths, phonon frequencies, and the related atomic motion
in real time. In contrast, optical methods require poorly
known entities such as photoelastic constants or Raman
tensors in order to interpret the results. Furthermore, x rays
have large absorption depths in all materials allowing for
deeper probing. This can be used, for example, to avoid
surface effects or to probe layers buried under a thick cap
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layer. In principle, the whole Brillouin zone (BZ) can be
probed using x rays. The present limitation of TRXD to the
BZ center is a purely technological one in contrast to the
fundamental limitation of methods employing radiation in
the visible range. With the advent of 4th generation x-ray
sources [23,24], the technological limitation of insufficient
brightness will be removed soon. TRXD is a powerful tool
for studying the structural dynamics in a wide range of
materials as shown here by the visualization of the dynam-
ics in semiconductor heterostructures.
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