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Electrical Manipulation of Crystal Symmetry for Switching Transverse Acoustic Phonons
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We experimentally explore the use of a novel device where lateral electric fields can be applied to break
the translational symmetry within the isotropic plane and hence change the selection rules to allow
normally forbidden transverse acoustic (TA) phonon generations. The ultrafast screening of the lateral
electric field by the photocarriers relieves shear strain in the structure and switches on the propagating TA
waves. The amplitude and on-state time of the TA mode can be modulated by the external field strength and
size of the laterally biased region. The observed frequency shift with an external bias as well as the strong
geometrical dependence confirm the role of the asymmetric potential distribution in electrically
manipulating the crystal symmetry to control modal behavior of acoustic phonons.
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The ability to tailor materials and device elements below
the phonon mean free path in such a way that the vibra-
tional or phononic properties can be modified and precisely
controlled has gained widespread interest in recent years
[1]. Some applications include controllability of the ther-
mal conductivity for on-chip heat management [2,3],
charge transfer via acoustic (AC) pulses [4], thermoelectric
power generation [5,6], the realization of phonon cavities
[7-9], and lasers [10,11]. The acoustic counterparts of
diodes [12] and metamaterials [13] open further oppor-
tunities for the prospective development of phononics.

The coherent vibrational properties can typically be
investigated using transient coupling between electrons
and dynamic strains under femtosecond laser excitation.
Such techniques have been reported for multiferroic crys-
tals [14], zinc-blende crystals [15], wurtzite semiconduc-
tors [16,17], and their mixtures [18]. In the viewpoint of
phononic manipulations, crystal orientation has predeter-
mined the AC mode selection in most of the previous
studies; in the anisotropic plane, transverse acoustic (TA)
and longitudinal acoustic (LA) phonons are simultaneously
observed, whereas in isotropic systems, only the LA mode
generation is allowed. For manipulating the crystal sym-
metry, strains were often imposed by using lattice-
mismatch-induced axial stresses [19,20]. On the other hand,
the role of vertical electric fields and electronic transport
alongside the growth axis in generating optical phonons [21]
and AC phonons [16,22-24] has been identified.

By positing the growth direction as the decisive factor
fixing the phonon modes in the previous efforts, however, it
has remained challenging to externally manipulate the
phononic properties such as selection rules for modal
generation, propagation velocities, and acoustic birefrin-
gence. To meet this need, in this Letter, we employ a novel
and practical approach of electrical symmetry manipula-
tion, which can be formulated in terms of electrically
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selected strains and strain-induced perturbations on the
elastic and dielectric tensors, to attain an unprecedented
degree of freedom in the switchability of the forbidden TA
mode in an isotropic wurtzite system.

A representative sample used here under asymmetric
potential distribution at room temperature is illustrated in
Fig. 1(a). GaN-based multiple quantum wells (MQWs)
acting as LA epicenters [16] were sandwiched between p
and n regions along the ¢ axis (=z axis) so that the external
bias V., induces vertically exerted fields compensating for
the piezoelectric field EF [25]. The fundamental impor-
tance of the structure lies in the additional formation of
lateral electric fields between interdigitated contact pads;
the sample has narrow p and n electrodes, which are
laterally spaced by ~80 um in the x direction on top of an
abnormally thin indium tin oxide (ITO) layer (~40 nm) to
spread a nonuniform electric current density along the x
axis. The following layers were sequentially grown on a
sapphire substrate by metal-organic chemical vapor depo-
sition: 3-um-thick undoped GaN, 2.5-um-thick n-GaN, six
quantum well (QW) layers of 2-nm-thick Ing;GayoN
encased by seven 8-nm-thick GaN barriers, 120-nm-thick
p-Alyo5GaposN, and 250-nm-thick p-GaN. The doped
electron n, and hole concentrations n, were estimated to
be 7 x 10'7 and 8 x 10" cm™3, respectively.

To determine the potential distributions in both the
vertical and lateral directions, the spatially resolved photo-
luminescence (PL) was measured, as shown in Fig. 1(b),
under excitation by a frequency-doubled Ti:sapphire laser
at 367.5 nm onto a spot size of ~10 ym. As the excitation
spot was moved away from the p electrode in the lateral x
direction in Fig. 1(b), the PL peak energy was redshifted
when V. was applied. The redshift of the PL peak energy,
which was distinctive from those reported for vertically
strained QWs, indicates that the actual magnitude of the
applied bias along the z axis differed from V., and
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FIG. 1 (color online). (a) Schematic of a structure with
asymmetry potential distribution; blue cones denote laser ex-
citation spots moving along the x axis (from p contact to n
contact). (b) PL peak energy as a function of excitation position in
the lateral (x) direction under external bias (V). (¢) Conduction
band profile near the MQW/n-GaN interface calculated from
the PL peak energy variations at 4 V. Spatial distributions of
(d) normal strain ¢, and (e) shear strain ¢,, deduced from the
conduction band profile. Lattice structures distorted by (f) €., and
(g) €., where v is the Poisson’s ratio.

decreased along the x axis in terms of the quantum-
confined Stark effect [25]. From variational calculations
of the PL peak energy, we estimated EZ to be 0.98 MV/cm
and determined the laterally varying potential profile
@(x, 7). The resultant ¢(x, z) in the conduction band was
evaluated in Fig. 1(c) at a V., of 4 V across the MQW
and n-depletion regions. Then, the lateral electric field
E.=—-V,.p was found to increase with V, reaching
~0.66 kV/cm at 4 V at the end of the depletion region.
In Fig. 1(c), EF was almost fully compensated at 4 V by the
vertically applied fields; the magnitude of the net electric
field along the z axis E, = —V_¢ was on the same order as
E. within the QWs.

On the basis of the piezoelectric tensor d,,,, the strain
components in hexagonal symmetry in wurtzite GaN are
coupled with the electric field distributions as ¢, =
>3 dumE, (m=1,2,...,6) [26], where nonzero values
of E; = E, and E| = E, lead to the normal (¢, = £3) and
shear strain components (e, =e&s) in the x-z plane,

respectively. The normal strain €,, calculated in Fig. 1(d)
was compressive in the barriers and weakly tensile in the
QWs at 4 V. On the other hand, the shear component
(e,,) in Fig. 1(e) became prominent throughout the biased
region and reached a maximum value near the end of the
n-depletion region.

The strain-induced structural distortions are shown
schematically in Figs. 1(f) and 1(g). The volumetric
deformation in Fig. 1(f), where the lattice constants are
modulated as ¢ = cq(1 +¢.,) and a = ao(1 —ve,,) from
the original undeformed values of ¢, and a,, implies that
the structure is still laterally isotropic. Whereas in the
monoclinic distortion of Fig. 1(g), the shear strain ¢, is
geometrically defined as an angular change to tilt the ¢ axis
by tan~!(e,,) [26], breaking the optical and mechanical
symmetry in the ¢ plane [27]. When the rapid screening of
the directional electric fields relieves the strains in the
distorted structures and displacively initiates propagating
coherent AC phonons, the driving force in the loaded string
model [17,24] is now extended in a correlated manner with
the electrically selected strains as

Si(roa) = pic< QH(1). (1)

where the mode index i corresponds to either LA or TA, C;
is the effective elastic constants [27], 1 o (e14) corresponds
to the normal (shear) strain ¢, (g,,), and H(¢) is the
Heaviside step function describing the instantaneous exci-
tation of the driving forces by transient field screenings.

To investigate the interplay between the asymmetric
potential distribution and the modal AC phonon dynamics,
we measured the time-resolved differential reflectivity
spectra (DRS) as sketched in Fig. 2(a). The fluence of
the pump beam was ~85 uJ/cm? in order to abruptly
screen out the potential gradients. The incident angle 0
of the pump beam for phonon generation was fixed at 0,
whereas 6 for the polarized probe beam for phonon
detection was set to less than 5°. For photocarrier excitation
in the MQW and depletion regions, the pump and probe
beam energies were degenerate at 367.5 nm, with a
penetration depth £ of around 700 nm. The probe polari-
zation ¢ was fixed at 45° with respect to the incident plane
except in Fig. 4, whereas the pump beam was polarized
perpendicular to the probe beam.

The temporal changes in DRS in Fig. 2(b), representing
the recombination and transport dynamics of photocarriers
in the strained QWSs [25], superimposed the oscillatory
components which were subsequently extracted in Fig. 2(c)
in the time domain and in Fig. 2(d) in the spectrum domain.
Two distinct frequency modes of the oscillations were
caused by dynamic Fabry-Perot interference between the
probe beams reflected from the surface and from the wave
front of the propagating strain waves. The modal frequency
is expressed as f; = 2v;1c08(6;)/Aprobe, Where 6, is the

043603-2



PRL 114, 043603 (2015)

PHYSICAL REVIEW LETTERS

week ending
30 JANUARY 2015

o Z

o

o

T
)
i
o
<

o[ — 1V

3
5o (0.4)=(0° 45%)
b 0,4)=(0°,45°
& 002 25V
S ke
4V
-0.03
b 55V
-0.04——60 200 300 400
Probe Time delay (ps)
(c) 0,4)=(0°,45° _ (d) Jia |
= - (0,6)=( ) v, =0V A N
o O W Tra Q
% W“....‘.‘ 1V fTA ﬁ 3
+ VVWYVWWY v:l 2 5 V 'C_J
H o
ﬂ an' .v. 'AV VA:I.. A 4 V A :z
e N 85V | v M|
: 1 1 1 1 'C
' 70 200 300 400 B0 90 120 150

Frequency (GHz

~

0
Time delay (ps)

B — )
) a0 Ji50
= =
) ~,
+ ~ o-
o = - s
3 = RPN =
< © .-0 @
x - -
< t s o
O -
-~ R —Y Q |- - -, +440 nmyn, 120
\ ’—A_ﬂz o ’
i , T nisoiropic TSotropic o 0 |° Tl"’ ) )
0 100 200 300 2 4 6
Time delay (ps) V., V)

FIG. 2 (color online). (a) Measurement schematic for DRS due
to AC phonons. (b) Transient DRS as a function of time delay
under different V., from 0 to 5.5 V. (c) Oscillatory parts of DRS
due to acoustic phonons. (d) Fast Fourier transform (FFT) spectra
of the acoustic phonon signals. (e) Band-pass-filtered signals
under 4 V around the LA (108-144 GHz) and TA (52-88 GHz)
modes. Insets outline the epicenters and propagation of the AC
modes. (f) On/off amplitude ratio of the TA wave and on-state
time 774 as a function of V.

angle of the probe transmission inside the material, 7 is the
refractive index, and A is the wavelength of the probe
beam. Not only does the LA frequency f;, ~120 GHz but
also the spectral component at frs ~ 70 GHz, newly
emergent with V. Further, f; o (fta) matches well the
velocity vpa (vra) of ~7300 m/s (4200 m/s) [27]. The
actively induced TA mode under a nonzero V., could not
be explained by any previous investigations of the isotropic
plane. Furthermore, the TA waves abruptly disappeared
around 715 (~130 ps at 4 V), which is indicated by a
curved dashed line in Fig. 2(c). The sideband components
of the TA mode in Fig. 2(d) could be associated with the
drastic decay of TA signals in Fig. 2(c) around z14; on the
other hand, the LA mode also showed the sidebands above
4 V at which the electronic tunneling in a time scale of
~2/fra led to the accelerated decay of the LA mode.
The detailed line-shape analysis in Fig. 2(e) further
revealed that the band-pass-filtered TA and LA signals
(scattered lines) could be matched with the solid fitting

curves by adaptively integrating the product of the sensitivity
function F; [24] and the strain #;; ie., AR/R =
ff"w dzF.e~*/*y;, where g, is the linear supposition between
descending waves (¢, which propagate toward the substrate
and represent decaying signals for 0 < ¢ < 7;/2) and
ascending waves (r¢, which propagate toward the surface
and represent growing signals for 7;/2 < t < ;). By taking
the time scale in the biased region (714 ~ 55 ps and 715 ~
130 ps at 4 V) into account, both 54, and n{, were
determined to spatially originate from the middle of the
surface depletion region (SDR), whereas 7{, and ', were
found to have different epicenters, in the n-depletion and
MQW regions, respectively. These spatially concentrated
AC strains, therefore, could be simplified into 5¢ =

Jpa €i(2)dz8(z + v;t) for the ascending waves and 7¢ =
Jpa €i(2)dz5(z — v;t) for the descending waves, where the

region of integration D¢ (D¢) corresponds to the SDR (either
to the MQW region for the LA mode or to the n-depletion
region for the TA mode).

The on/off ratio of the TA mode A%, /A%, was held at ~7
with an external bias in Fig. 2(f), where AL, (AL,)
corresponds to the maximum TA amplitude for the on
state (off state) for time domain [ (/1) with <7
(r; <t <2t;). This is explained by the estimated AC
reflectivity of about 0.19 due to the AC impedance
mismatch at the ITO/p-GaN interface. The increasing
on-state time 71, (red circles) in Fig. 2(f), on the other
hand, was in good agreement with the calculated travel time
(dashed line) between the end of the n-depletion region
and the SDR. In this regard, the slightly increased value of
71p between 2.5 and 5.5 V (~11 ps) can be converted into
the elongated n-depletion region width Ip(n,.n,, Vey)
[25]. It was previously postulated that the dielectric tensor
modulation due to transient shear strain waves can be
detected only with oblique probe incidence in an optically
isotropic medium [46]. Therefore, the digitized appearance
of the TA mode even under normal incidence in Fig. 2,
which matches exactly the time of flight in the laterally
biased region, implies that the hexagonal symmetry was
broken for zr4.

To precisely trace the frequencies and amplitudes with-
out phase-change-induced errors at the AC interfaces [27],
the Fourier amplitudes for #¢ integrated over 7,/2 < t < t;
are presented for the TA (red lines) and LA (blue lines)
modes at different V., in Fig. 3(a). Different behaviors of
the signal amplitudes with respect to bias are contrasted in
Fig. 3(b). The TA amplitude increased consistently with
shear strain even beyond 4 V, at which electronic tunneling
overrides the ¢, increment and causes a relative decrease in
the photocarrier screening within QWs, on the order of the
exciton Bohr radius ag, which is known to play a major role
in LA mode generation [17]. However, this fast electronic
transport could not weaken the TA amplification in
Figs. 3(a) and 3(b), which suggests a distinctive origin
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FIG. 3 (color online). (a) Modal spectra for ascending waves as
a function of V. (b) AC mode amplitudes with increasing V..
(c) Peak frequency for each AC mode under V. (d) V-induced
variation in dielectric constant. (e) V. -induced elastic constant
variation for each mode.

of TA mode generation at a much larger scale than ap.
Another intriguing feature regarding the electrically broken
symmetry was the spectral blueshift in both modes under
increasing V., in Fig. 3(a). The peak frequencies of the LA
and TA modes increased with the bias by ~1.7%, as traced
in Fig. 3(c). In terms of the birefringence in the anisotropic
region, we first examined the V. -dependent refractive
index change n = /€ + Ae(V.y) by incorporating ellips-
ometry results in Fig. 3(d). The unperturbed dielectric
constant € was evaluated to be 8.64 at 367.5 nm at zero
bias. Then, inserting the measured » into f; under V,,, we
extracted v;, given by v; = \/(C; + ACi(Vy)/po). The
additional bias-dependent changes Ae (V) and AC; (V)
presented in Figs. 3(d) and 3(e) were further compared
with the analytical expressions as Ae = pjzes;E,.+
5 (P13 + pis)eisEy, ACLy = ChizessE. + ((C¥5)?/
(C(3)3 - C24))e%5E)26, and ACrp = ClizenkE. — ((ngvgs)z/
(CY; — CY,))e3sE> through the optical birefringence and
strain-induced nonlinear elasticity in the anisotropic region
[27], where p;; is the photoelastic tensor component, ct
(CM ) is the third-order elastic (TOE) coefficient for the
normal (shear) strain, and C%; (CY,) is the unperturbed
elastic constant for the LA (TA) mode. We also note that
from a degeneracy perspective, TA modes could be further
classified according to the atomic displacements parallel to
either the x axis or the y axis (corresponding modal
velocities, indexed by vpay Or vray, [27]) and experi-
mentally characterized if E, had been available in our
structures, which can be discussed elsewhere under the
scope of the acoustic birefringence.

Regarding the electrically manipulated crystal symmetry,
E . distorted the hexagonal symmetry via the TOE tensors
into monoclinic symmetry as illustrated in Fig. 1(g).
Concretely, the tilting of the principal axis away from
the ¢ axis by E,-induced monoclinic deformation, quanti-
fied by tan~!(e,,), could also be confirmed by angular
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FIG. 4 (color online). (a) Modal spectra for ascending waves at
different probe polarizations ¢ under V., of 5.5 V. (b) AC mode
amplitudes with ¢ from 0° to 90°. (c) Peak frequency for each AC
mode as a function of ¢. (d) Refractive index ellipsoids for
perturbed (at 5.5 V) and unperturbed (at 0 V) structures.

perturbations of the elastic constants and refractive index in
the x-y plane. Figure 4(a) shows the modal spectra at a V.,
of 5.5V, integrated over 7;/2 <t < 7;, as we rotate the
probe polarization ¢ from the x axis. Two noteworthy
observations were made. (1) In clear contrast to the
constant LA mode (blue lines), the TA amplitude (red
lines) monotonically decreased with ¢ in Fig. 4(a), indicat-
ing that the TA mode was partially polarized along the
same direction as E,. Indeed, the TA magnitude (A%,) in
Fig. 4(b) revealed a drastic decrease by about 50%.
(2) Despite the fixed V., the modal frequencies f, and
Jfra exhibited very similar increases with ¢, as shown in
Fig. 4(c), owing to the birefringence in the anisotropic
region. As a function of ¢, in this regard, n was extracted
either from f} o (blue squares) or from fr, (red triangles)
in Fig. 4(d). The dashed inner circle in Fig. 4(d) displays
the isotropic refractive index ellipsoid without £, whereas
the solid outer circle exhibits the values calculated via the
E.-induced optical birefringence which relatively reduced n
along the x axis about —0.04. In a comparative structure
without E, even under an applied V., where the TOE
tensor has preserved hexagonal symmetry, this V., -induced
birefringence and nonlinear elasticity vanished [27].

In summary, we reported the switchable generation of
coherent TA waves in wurtzite heterostructures grown
along the symmetry axis. By applying lateral electric fields
in the isotropic plane, we could modify the selection rules,
allowing the generation of the forbidden TA mode even
under the normal incidence. Owing to the anisotropic
nature of the elastic tensor over the laterally biased scale,
the amplitude, velocity, and on-state times of the TA waves
were also externally controlled. Finally, this work could
pave the way toward practical applications where vibra-
tional modes can be controlled electrically. Furthermore,
as the electric fields couple strongly to the phonons in
piezoelectric nanostructures, as demonstrated in this Letter,
the activation of phononic functionalities with a degree of
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control analogous to that for manipulating electrons in
transistors could be heralded as the essential step in
advancing integrated phononic circuits for logical
processing.
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