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We investigate the vibrational modes of a triangular array of anisotropic, hexagonal GaAs
nanopillars on a GaAs substrate through ultrafast changes in optical reflectivity. By comparison
with simulations, we identify GHz resonances, mode shapes, and damping. In addition, by varying
the pillar diameter, height, and pitch, we distinguish collective and localized modes. A proper
understanding of substrate-attached nanostructure dynamics will lead to better characterization of
C 2012 American Institute of
nanosensors based on perturbations to vibrational resonances. V
Physics. [http://dx.doi.org/10.1063/1.3696380]
Understanding vibrations in nanoscale systems is important for the miniaturization of mechanical resonators and
actuators, with applications in mass and gas sensing.1,2 Ultrafast optical techniques are well adapted for probing the GHzTHz resonant frequencies involved. Most experiments have
been carried out on metal nanostructures: A range of shapes
have been investigated, such as spheres,3,4 cubes,5,6 discs or
dots,7,8 rods,9,10 rings,11 or triangles.12 A smaller number of
experiments has also been carried out on semiconductor
nanostructures such as dots,13,14 pillars,15 cantilevers,16 and
spirals.17 All these experiments involve either single nanostructures or arrays. In spite of this intense interest, more
research is required to better elucidate the effect of geometry
on the resonances, especially for anisotropic nanostructures.
In this study, we investigate single-crystal GaAs nanopillars of hexagonal cross section arranged in a triangular
array on a GaAs substrate using time-domain measurements
of optical reflectivity. Unlike previous studies on nanopillars,
our samples have lateral dimensions commensurate with
their height, ensuring higher fundamental mode frequencies
overall and efficient coupling to the substrate. We compare
the Fourier spectrum of the reflectivity variation with numerical simulations based on a finite element technique, thereby
elucidating the mode shapes and their damping as well as
distinguishing between localized and collective modes.
Single crystal GaAs (111) nanopillars of hexagonal
cross section, shown in Fig. 1, were prepared on a GaAs
(111)B substrate in a triangular lattice array by selectivearea metallorganic vapor phase epitaxy (SA-MOVPE).18 After deposition of a 20 nm film of SiO2, electron beam lithography and wet chemical etching were used to make a
periodic array of hexagonal openings. GaAs nanopillar
growth was then carried out by epitaxy. The pillar height is
h ¼ 300 6 20 nm, the pitch is a ¼ 1000 nm and the pillar
thickness is d ¼ 330 6 10 nm, as estimated by scanning elec-
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tron microscopy (SEM—see Fig. 1) over different regions of
the sample.
As shown in Fig. 2(a), we use a mode-locked Ti:Sapphire laser of central wavelength 830 nm, pulse duration
200 fs, and repetition rate 80 MHz (period 12.5 ns). The
second harmonic at 415 nm is used for the pump beam (optical absorption depth 17 nm),19 which is modulated at a frequency of 1 MHz to allow lock-in detection. This beam of
incident pulse energy 0.5 nJ is focused with linear polarization in the x direction [see Fig. 1] at normal incidence to a
full width at half maximum (FWHM) 5 lm diameter spot
using a 10 objective lens. This leads to both steady state
and transient temperature rises of 5 K and 80 K, respectively. Nanopillar vibrations are induced by the thermoelastic
and deformation potential mechanisms.20 The probe beam of
wavelength k ¼ 830 nm (optical absorption depth 880 nm)19
passes through a variable delay line and is focused with circular polarization at normal incidence to a similar spot size
as the pump in order to monitor transient reflectivity changes
105 arising from displacements 10 pm and strains
105. With our spot sizes, we are on average effectively
exciting and probing 30 nanopillars. All experiments are
performed at room temperature.
Results for the relative reflectivity variation dR(t)/R are
shown in Fig. 2(b). Ultrafast carrier excitation produces a
sharp positive spike at the moment of pump pulse arrival

FIG. 1. Typical SEM images of the GaAs nanopillars. (a) Top view. (b)
Oblique view.
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TABLE I. Fitting parameters for the experimental dR(t)/R using a sum over
five terms in the form Aicos(2pfit þ wi)exp( 2pfit/Qi). (i)-(iv) refer to vibrations, whereas “Bulk” refers to the Brillouin peak whose Q-factor is determined by the optical penetration of probe beam.
Mode
Frequency fi (GHz)
Relative amplitude Ai
Q-factor Qi
Phase (wi/p)

FIG. 2. (a) Experimental setup. PBS: Polarizing beam splitter. (b) Measured
relative reflectivity variation dR(t)/R. Inset: Background subtracted data. (c)
Moduli of the temporal Fourier transforms for dR(t)/R (solid line) and
for the simulated displacements: Uz (dotted line) and Ux (dashed line), both
normalized (the latter enhanced by a factor of 9). The bright horizontal line
segment in the inset was used to average the Fourier transform moduli.

(t ¼ 0). dR(t)/R then shows oscillations superimposed on a
background variation arising from thermal diffusion, and are
better viewed with the exponentially-fitted background subtracted [see inset of Fig. 2(b)]. They arise in general from
both the shape changes of the vibrating nanopillars and the
oscillating strain through photoelasticity.
We plot in Fig. 2(c) the modulus of the temporal Fourier
transform of the background-subtracted data (solid curve).
Vibrational resonance peaks are visible at 2.5, 5.4, 8.5, 10.2,
12.2, and 13.9 GHz. For quantitative data extraction, we
apply least-squares fitting to the four highest peaks and to a
Brillouin peak at 48.6 GHz (Ref. 21) using a sum of five
damped sinusoidal waves. The results for relative amplitude,
Q-factor (10 for the vibrational resonances), and phase
lead w are shown in Table I. (The parameters for the remaining smaller peaks could not be extracted accurately.) This fitting procedure is subject to errors of 10% (with the phase
compared to 2p). Phase w ¼ 0 is commonly observed in the
vibration of ultrashort-pulsed optical excitation of nanoobjects,3,15,22 characteristic of a displacive excitation mechanism. However, here there is significant thermal diffusion to
the substrate, and so different values of the phase are
recorded.
To visualize the vibrational modes, we implement a
time-domain finite-element simulation (PZFlex, Weidlinger
Associates, Inc.). A triangular array of nanopillars on a (111)
GaAs substrate region of dimensions (in the x, y, and z directions—see Fig. 1) 7.6  7.0  3.6 lm3 was modeled.23,25 A
downward vertical force field in the form of a half sine wave
of duration 8.7 ps was applied uniformly over the top surface
of all the pillars to approximately reproduce the experimental
frequency spectrum.
Figure 2(c) also shows the simulated spectra Ux and Uz
for the normalized x- and z-directed displacements averaged
over a line segment 3/4 of the way up the pillar (see inset);

(i)

(ii)

(iii)

(iv)

Bulk

2.5
0.13
7.5
0.28

8.5
0.29
8.9
0.32

10.2
1.0
15.8
0.66

12.2
0.27
30
0.96

48.6
0.39
16.4
–0.67

resonant peaks at 2.2, 3.7, 4.5, 6.3, 7.5, 9.7, and 12.3 GHz
(modes 1-7) are indicated by arrows. The larger peaks 1, 5,
6, and 7 correspond reasonably closely with the experimental
modes (i)-(iv). Discrepancies in the peak positions presumably arise from local variations in pillar geometry, and
smaller peaks may be lost in experiment owing to the associated inhomogeneous broadening. The experimental peak
widths (! 1/Q), probably governed here mainly by radiation
of acoustic waves to the bulk, agree overall with those of the
simulation.
Figure 3(a) shows maps of the modulus of the temporal
Fourier transforms Ux and Uz for 7 simulated resonances.
The sections represent vertical cuts in the [1 1 0] direction
[see dashed line in Fig. 3(a)]—hence the left-right symmetry.
Deformations are shown in Fig. 3(b) and in animation elsewhere.24 The different responses of Ux and Uz in Fig. 2(c)
arise from the different mode shapes: For example, mode 1
at 2.2 GHz, corresponding to the vertical motion of the whole
nanopillar, has a stronger Uz, whereas mode 6 at 9.7 GHz,
corresponding to a coupled breathing-longitudinal mode, has
a stronger Ux. For modes 1-4, the acoustic wavelength
K  1lm  d, leading, for our normal-incidence optical excitation, to a nearly uniform Uz over the pillar top (see top
views). Modes 5-7, in contrast, where K is smaller, begin to
show threefold symmetry from the anisotropy of GaAs
(111).
To further elucidate these modes, we separately varied
the pillar pitch a, width d, and height h in the simulations as
shown in Fig. 4. The frequencies of modes 1-3 decrease with
increasing a (mode 1 being approximately ! 1/a), whereas
they are independent of d. In contrast, modes 5-7, which exhibit smaller displacements between the pillars [see Fig.
3(a)], show negligible dependence on a, but their frequencies
are ! 1/d [see dashed lines in Fig. 4(b)]. We conclude that
modes 1-3 are collective modes of the array with wave vector k ¼ 0 in the reduced-zone scheme,6,7 whereas 4-7 are
coupled breathing-longitudinal modes of localized character.
Interestingly, mode 4 shows no dependence on a and d over
the ranges considered. The spatial distribution of the displacements Ux and Uz for this mode are distinct from the
other modes, as can be seen in Fig. 3(a). Mode frequency dependence on height h only becomes apparent for modes 6
and 7, presumably because for them K  0.5 lm  h. The absence of an h dependence of the frequency of mode 1 suggests that apsimple
mass and spring model, that would
ﬃﬃﬃ
predict a 1= h variation, does not apply to this mode. The
scaling of modes 2-3 compared to mode 1 is approximately
that expected from an empty-lattice approximation6: The

Downloaded 01 May 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

131902-3

Sakuma et al.

Appl. Phys. Lett. 100, 131902 (2012)

FIG. 3. (a) Simulated maps of the x- and z-directed motion from moduli of the temporal Fourier transforms. The sections are vertical cuts in the [1 1 0] direction. (b) Sections of the mode deformations in anti-phase.
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FIG. 4. The 7 simulated peak frequencies (a) vs. 1/a, with d and h fixed at
the sample nominal values; (b) vs. 1/d for constant a and h; (c) vs. h for
constant a and w. Arrows show nominal sample values. The dashed curves
in (a) are fits, labelled by reciprocal lattice vector indices (i, j) (Ref. 6),
based on an empty-lattice model. The dashed curves in (b) are guides to
the eye.

upper two dashed lines
pﬃﬃin
ﬃ Fig. 4(a) are predictions based on
scaling by factors6 of 3 and 2 compared to data for mode 1
(fitted to a function in the form c1/a-c2/a2, as shown by the
lower dashed line).
This study elucidates the pillar mode-shapes and,
through variations in pitch a, also identifies collective modes
of the phononic structure at k ¼ 0. In future, single-pillar excitation and localized detection would allow probing of the
phononic dispersion relation at k = 0. Combining our
approach with lateral near-field scanning would open the
way to mapping vibrational modes in anisotropic nanoscale
structures and sensors in two-dimensions.
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