CHINESE JOURNAL OF PHYSICS

VOL. 49, NO. 1

FEBRUARY 2011

Investigations of Phononic Bandgap in a 3D Quantum-Dot Crystal
Yu-Chieh Wen,1, 2, ∗ Jia-Hong Sun,3 Tsung-Tsong Wu,3
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We theoretically study the phononic band-gap eﬀect of an artiﬁcial nanocrystal composed
of three-dimensionally (3D) ordered quantum dots. The calculated phonon dispersion indicates the existence of high-order longitudinal acoustic modes propagating along the growth
direction due to the low aspect ratio of the unit cell. The observed phononic band gaps in
the sub-THz frequency range result in high acoustic reﬂectivity of the nanocrystal at the
band-gap frequencies. In addition to the phononic band gaps, the acoustic transmission
spectrum reveals remarkable scattering loss at several speciﬁc frequencies, which could suggest the coupling between the longitudinal acoustic phonons and conﬁned modes of isolated
quantum dots. Our investigation provides a theoretical insight into the lattice dynamics of
the quantum-dot crystal, complementary to the recent femtosecond ultrasonic experiment
[Appl. Phys. Lett., 96, 123113 (2010)].
PACS numbers: 63.20.-e, 43.40.+s, and 63.22.-m

I. INTRODUCTION

Semiconductor quantum dots (QDs) are sometimes called artiﬁcial atom due to their
unique characteristics for zero-dimensional charge conﬁnement. With a controlled QD
distribution, those “atoms” can create artiﬁcial materials with designed functionalities for
electronic and biological applications [1]. In addition, the behaviors of phonons in a QD
system are also dominated by the QD orderings. The understanding of lattice dynamics in
3D ordered QD systems is thus important for the control of electron-phonon and phononpolariton interactions [2].
In the past decade, the dynamics of coherent acoustic phonons in QDs has attracted
a lot of attention. Several literatures reported the observation of conﬁned acoustic mode
in QDs and also studied the exciton-coherent phonon interactions by femtosecond pumpprobe technique [3]. A recent report by A. Devos et al. demonstrated an eﬃcient generation
of coherent acoustic phonons in self-assembled QD layers by laser excitation [4]. Those
contributions revealed not only fundamental interests in this issue but also the potential of
QD-based materials in phonon engineering [5]. However, the present studies on coherent
http://PSROC.phys.ntu.edu.tw/cjp
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FIG. 1: TEM imaging of the studied QD crystal without the Si cap layer. The inset shows a unit
cell of this nanocrystal.

phonons were restricted to either conﬁned mode in QDs or collected propagating mode from
a single QD layer. The structural eﬀect on the coherent phonon dynamics in 3D regularized
QDs is still far from understood. In this regard, noticeable eﬀorts by (resonant) Raman
spectroscopy and measurement of thermal transport have led to an insight into phonon
propagations in ordered and disordered QD structures [6].
Very recently, we demonstrated the signiﬁcant eﬀects of the QD ordering and uniformity on the acoustic resonance at the forbidden bands using the femtosecond ultrasonic
technique [7]. Here, we report a complementary theoretical study on the lattice dynamics in the same crystal by performing ﬁnite-diﬀerence time-domain (FDTD) calculations.
Except the phononic band-gap frequencies, the calculated acoustic transmission spectrum
reveals remarkable scattering loss at several speciﬁc frequencies, which could suggest that
the energy of the longitudinal acoustic waves was transduced into vibrations of isolated
quantum dots.

II. SAMPLE STRUCTURE

The studied sample is a 3D ordered SiGe QDs (QD crystal [2]) grown by templated
self-organization. The templates were fabricated by extreme ultraviolet interference lithography using a wavelength of 13.5 nm. Reactive ion etching was employed to transfer the
two-dimensional hole arrays with a periodicity of 90 nm × 100 nm into a Si(001) substrate.
This prepatterned substrate was then deposited by a sequence of Ge and Si layers for fabricating a stack of 11 QD layers. It was noted that the growth condition of the ﬁrst QD layer
(7 ML) on the substrate was diﬀerent from the other layers, resulting in a relatively large
dot size in the ﬁrst layer. Each subsequent island layer was grown by depositing 5 ML of
Ge on top of the 10 nm Si spacer layer. Figure 1 shows a transmission electron microscope
(TEM) image of the studied QD crystal. The TEM and X-ray analyses conﬁrmed the periodicities and the 60% Ge content of the SiGe dots [8]. In addition, AFM measurements
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indicated that the height and diameter of QDs were 2.96 ± 0.34 nm and 34.21 ± 2.98 nm,
respectively. Those dots were then covered by a 100-nm-thick Si cap layer. The details
of fabrication and characterization of the studied QD crystal has been reported elsewhere
[2, 7].

III. NUMERICAL METHOD

Arrangement of these QDs composed a nanoscaled cubic crystal with lattice constants
of 11 nm (denoted by L), 90 nm, and 100 nm. The corresponding lattice dynamics was
explored based on the 3D FDTD method with parallel computing in a PC cluster system [9].
Here, the longitudinal acoustic phonons with wavevectors along the surface normal z, i.e.,
one of the principal axes of the studied lattice, were specially addressed for comparing with
the experiment [7]. It was noticed that the lattice constant along the concerned propagation
direction was much longer than the other two (11 nm ≪ 90 nm and 100 nm). We thus
divided the unit cell of the nanocrystal by anisotropic grids (∆x : ∆y : ∆z = 10 : 10 : 1) in
the numerical modeling.
One remarkable feature for our low-aspect-ratio unit cell is that the frequencies of
forbidden bands along the z axis are much higher than the frequencies of the eigenmodes
traveling on the x-y plane. As result, for longitudinal acoustic waves propagating along
the z axis with a band-gap frequency, several eigenmodes (high-order mode patterns on the
x-y plane) are expected to exist due to long lateral characteristic lengths. This feature is
analogous to the light propagation in a multimode ﬁber and makes the assignment of the
calculated eigenmodes in the studied QD crystal diﬃcult. Without loss of feasibility, we
adopted an alternative method to calculate the dispersion curves of low-order longitudinal
modes, which has been observed experimentally.
In the numerical model, a Gaussian-like strain pulse with a 400-fs duration and a
planar wavefront was incident into the QD crystal. We then recorded temporal and spatial
evolutions of the laterally-averaged displacements in the QD crystal. By performing 2D
(z-t) Fourier transform, the dispersion curves of the longitudinal modes along the z axis
can be obtained. It should be mentioned that the displacement ﬁeld was laterally averaged,
which suppressed the detected signals of high-order modes and thus made the concerned
fundamental mode clear. The material parameters used in our calculation were taken from
Ref. 10.

IV. RESULTS AND DISCUSSIONS

Fig. 2(a) shows the square of the laterally-averaged displacement in the QD crystal
under the excitation of an impulsive longitudinal stress Tzz , exhibiting two folded dispersion
curves. To look into the nature of the split longitudinal modes in details, we numerically
investigate the displacement ﬁelds at kz = 1.5 π/L, where two braches start to split in the
dispersion curves. Figs. 2(b) and 2(c) show the calculated 3D displacement ﬁelds in one
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FIG. 2: (a) The band structure image by combining FFT power spectra of square of the laterallyaveraged displacements in the QD crystal under an impulsive excitation, indicating the dispersion
relations of low-order longitudinal acoustic phonons traveling along the surface normal z. Upper
and lower branches (UB and LB) are denoted at kz = 1.5 π/L. (b) and (c) are the corresponding
3D displacement ﬁelds in the unit cell. The wetting layer and the QD are shown in gray. Those
two ﬁgures are extended in the growth direction by ﬁve times in order to illustrate the detailed
displacement ﬁelds.

unit cell for the two diﬀerent branches. For the lower branch (507.2 GHz), the displacement
ﬁeld can be found to be mainly localized in regions between vertically aligned QDs, i.e.,
the region corresponding to the QD. For the upper branch (538.8 GHz), the whole unit cell
moves, and the phases of the lattice motion in and out of the QD regions are opposite.
Quantization of the propagation modes is a consequence of the lateral Bloch condition (x and y axes) of the 3D crystal, similar to the discrete propagation modes in optical/acoustic waveguides (2D conﬁnement). The higher-order propagation modes traveling
in the z direction also exist in the studied system; however, they are not observed in this
calculation due to the uniform plane-wave excitation and the data averaging. From Fig.
2(a), it is also found that the QD-induced phonon scattering results in two mini-gaps (0.34
and 0.7 THz) in the sub-THz range. In the following calculations, we focus on the phonon
reﬂection and tunneling at frequencies within the band gaps.
For the calculation of the acoustic reﬂection and transmission spectra, we considered
10 QD layers (QD crystal) placed in between Si substrate and Si cap layer. Absorbing
boundary conditions were made to avoid acoustic reﬂection from the boundaries of the
Si substrate and the cap layer. Here, we recorded the laterally-averaged displacements
at positions above and below the QD crystal by 20 nm as a function of time delay, after the excitation of impulsive plane waves (400-fs duration). The amplitude reﬂection R
and transmission T spectra of the QD crystal can then be estimated by comparing the
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FIG. 3: Calculated amplitude reﬂection R (top) and transmission T (bottom) spectra of the QD
crystal. The arrows denote the transmission reduction (250, 480, and 580 GHz) in addition to the
eﬀect of phononic band gaps.

spectra of the incident, reﬂected, and transmitted waves, as shown in Fig. 3. Signiﬁcant
acoustic reﬂection at ∼ 0.34 and 0.7 THz was observed, revealing the forbiddance of acoustic propagation at the band-gap frequencies. In addition to the feature of the forbidden
bands, periodic side peaks in the reﬂectivity spectrum were induced by the ﬁnite number
of the vertical periods. (For ﬁnite-period phononic crystals, multiple internal reﬂections
at the crystal boundaries induce oscillatory acoustic reﬂectivity in the frequency domain,
analogous to the Fabry-Perot eﬀect in optics [5].) In addition, the limited number of QD
period makes the tunneling of acoustic phonons possible, resulting in non-zero transmission
coeﬃcient at the band-gap frequencies. Except the feature of the forbidden bands, we can
ﬁnd additional reductions in transmission coeﬃcient at several speciﬁc frequencies, as denoted by the arrows in Fig. 3. These transmission reductions reveal scattering loss of the
longitudinal acoustic waves as one compares the transmission and reﬂection spectra.
Because acoustic attenuation has not been considered in the presented calculation,
the observed transmission reduction indicated the transduction of longitudinal acoustic
waves into other propagating or vibration modes. To clarify its origin, we compared the
transmission spectrum of the QD crystal and that of a similar structure without the QDs,
as shown in Fig. 4. Without considering the QD contributions, the crystal with only the
wetting layers becomes a 1D structure. The corresponding spectrum shows transmission
reductions only at the band-gap frequencies. This analysis provides clear evidence that
the observed energy transduction in the QD crystal is induced by the QD-related acoustic
scattering and/or conﬁnement.
One of the possible interpretations is the excitation of the interface wave propagating
on the planes of the dot layers. Coupling between bulk waves and interface waves typically
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FIG. 4: Calculated amplitude transmission T spectra of the QD crystal, including QDs and wetting
layers, and a similar structure without considering the QDs, i.e., only wetting layers.

occurs when the bulk waves is scattered at a corrugated interface, and vice versa. In the
concerned structure, the QDs could serve as the responsible scatters transducing the energy.
However, the resonant frequency of the interface waves due to the lateral periodicity was
calculated to be on the order of 26 GHz [11]. It is much lower than the observed frequencies
of energy transduction (250, 480, and 580 GHz). The obvious diﬀerence in the resonant
frequencies makes this interpretation questionable, and suggests the possibility of acoustic
vibrations in a structure with smaller dimensions, i.e., higher resonant frequencies.
Vibration of isolated QDs has been observed in many material systems, which can be
excited by femtosecond lasers [3] or through direct coupling between sub-THz photons and
phonons [12]. For typical semiconductor QDs, the frequency of conﬁned acoustic modes is
typically in the sub-THz range (0.1–1 THz), supporting that the observed loss of sub-THz
longitudinal bulk waves could be due to the coupling with the conﬁned vibrations of isolated
QDs.

V. CONCLUSIONS

The phononic band-gap eﬀect of 3D ordered quantum dots was investigated by the
FDTD methods. The observed phononic band gaps in the sub-THz regime result in high
acoustic reﬂectivities of the nanocrystal at the band-gap frequencies. In addition to the
phononic band gaps, the acoustic transmission spectrum reveals remarkable energy transduction at several speciﬁc frequencies. It could suggest the coupling between the longitudinal acoustic phonon and conﬁned modes of isolated quantum dots.
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