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Coherent transverse acoustic phonons are optically generated and detected through the
piezoelectric coupling between the build-in electric fields and shear strains of a non-polar GaN
multiple quantum wells embedded in a p-n junction. By optical transient transmission change
measurement, the phonon frequency is observed to be 0.4 THz which corresponds to a wavelength
of 12.5nm, the periodicity of the multiple quantum wells, and the estimated phonon velocity
corresponds to the transverse acoustic phonon velocity in GaN. Moreover, we can magnify the
driving amplitude of the generated shear phonons by increasing the reverse bias of the p-i-n diode.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4718524]

Coherent acoustic phonons with frequencies in the THz
regime, corresponding to wavelengths in the nano-meter
range, have long been interested'™'* for their wide applica-
tions in diagnostics of nanostructures®> as well as ultrafast
optical,6 electronic,” and magnetic modulations.® Exciting
materials by ultrashort laser pulses provides an elegant
method to generate and subsequently observe coherent
acoustic phonons without the need of a cryogenic environ-
ment and permits the investigation of material properties at
room temperature.g_]2 However, in most experiments the
generated coherent phonons were limited to longitudinal
acoustic (LA) phonons because of the lateral symmetry of
the excited crystal. Although LA phonons can convert to
transverse acoustic (TA) mode by diffraction, the fact that
the beam spots of the acoustic waves are much larger than
the pulse widths makes laser-excited coherent phonons
quasi-plane waves and keeping in LA mode."?

Coherent TA phonons are not only complementary to
LA phonons but also of special interests in diagnostics of
nanostructures or molecular systems in which shear
responses are more important than the dilatational ones.’ In
2000 Hurely ef al.' reported the mode conversion from LA
to TA phonons after reflected from an isotropic-anisotropic
crystal interface and then motivated direct TA phonon gener-
ations by exciting crystals with asymmetrically cut surfa-
ces''  and superlattices grown along asymmetric
axes.' %17 In addition, TA phonons converted from LA
phonons have also been manifested by tightly focusing laser
beam on a sub-micrometric metallic transducer to violate the
unidirectivity of phonon propagation.'® Recently, breathing
confined acoustic vibrations of metallic nanodisk have also
been utilized to generate shear acoustic waves with fre-
quency controlled by the size of the disks.'” Nevertheless, in
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most of these experiments the magnitudes of TA phonons
were weaker than that of the simultaneously generated LA
phonons. This problem together with the poor sensitivity of
probing TA phonons®>?' makes the applications of TA pho-
nons difficult.

Recently, we have optically observed backward Bril-
lioun oscillations resulted from coherent TA and LA pho-
nons generated by piezoelectric effect and deformation
coupling, respectively, in non-polar bulk GaN.** The magni-
tude of TA phonons has been shown to be able to highly
exceed the magnitude of LA phonons by lowering the pump
fluence. Motivated by our previous successes,'>** in this
work we fabricated multiple quantum wells (MQWs) grown
in [1100] direction to generate sub-THz coherent TA pho-
nons. By optical transient transmission change measurement,
the phonon frequency was observed to be as high as 0.4 THz.
With the MQWs periodicity accurately measured by high-
resolution x-ray diffraction, the velocity of the generated TA
phonons was estimated to be 4880 m/s, which agrees reason-
ably well with the reported 4240 m/s velocity of TA phonons
in GaN.?*> Most importantly, the driving amplitude of the TA
phonons can be enhanced by raising the reverse bias across
the p-i-n junction where the MQW: lie in.

For the wurtzite GaN with 6 mm symmetry,” the non-
vanishing piezoelectric constants are es3, ez(= e3), and
e24(= e15). In matrix notation, the relation between polariza-
tion field P and strain s can be expressed by

P] 0 0 0 O €15 0 T
P[=10 0 0 eq 0 O {sl , 82,853,584, 85, s(,} .
Ps es; en ex3 0 0 O

ey
For the MQWs grown along c-axis ([0001]), there are static
polarization field, P3, induced by strong static strains

resulted from lattice mismatch between InGaN and GaN.

© 2012 American Institute of Physics
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As the MQWs were excited by femtosecond laser pulses, the
static strain would be lunched because of the instantaneous
screening of P3 by separately photo-generated electrons and
holes.'? The spontaneous polarization field, Pz, can only pie-
zoelectrically couple to dilatational strains, sy, 52, and s3. To
manifest shear strains, s4, 55, and sg, we have to grow MQWs
along some other directions so that ex4 or e;5 can be involved
in the piezoelectric effect.

A macroscopic load-string model has been presented in
Ref. 24 to study the effect of crystal orientation of GaN
MQWs on the magnitudes of LA and TA phonons. In wurt-
zite GaN, piezoelectric effect and deformation potential cou-
pling are the two main mechanisms to generate acoustic
phonons. Deformation potential coupling will only contrib-
ute to the generation of LA phonons, so we can neglect it in
the TA phonon generations. On the other hand, the piezo-
electric driving forces for the LA and TA modes can be
expressed by**

f)v,piezo = - % Pscs (2)
where pg- = p;, — p, is the space charge defined by the den-
sity difference of holes and electrons, € = gyn;n; is the effec-
tive dielectric constant along propagation direction, and
e; = e;rninyw ;. is the effective piezoelectric constants with
/=LA and TA, e;; is the piezoelectric tensor of GaN, 7 is
the unit vector of phonon propagating direction, and the unit
vectors W, indicate the polarization directions of A modes.
Equation (2) is derived from elastic wave equation and Max-
well’s equation under the assumption that the elastic and
dielectric properties of barriers and wells are the same. Also
note that the f; .-, can only be decomposed into two phonon
polarization directions on the plane spanned by 7 and i3,
because the projection of f; .-, into the third polarization
direction normal to the plane is always zero. Since wurtzite
GaN is uniaxial, it is sufficient to describe phonon propagat-
ing direction by an angle 0 between 7 and X,. More specifi-
cally, with the Cartesian coordinate as shown in Fig. 1(a),
the effective piezoelectric constants for LA and TA modes
can be expressed as”>**

era = [(2e24 + e37)sin*0 + e33cos>0]cos0, 3)

era = [(e24 + €3y + €33)cos?0 — epysin’0]sing %)

(a)  Caxis (b) (©)
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respectively. Therefore, MQWs grown along the direction with
an orientation angle 0 = 90° will be a suitable candidate to
achieve pure TA phonon generations by piezoelectric effect.

An m-plane (0 = 90°) Ing,,Gag73N/GaN p-i-n diode
similar to the one investigated in Ref. 25 was fabricated to
generate coherent TA phonons in this work. As depicted in
Fig. 1(b), the 6-pair MQWs were sandwiched by a p- and a
n-doped GaN to form a p-i-n structure. The spatial period D
of the MQWs was determined by the high-resolution x-ray
diffraction, as displayed in Fig. 1(c). Through the formula
D = 1/2A®, where 1 is the wavelength of the x-ray and A®
is the angle difference between the diffraction peaks, the pe-
riod D of MQWs was found to be 12.2nm with
J.=0.154nm and A® = 6.3 x 10 3rad. The doping den-
sities of p-doped and n-doped GaN are 1 x 10'® cm™* and
5 % 10" cm ™, respectively. The resulting built-in voltage is
around 2.1V and the depletion region is 179-nm thick. The
p-i-n structure provides a built-in electric field along x,-axis,
P>, within the depletion region and induces an in-plane static
shear stress, s4. According to the doping densities, the built-
in electric field was estimated to be 120kV/cm, and the
induced shear strain is around 107>, This shear strain can be
launched as soon as the built-in electric field was screened
by the photocarriers excited by femtosecond laser pulses. In
this scheme the acoustic wave will have the same periodicity
as the MQWs,lz’24 so the wavelength of the phonons, Z,honon,
will equal to D. As propagating through the quantum wells,
the generated shear waves will affect the electric field along
the epitaxial direction inside and induce variations in the op-
tical transmission. The frequency of the induced oscillation
in the optical transmission change will then equal to the
inverse of the travelling time of the strain pulse from one
quantum well to the adjacent one.'***

Optical transient transmission change measurement'>
was used to observe the phonon oscillation. The output beam
emitted from mode-locked Ti:Sapphire laser (Coherent, Mira
900F) was first frequency-doubled by a beta barium borate
(BBO) crystal to a wavelength of 455nm to selectively
excite the Ing,,Gag7gN. After second harmonic generation,
the laser beam passed through a blue colour filter and
a half-wave plate to selectively block the remaining
800 nm-wavelength component and to control the polariza-
tion direction, respectively. The laser beam was then sepa-
rated by a polarizing beam splitter into the excitation and

@
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FIG. 1. (a) Coordinate adopted to
express the effective piezoelectric con-
stants in Eqs. (1)—(4). (b) Schematic dia-
gram of the m-plane p-i-n structure. The
epitaxial direction is along [1100]. (c) X-
ray diffraction measurement of the
MQWs. The spatial period of the MQW:s
is estimated to be 12.5nm.
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FIG. 2. (a) Measured transmission
changes as a function of delay time for
the unbiased (with built-in voltage
—2.1V) m-plane p-i-n diode under a
pump fluence of 320uJ/cm 2 (b)
Background-removed signals with the
voltage jumps of —2.1V (red circles),
—9.1V (blue triangles), and —13.1V
(olive squares) in former 13 ps to display
the TA phonon oscillations.
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detection beams whose ratio can be adjusted by rotating the
half-wave plate. The transmission change caused by excita-
tion beam was subsequently probed by the detection beam
with an optical delay time controlled by a mechanical trans-
lational stage. Figure 2(a) shows the transmission changes of
the unbiased p-i-n diode as a function of delay time ¢ under
an excitation fluence of 320 uJ/cm 2. The dip at ¢ = 0 is the
signal of two-photon absorption resulted by pump and probe
photons in the bulk GaN.?® From the width of this dip, the
temporal width of the frequency-doubled laser pulse can be
estimated to be 250 fs. Behind the dip is a rapid transmission
increase followed by the carrier cooling dynamics. On top of
the slowly decaying curve, there are oscillation signal on the
order of AT/T ~ 107>, which is too weak to be directly
visualized in Fig. 2(a). To analyze the oscillation, we sub-
tracted the exponentially decaying background from the sig-
nal and zoom in to the 6 periods of oscillation in the initial
13 ps, as shown by the red circles in Fig. 2(b). We can clearly
see oscillations with a period T around 2.5 ps, corresponding
to the frequency of 0.4 THz as revealed by the FFT spectrum
shown by the red circles in Fig. 3(a). One can notice that the
oscillation is cosinusoidal type which is a signature of pho-
non oscillations resulted from piezoelectric effect.' The fre-
quency of the phonons generated in MQWSs is given by
f=v/ i,,/,,,,mn,lz where v is the phonon velocity. With the
observed 0.4THz frequency and the measured periodicity
D =122nm, we found that the shear phonon velocity in
MQWs is 4880m/s which agrees reasonably with the
reported sound velocity, v =4240m/s,* of the acoustic pho-
nons propagating in the direction normal to and polarized in
c-axis of GaN.

The optical detection sensitivity of TA phonons has
been known to be much weaker than that of LA phonons and
transient polarimetry”” and time-resolved electron diffrac-

(a)

tion?! have been proposed to enhance the detection of TA
phonons. In polar GaN MQWs, the transient transmission
change AT/T induced by LA phonons with a strain ampli-
tude of 107* is around 1073; meanwhile, the 107> shear
strain caused a transient transmission change of 1072 in this
work. Hence, the piezoelectric detection sensitivity of TA
phonons in nonpolar GaN MQWs is one order smaller than
that of LA phonons in polar GaN MQWs. In most
experiments,'“?* the generations of TA phonons were
accompanied with the generations of LA phonons. In non-
polar GaN, LA phonons have also been shown to be gener-
ated through deformation potential coupling.”? In the
theoretical analysis,24 it has also been shown that there will
be deformation-potential-coupled LA phonons with ampli-
tude 5 times lower than that of the piezoelectrically coupled
TA phonons in the non-polar GaN MQWs excited by a satu-
rated pump fluence. Although LA phonons cannot be piezo-
electrically detected in non-polar GaN, they have chances to
be detected through deformation potential coupling.”” How-
ever, in this experiment only TA phonons were observed,
and LA phonons were still absent even with a highly satu-
rated pump fluence, 320 uJ/em 2 This result indicates that
the detection sensitivity of LA phonons through deformation
potential coupling is trivial in this non-polar GaN MQWs.

In this investigation, the initial shear strains were pro-
vided by the built-in electric field of the p-i-n structure. We
could thus magnify the amplitude of the observed TA phonon
signal by increasing the reverse bias across the junction. The
red circles, blue triangles, and olive squares in Fig. 3(a) show
the Fourier spectra of the corresponding phonon oscillations
shown in Fig. 2(b), which are observed with different biases
under the same pump fluence. It can be clearly seen that the
TA phonon signal is enhanced as the reverse bias increases.
This result not only further validates that the TA phonon

FIG. 3. (a) Corresponding Fourier power

spectra of pump probe signal shown in
Fig. 2. The red dots in the inset are the
pick values of the Fourier power spectra
for different voltage jumps. (b) The calcu-
lated density distributions of electrons p,,
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ized intensity of the corresponding piezo-
electric driving forces is displayed by the
blue curve in the inset of (a).
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generations were through piezoelectric coupling but also
shows great application potential of this phonons source.

To further understand this experimental result, we use
the macroscopic load-string model** to calculate the phonon
amplitude for different bias conditions. It can be seen from
Eq. (2) that for a given propagation direction the driving
force is directly proportional to the space charge density
which can be obtained by calculating the wave functions of
holes and electrons in the quantum well. Figure 3(b) shows
the calculated spatial distributions of electrons, holes, and
space charges for different voltage jumps cross the p-n junc-
tion. For quantum wells with a zero electric field, the space
charge can only be contributed by the difference of effective
masses of electrons and holes. As the voltage jump increases,
the electrons and holes gradually separate, and the space
charge becomes stronger and stronger. The inset of Fig. 3(a)
shows the comparison of the measured phonon signals and
the calculated driving forces for different voltage jumps. The
error bars of the experimental signals are estimated from the
magnitudes of the 400 GHz component of the background-
removed pump-probe traces behind 13 ps. Also, note that the
driving force with a voltage jump of 13V has been normal-
ized to the phonon signal measured at the same voltage
jump. The deviation of the experimental and calculated
results may be resulted from the suppression of detection
sensitivity owing to the applied reverse bias.?®

In summary, 0.4THz TA phonons in m-plane GaN
MQWs have been generated and detected through piezoelec-
tric coupling. The phonon signals have been shown to be
magnified by means of increasing the reverse bias, despite
the suppression of detection sensitivity. Our result demon-
strated the great application potential of non-polar GaN
MQWs in THz shear acoustics.
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