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Published: 27 June 2016 . @aN is a pivotal material for acoustic transducers and acoustic spectroscopy in the THz regime, but its
THz phonon properties have not been experimentally and comprehensively studied. In this report, we
demonstrate how to use double quantum wells as a THz acoustic transducer for measuring generated
acoustic phonons and deriving a broadband acoustic spectrum with continuous frequencies. We
experimentally investigated the sub-THz frequency dependence of acoustic attenuation (i.e., phonon
mean-free paths) in GaN, in addition to its physical origins such as anharmonic scattering, defect
scattering, and boundary scattering. A new upper limit of attenuation caused by anharmonic scattering,
which is lower than previously reported values, was obtained. Our results should be noteworthy for THz
acoustic spectroscopy and for gaining a fundamental understanding of heat conduction.

Acoustic properties in the THz regime are fundamental to the understanding of materials. For example, the origin
of the Boson peak at ~1 THz (caused by excessive vibrational states) in glass and amorphous materials has been
puzzling for several decades!?. The breakdown of Fourier’s law, which is used for modeling heat conduction,
has also attracted considerable attention recently. When ballistic thermal conduction in SiGe was found found
to be unexpectedly long (on the micron scale), sub-THz phonons were considered to play an essential role**.
The frequency dependence of phonon mean-free paths (MEPs) is vital to understanding the underlying physics
of heat conduction. However, frequency-dependent phonon MFPs still cannot be directly resolved, although a
few techniques have been demonstrated for experiments on the relation between phonon MFPs and thermal
conductivity>-S.

Typically, THz incoherent phonons in materials have been studied by Raman®, neutron'’, and X-ray scat-
tering'!, but the phase information cannot be obtained by these techniques. Picosecond ultrasonics'? has been
widely used to study the interaction between coherent phonons and materials, but the frequencies involved are
typically limited to below 500 GHz'®. THz coherent acoustic phonons in semiconductor heterostructures have
been studied'*'*, and the signals in GaN-based materials have been determined to be strong because of piezoelec-
tric effects!*1”. The acoustic frequency of this technique can be up to 2.5 THz!®'. Applications such as waveform
synthesis?®?!, acoustic spot modulation??, nondestructive images?, and phononic device characterization** have
been demonstrated. Recently, this technique has been used to study fundamental problems in materials such as
GaN?, silica®?, ice?’, and water?.

When a single quantum well (QW) is used as an acoustic transducer , an acoustic signal initiated in the
single QW is completely overwhelmed by strong transient electronic signals near zero time delay. However, it is
necessary to measure the acoustic signals from a transducer in numerous cases of acoustic analysis. For multi-
ple QWs?141518-2022,23.2529-32 "the frequency components are limited because of the spatial period of the QWs,
although obtaining approximations of the generation signals is feasible. Therefore, the frequency dependence of
phonon MFPs in the sub-THz regime has not been experimentally and comprehensively investigated, despite the
importance of the THz phonon properties of acoustic transducers.

Previous research has been stymied by the problem that an initiated acoustic signal is completely over-
whelmed by the strong transient electronic signals near zero time delay; in this report, we explain how to cir-
cumvent this problem. We demonstrate how to use double QWs as a THz acoustic transducer for measuring the
generated acoustic phonons and the broadband acoustic spectra with continuous frequencies from a single trace
measurement. We investigated the frequency dependence of acoustic attenuation in GaN in the THz regime. In
contrast to previous reports®?**, in which one effective MFP for all phonon frequencies or phonon MFPs for a
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Figure 1. The schematic of propagating acoustic pulses in the transducer with structure of double quantum
wells. After photoexcitation at T, the four acoustic pulses propagate from the time T to time Ts.

few frequencies have been measured, we experimentally obtained MFPs of continuous frequencies in GaN within
THz frequencies and analyzed relevant mechanisms such as anharmonic decay, defect scattering, and boundary
scattering. Our demonstration can characterize the acoustic properties of the transducer, which is crucial to THz
acoustic spectroscopy. This technique can also be applied to measure frequency-dependent phonon MFPs for
studies of heat conduction®= or the Boson peak in glass"!!.

Principles
Figure 1 illustrates a schematic of a THz acoustic transducer. The band gap of InGaN QWs is lower than that of
GaN QWs. After the femtosecond optical pulses, possessing appropriate photon energy, excite carriers only in the
QWs, acoustic pulses can be initiated in each QW and propagate in opposite directions'®?2. Because the absorp-
tion coefficient of the QWs can be modulated by strain pulses, the duration of acoustic pulses traveling through
the same QWs can be detected by measuring the transmission of the optical pulses!®. Therefore, the generation
and detection of acoustic pulses can be achieved using a GaN-based structure and pump-probe techniques. THz
acoustic spectroscopy of other materials, on top of the GaN cap layer, can also be investigated.

After the acoustic pulses are generated in the QWs at time T, (Fig. 1), the pulses propagate out from the QW
regions in opposite directions. The temporal response of the transmitted optical probe pulses can be modeled
3.517’18

AT (1)
T (6]
where S(z, 7) is the time evolution of the longitudinal strain distribution, and F(z) is the sensitivity function of

the acoustic transducer. In the frequency domain, the optical signals resulting from the generated acoustic pulses
are!’?

:f"" S(z, 7) - F(2)dz,

AT gpy(w) = F(w)Sgpy (w), Q)

where ATy (w) is the Fourier transform of the experimental data for acoustic generation, Sigy (w) is the acous-
tic spectrum immediately after photoexcitation, and F(w) can be derived from F(z)'* in Eq. (1). After the strain
pulses propagate toward the GaN surface, as shown in Fig. 1, the optical signals associated with the echoed pulses
are

AT gepo(T) = F(w) Sgepo(w)- 3)

Moreover, the echoed strain pulses are

Spcro(w) = Sgen (W) R (W), (4)

where R(w) is the response function of the material that characterizes mechanisms such as attenuation, disper-
sion, and scattering. According to Eqs (2)-(4),

AT gpy(w) (5)

which can be obtained from the experimental data without sensitivity functions.

In previous studies, acoustic analyses for multiple QWs entailed using only one function S(z, 7) for generating
phonons or echoed phonons. However, the acoustic signals, from T =T, to T=T, (Fig. 1), tended to be experimen-
tally overwhelmed by the strong electronic signals near zero time delay and were not resolvable. These signals were
actually ignored in previous acoustic analyses for multiple QWs?!41>18-2022.232531-34 Moreover, such signal from
single QW was completely nonmeasurable?**26-28, To circumvent this problem, we divide the functions S(z, 7)
in Eq. (1) for realizing acoustic analysis of double QWs. Because the strain functions are associated with the wave
functions of the QWs'”!8, one can reasonably assume that the generating strain pulses from each QW can be
effectively separated in our experimental condition.
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In Fig. 1, the strain functions S; are used for both QWs, where i=1, 2. After photoexcitation, only the propa-
gating part of the strain (or strain pulses) is considered. For lossless media, the propagating strain pulses S(z, 7)
can be represented by S,(z+ v7), where v denotes the longitudinal acoustic velocity of GaN. Notably, the dif-
ference in acoustic velocity and acoustic impedance between the In,;,Gay N QW and GaN are neglected. We
further assume that the acoustic attenuations of 3-nm-thick QWs are negligible, and that the acoustic waveform
remains the same for the period in which the acoustic pulses cross the QW region.

Immediately after T in Fig. 1, we consider four strain pulses with two counter-propagating directions, S;,(z, 7),
Sr1(z, 7), S12(2, T), Sga(z, 7). The optical responses at T, and T, are

AT(r=T 00

% = 100 [Spp(z, 7=T,) + Sgi(z, 7=T,)] - F(z)dz ©
and

% = j:oo [Spo(z, T=Ty) + Spi(z, 7= T,)] - F(2)dz, )

respectively. Notably, S,(z, 7) varies as a function of 7. At T in Fig. 1, the propagating strain distribution of a QW
i can be represented as

28;(z, T) = Sy;(z + v1) + Spi(z — v7), (8)

where S;;(z, 7 = T,)) = Sg;(z, 7 = T))"". Assume that the strain functions have time-reversal symmetry'’;
Spilws 7~ Ty) = Spi(w; 7 ~ Ty) = S;(w) in the period in which the initiated pulses depart from the QWs at
nearly T, or T, (Fig. 1). Subsequently, at nearly T,, the Fourier transform of the optical response is

F{ATT(T)} = ATyW) = [Spy(ws 7 = Ty) + Sgy(ws 7 = TYIF(w)
7T

[S;(W)R(w; Ty — T,) + S{(w)R(w; Ty — TH)1F(w). 9
Therefore, the optical responses at nearly T, and T, can be derived as
AT,(w) = R(w; Ty — T))[S(w) + §;(w)]F(w) (10)
and
AT (w) = R(w; Ty = THR(w; T, = T[S W) + §(w)]F(w), (11)

respectively. From Eq. (10), the information of the generated pulses can be experimentally obtained.
R(w; Ty — T,) is typically dominated by the attenuation of GaN; that is, R(w; Ty — T,) = exp[—a(w) - D],
where a(w) is the attenuation in GaN and D is the distance between the QWs in Fig. 1. The frequency-dependent
attenuation of GaN is also included in R (w; T, — T,)in Eq. (11). According to Eqs (10) and (11), one can derive

AT ,(w)

Rw;, T,—T,) = ———.
AT, (W) (12)

In the following section, R(w) represents the acoustic response function from T, to T, in Fig. 1. We also discuss
the mechanisms contributing to R(w) such as acoustic attenuation and surface scattering.

Results and Discussions

Figure 2 presents the optical transmission changes as a function of time delay between the pump and probe
pulses. The sample was measured at room temperature. A strong rising signal was measured at approximately zero
time delay, followed by a slow relaxation, resulting from the band-filling effects in the QWs. The inset of Fig. 2
highlights the pulse-like features caused by the strain pulses crossing the QWs. The pulses are labeled with times
corresponding to the schematic in Fig. 1. As mentioned in the Principles section, the acoustic signals at nearly T,
were overwhelmed by the strong electronic signals. Note that the signs of the acoustic signals were reversed after
acoustic reflection at the free-end surface of GaN.

Figure 3(a) illustrates the optical signals induced by the acoustic pulses at nearly T, and T,, which were
extracted through background subtraction from the trace in Fig. 2. The time axes of the pulses were shifted and
the signals were taken as absolute values for easier comparison. The corresponding Fourier spectra, AT,(w) and
AT ,(w), are shown in Fig. 3(b). The response function R(w) can thus be obtained according to Eq. (8).

The signals in Fig. 3(b) are plotted up to an acoustic frequency of 3 THz; however, determining the valid range
of acoustic frequencies for analysis is imperative. The frequency response is determined by multiple factors such
as the acoustic pulse shape, sensitivity function, and optical probe pulses used for detection!”!822 If the sensitiv-
ity functions and optical pulse shape can be precisely determined, there is no frequency limit for detection with
deconvolution. Nevertheless, the valid frequency range was practically dominated by noise levels in the experi-
mental data. According to Fig. 3(b), signals above 1.5 THz might lie at the noise level, which is comparable to the
report of a previous study?®. We only investigated the response function within 1 THz in a conservative manner.

To analyze the mechanisms of R(w) in GaN, monitoring, for example, Sg,, from T, to T, in Fig. 1 is required. In
addition to acoustic attenuation in GaN, the acoustic scattering at the GaN/air interface should be considered®.
The acoustic response engendered by the interface can be separated into two parts, with and without frequency
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Figure 2. The transmission changes of the optical probe pulses as a function of time delay between the
pump and probe. The optical signals, caused by the acoustic pulses crossing the quantum wells as illustrated in
Fig. 1, are highlighted in the inset.
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Figure 3. (a) The extracted signals associated with the acoustic pulses crossing the quantum wells at T, and T,
in Fig. 2 and (b) their corresponding spectra.

dependence. Notably, the acoustic dispersion of GaN is linear at least up to 4 THz. The acoustic transmission or
reflection at the interface, resulting from the acoustic mismatching of two different materials, does not possess
frequency dependence under our experimental conditions. However, the specular scattering probability of acous-
tic phonons at the interface is frequency-dependent®.

Because we were interested in the frequency-dependent part of R(w), the experimentally obtained response
function was normalized as shown by the black dots in Fig. 4(a). We considered the acoustic attenuation R,(w) in
GaN and the specular scattering probability from the GaN surface Rgp(w). To distinguish these two contributions,
we measured the surface roughness of the GaN with an atomic force microscope. The root mean square (rms) of
the surface height was 0.193 nm, indicating the surface is atomically flat. Rgz(w) can be theoretically calculated
according to the model of small slope approximation®*>.
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Figure 4. (a) The experimentally obtained acoustic response function and the fitting curves resulting from
acoustic attenuation, surface roughness, and both of them. (b) The fitted attenuation coefficients of GaN a(w),
a,(w) and ay(w).

Ryp(w) = exp(—2k*H?)-

{1 + fowcos(kz)LkZ)(exp[—kzhz(C(z) -] - 1)dz}’

z (13)

where £ is the rms of the surface height, k = wy/v is the wave number, J; is the Bessel function of the first kind, and
C(z) is the surface correlation function. The blue curve in Fig. 4(a) shows the calculated Rgp(w) according to our
experimental condition, h=0.193 nm.

The mechanisms of acoustic attenuation considered here include anharmonic scattering, line defect scattering,
and point defect scattering®. Anharmonic scattering results from the intrinsic properties of perfectly crystalline
GaN and exhibits a frequency dependence with a power of 2. The attenuation resulting from line defects, which
are common in GaN thin films on sapphire substrates®, also demonstrates a frequency dependence with a power
of 2. The attenuation resulting from point defects, such as nitrogen vacancies and donor impurities in GaN?8,
exhibits a frequency dependence with a power of 4. The attenuation coefficient is

a(w) = a(W) + a,w), (14)
wherea,(w) = A,f*and ay(w) = A,f* with w=27f. The response function associated with attenuation is
Ry(w) = exp[—a(w) - 2L], (15)

where 2L =110 nm is the propagation length in GaN from T, to T, in Fig. 1. We fitted the experimental results
R, (w)Rgp(w), as shown by the red curve in Fig. 4(a), with the parameters A, and A,. Figure 4(b) shows the fitted
attenuation coefficients a(w), a,(w) and a,(w) of GaN at room temperature. The parameters A, and A, are listed
in Table 1 in bold type.

Note that A, includes contributions from both anharmonic scattering and line defect scattering, but anhar-
monic scattering is temperature-dependent, whereas line defect scattering is not. We can thus distinguish the
contributions with the relation o, (w) = a4y (w) + o (w), where o, n(w) and a; (w) denote the anharmonic scat-
tering and line defect scattering, respectively. The mechanism of anharmonic scattering follows the relation?>3¢

(W) oc T, (16)
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Temperature A,[(ps)*(pm)~'] Ayl(ps)(pm)~']
300K 1.13 0.76
300K 1.25 1.05
280K 0.79 091
260K 0.57 1.23
240K 0.56 0.81
220K 0.78 0.76
200K 1.16 0.65
180K 0.87 1.07
160K 0.95 1.14

Table 1. The fitted coefficients A, and A,, as mentioned in the text, for each temperature. The values in bold
type come from different set of measurements.

where T represents the temperature. As the temperature declined, a ) (w) decreased, whereas o} (w) remained
constant. Theoretically, o, (w) should also decrease with the temperature, and the percentage of the contribution
can be extracted from a4 (w) to o, (w) by fitting with an additional parameter T.

We conducted another set of temperature-dependent experiments. After the aforementioned analysis for each
temperature, the parameters A, and A, were obtained, as listed in Table 1 in black. However, o, (w) did not mono-
tonically decrease with the temperature. These results indicate that a,(w) should be dominated by
temperature-independent defect scattering. Furthermore, the number of defects is not homogeneous in our GaN
sample. The focused laser spot, which had a diameter on the order of 20 um, did not remain on the same area of
the sample for each temperature. Notably, as the temperature varied, thermal expansion caused the sample on the
cold finger in the cryostat to shift.

We could still determine the upper limit of o,y (w) from our experimental results, although we could not
exactly obtain the intrinsic property of anharmonic scattering in GaN. Because o, (w) = o,y (w) + o (w), the
extreme case of a perfect crystal occurs when o (w) = @, (w) and o} (w) = 0. By calibrating the temperature
effect of anharmonic scattering v, (w) = A,y f” T° in Table 1, we observed that the measured GaN region at a
temperature of 260 K demonstrated the minimum attenuation caused by defect scattering; consequently, the
upper limit for A 4y was 3.24 X 1073(ps)*(pum) 'K 3.

Reference 25 reported that the anharmonic decay rate 1/7,,, = cw*T’, where c= (64 0.2) x 102,

=1.98+0.27, and b is set as 3.08. If the longitudinal acoustic velocity v=8 nm/ps is used®, the corresponding
A,y from ref. 25 is approximately 8 times higher than the value we obtained. We argue that anharmonic scattering
of GaN was overestimated in ref. 25; this argument is supported by the claim in ref. 30 that the intrinsic attenua-
tion coefficient of GaN for 45 GHz is significantly smaller than the measured value of 65.8 cm™' at room temper-
ature (295K). According to our experimental results, a, for 45 GHz should be lower than 16.8 cm™*, which
agrees with the reports in ref. 30. However, ref. 25 overestimated cv4y at 45 GHz as 143 cm™!. Notably, according
to our experimental results, the actual value of A,y could be even lower.

Conclusions

We demonstrate how to use two QWs as a THz acoustic transducer for measuring generated acoustic phonons
and obtaining a broadband acoustic spectrum with continuous frequencies. This method circumvents the prob-
lems of previous designs and enables experimentally investigating the sub-THz frequency dependence of phonon
MEFPs in GaN. We observed that the acoustic attenuation in our GaN sample was dominated by defect scattering.
The anharmonic scattering of GaN, which reflects the intrinsic attenuation of a perfect crystal, was quantitatively
analyzed. The upper limit of acoustic attenuation, caused by anharmonic scattering, was obtained and the actual
attenuation of GaN could be even lower.

Methods

Sample Design. A c-plane hexagonal GaN bufler layer, with a thickness on the order of 2 um, was grown on
a double-polished c-plane sapphire substrate through metal-organic chemical vapor deposition. The structure on
the top of the unintentionally doped GaN buffer layer is illustrated in Fig. 1. D was approximately 46 nm and L
was approximately 55 nm. The thickness of each In,;,GaN QW was 3 nm. The peak of photoluminescence from
the QWs was located at approximately 2.9 eV. The roughness of the GaN surface was 0.193 nm, as derived from
an atomic force microscope measurement. The density of dislocation defects was estimated to be on the order of
4 x 10%cm™2, according to etch pit density measurement.

Experimental Setup. The sample was mounted on a holder in a cryostat. The pressure of the chamber was
lowered to below 10~*mTorr for temperature-dependent measurements. Typical degenerate and noncollinear
pump-probe measurements were conducted at 390 nm. The polarization of the pump beam was orthogonal to that
of the probe beam. The repetition rate of the pulses was 80 MHz. The diameter of the optical spots on the sample was
measured to be approximately 22 pum with a 10 um pinhole. The pump and probe fluences were approximately 184
and 30 J/cm?, respectively. A polarizer was placed in front of the photodetector to eliminate pump light leakage. The
pump beam was modulated at 677 kHz with an acousto-optical modulator. A lock-in amplifier was used to record
the transmission variation of the probe pulse as a function of time delay between the pump and probe pulses.

SCIENTIFICREPORTS | 6:28577 | DOI: 10.1038/srep28577 6



www.nature.com/scientificreports/

References

1.
2.
3.

4.
5.

11.

12.

13.

14.

15.

16.

17.

18.

19.

38.

39.

Shintani, H. & Tanaka, H. Universal link between the boson peak and transverse phonons in glass. Nat. Mater. 7, 870-877 (2008).
Lin, K. H. et al. Acoustic spectroscopy for studies of vitreous silica up to 740 GHz. AIP Adv. 3, 072126 (2013).

Hsiao, T. K. et al. Observation of room-temperature ballistic thermal conduction persisting over 8.3 pm SiGe nanowires. Nat.
Nanotechnol. 8, 534-538 (2013).

Huang, B. W. et al. Length-dependent thermal transport and ballistic thermal conduction. AIP Adv. 5, 053202 (2015).

Minnich, A.J. et al. Thermal conductivity spectroscopy technique to measure phonon mean free paths. Phys. Rev. Lett. 107, 095901
(2011).

. Johnson, J. A. et al. Direct measurement of room-temperature nondiffusive thermal transport over micron distances in a silicon

membrane. Phys. Rev. Lett. 110, 025901 (2013).

. Regner, K. T. et al. Broadband phonon mean free path contributions to thermal conductivity measured using frequency domain

thermoreflectance. Nat. Commun. 4, 1640 (2013).

. Wilson, R. B. & Cahill, D. G. Anisotropic failure of Fourier theory in time-domain thermoreflectance experiments. Nat. Commun.

5,5075 (2014).

. Hehlen, B. et al. Hyper-Raman scattering observation of the boson peak in vitreous silica. Phys. Rev. Lett. 84, 5355-5358 (2000).
. Buchenau, U,, Nucker, N. & Dianoux, A. J. Neutron scattering study of the low-frequency vibration in vitreous silica. Phys. Rev. Lett.

53,2316-2319 (1984).

Baldi, G. et al. Anharmonic damping of terahertz acoustic waves in a network glass and its effect on the density of vibrational states.
Phys. Rev. Lett. 112, 125502 (2014).

Thomsen, C., Grahn, H. T., Maris, H. J. & Tauc, J. Surface generation and detection of phonons by picosecond light pulses. Phys. Rev.
B 34,4129-4138 (1986).

Zhu, T. C., Maris, H. J. & Tauc, J. Attenuation of longitudinal acoustic phonons in amorphous SiO, at frequencies up to 440 GHz.
Phys. Rev. B 44, 4281-4289 (1991).

Sun, C. K,, Liang, J. C. & Yu, X. Y. Coherent acoustic phonon oscillations in semiconductor multiple quantum wells with
piezoelectric fields. Phys. Rev. Lett. 84, 179-182 (2000).

Wen, Y. C. et al. Efficient generation of coherent acoustic phonons in (111) InGaAs/GaAs multiple quantum wells through
piezoelectric effects. Appl. Phys. Lett. 90, 172102 (2007).

Gokhale, V. ]. & Rais-Zadeh, M. Phonon-electron interactions in piezoelectric semiconductor bulk acoustic wave resonators. Sci.
Rep. 4,5617 (2014).

Chern, G. W, Lin, K. H. & Sun, C. K. Transmission of light through quantum heterostructures modulated by coherent acoustic
phonons. J. Appl. Phys. 95, 1114-1121 (2004).

Lin, K. H. et al. Optical piezoelectric transducer for nano-ultrasonics. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 52, 1404-1414
(2005).

Maznev, A. A. et al. Broadband terahertz ultrasonic transducer based on a laser-driven piezoelectric semiconductor superlattice.
Ultrasonics 52, 1-4 (2012).

. Chern, G. W,, Lin, K. H,, Huang, Y. K. & Sun, C. K. Spectral analysis of high-harmonic coherent acoustic phonons in piezoelectric

semiconductor multiple quantum wells. Phys. Rev. B 67, 121303 (2003).

. Yu, C. T. et al. Generation of frequency-tunable nanoacoustic waves by optical coherent control. Appl. Phys. Lett. 87, 093114 (2005).
. Lin, K. H. et al. Spatial manipulation of nanoacoustic waves with nanoscale spot sizes. Nat. Nanotechnol. 2, 704-708 (2007).
. Lin, K. H. et al. Two-dimensional nanoultrasonic imaging by using acoustic nanowaves. Appl. Phys. Lett. 89, 043106 (2006).
. Lin, K. H. et al. Characterizing the nanoacoustic superlattice in a phonon cavity using a piezoelectric single quantum well. Appl.

Phys. Lett. 89, 143103 (2006).

. Liu, T. M. et al. Anharmonic decay of subterahertz coherent acoustic phonons in GaN. Appl. Phys. Lett. 90, 041902 (2007).
. Wen, Y. C. et al. Femtosecond ultrasonic spectroscopy using a piezoelectric nanolayer: Hypersound attenuation in vitreous silica

films. Appl. Phys. Lett. 99, 051913 (2011).

. Mante, P. A. et al. Thermal boundary resistance between GaN and cubic ice and THz acoustic attenuation spectrum of cubic ice from

complex acoustic impedance measurements. Phys. Rev. Lett. 111, 225901 (2013).

. Mante, P. A. et al. Probing hydrophilic interface of solid/liquid-water by nanoultrasonics. Sci. Rep. 4, 6249 (2014).

. Danilchenko, B. A. et al. Heat capacity and phonon mean free path of wurtzite GaN. Appl. Phys. Lett. 89, 061901 (2006).

. Wu, S. et al. Long-lived, coherent acoustic phonon oscillations in GaN single crystals. Appl. Phys. Lett. 88 (2006).

. Hsieh, C. L. et al. Reflection property of nano-acoustic wave at the air/GaN interface. Appl. Phys. Lett. 85, 4735-4737 (2004).

. Lin, K. H., Chern, G. W,, Huang, Y. K. & Sun, C. K. Terahertz electron distribution modulation in piezoelectric In,Ga, ,N/GaN

multiple quantum wells using coherent acoustic nanowaves. Phys. Rev. B 70, 073307 (2004).

. Wen, Y. C. et al. Specular scattering probability of acoustic phonons in atomically flat interfaces. Phys. Rev. Lett. 103, 264301 (2009).
. Maznev, A. A. et al. Lifetime of sub-THz coherent acoustic phonons in a GaAs/AlAs superlattice. Appl. Phys. Lett. 102, 041901

(2013).

. Broschat, S. L. & Thorsos, E. I. An investigation of the small slope approximation for scattering from rough surfaces. 2. Numerical

studies. J. Acoust. Soc. Am. 101, 2615-2625 (1997).

. Srivastava, G. P. The Physics of Phonons 175-200 (CRC Press, 1990).
. Nakamura, S. The roles of structural imperfections in InGaN-based blue light-emitting diodes and laser diodes. Science 281,

956-961 (1998).

Van de Walle, C. G. & Neugebauer, J. First-principles calculations for defects and impurities: Applications to III-nitrides. J. Appl.
Phys. 95, 3851-3879 (2004).

Wu, S. et al. Femtosecond optical generation and detection of coherent acoustic phonons in GaN single crystals. Phys. Rev. B 76,
(2007).

Acknowledgements
This work is sponsored by Ministry of Science and Technology of Taiwan under Grant Nos: 104-2112-M-001-
014-MY3.

Author Contributions

K.-

H.L. conducted the studies. Y.-H.Y. and J.-K.S. prepared the samples. E.J.W. performed the pump-probe

experiments. K.-H.L. and EJ.W. analyzed the data. K.-H.L. and EJ.W. wrote the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wei, F. J. et al. THz Acoustic Spectroscopy by using Double Quantum Wells and
Ultrafast Optical Spectroscopy. Sci. Rep. 6, 28577; doi: 10.1038/srep28577 (2016).

SCIENTIFIC REPORTS | 6:28577 | DOI: 10.1038/srep28577 7



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:28577 | DOI: 10.1038/srep28577 8


http://creativecommons.org/licenses/by/4.0/

	THz Acoustic Spectroscopy by using Double Quantum Wells and Ultrafast Optical Spectroscopy

	Principles

	Results and Discussions

	Conclusions

	Methods

	Sample Design. 
	Experimental Setup. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The schematic of propagating acoustic pulses in the transducer with structure of double quantum wells.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The transmission changes of the optical probe pulses as a function of time delay between the pump and probe.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) The extracted signals associated with the acoustic pulses crossing the quantum wells at T2 and T4 in Fig.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) The experimentally obtained acoustic response function and the fitting curves resulting from acoustic attenuation, surface roughness, and both of them.
	﻿Table 1﻿﻿. ﻿ The fitted coefficients A2 and A4, as mentioned in the text, for each temperature.



 
    
       
          application/pdf
          
             
                THz Acoustic Spectroscopy by using Double Quantum Wells and Ultrafast Optical Spectroscopy
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28577
            
         
          
             
                Fan Jun Wei
                Yu-Hsiang Yeh
                Jinn-Kong Sheu
                Kung-Hsuan Lin
            
         
          doi:10.1038/srep28577
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28577
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28577
            
         
      
       
          
          
          
             
                doi:10.1038/srep28577
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28577
            
         
          
          
      
       
       
          True
      
   




