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Reflection property of nano-acoustic wave at the air/GaN interface
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We present a study on the total internal reflection of nano-acoustic wB\M&&'s) at the air/GaN
interface. The coherent NAW was generated and detected by piezoelectric InGaN/GaN multiple
quantum wells using a femtosecond transient transmission technique. With suitably designed sample
structures, the fact that strain of the NAW experiences a sign change after total internal reflection at
the air/solid interface is examined directly. The surface roughness of the sample was found to distort
the wave front of the NAW and to diminish the measured amplitude of the reflected NAXQO®
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Zone-folded coherent acoustic phonons generated iand to significantly diminish the measured NAW amplitude.
semiconductor with artificial periodic structures have been In our study, Ig,4Ga ;N/GaN multiple quantum well
demonstrated by several grou]ﬁg.Recently, we reported (MQW) was the periodic nano-strained-layer struct(see
that the amplitude of the measured coherent LA oscillatiorFig. 1). We have grown two MQW samples, both consisted
was enhanced by several orders due to the strong piezoeleaf ten periods of InGaN/GaN QWs on a Juf-thick un-
tric effect in GaN-based systerfi€ Because the coherence doped GaN buffer layer and @plane sapphire substraf®,
of the zone-folded acoustic phonons in time is high, thermafor this specific study. Sample A consists of ten periods of
and quantum fluctuations can be neglected. Therefore, it cah9 nm/21.7 nm Ip,4Ga ;AN/GaN QWs and is capped with
be treated as a coherent acoustic wave with a nanometes- 4.7 nm GaN layeraverage valug Since the acoustic
scale wavelength and can be modeled by a macroscopic comavelength is determined by the period of the MQW, the
tinuum elastic theor@.ConsequentIy, the piezoelectric semi-
conductor with periodic strained layers can be treated as an
optical piezoelectric transducer to generate nano-acousti{cap - InGaN/GaN MQWs cap ___InGaN/GaN MQWs
waves(NAWSs). Analogous to a typical electronic piezoelec- [ \B o] l

tric transducer that generates acoustic waves propagating i| « TTTTE <—'| e

two counter directions, an optical femtosecond pulse alsd
cap __-InGaN/GaN MQWs
i -

induces NAW propagating in two counter-directions. FOr alcsp _inGaN/GaN M
typical transducer, one side is the wave source output and th|'sver :
other side should be carefully designed to avoid the interfer- e
ence between the output signals and the reflection of wave ‘"\H%A:.A-A-L"‘J‘-"—'“-"-’L
propagating in the other direction. For example, a thick

cap InGaN/GaN M

impedance-matching material with high attenuation is USU-|iayer|
ally adopted to eliminate the reflected waves. Another way ig

to combine the two direction waves into one by an acoustic] = «<AAAA A AAIAAA
mirror. With an appropriate design, one can generate thd (el

I GaN/GaN MQ V‘/si

" I

acoustic wave propagating only in one direction. b —InGal/GaN MQWs

In this letter, we treat periodic nano-strained-layer struc-
ture in a piezoelectric semiconductor as an optical NAW AN A AN
transducer with an acoustic mirror placed at one side, accom ~ () =)
plished through the total internal reflection at the air/sample

. . . . FIG. 1. Time-sequenced illustrations showing NAW propagating in a
interface. With a suitably designed sample structure, th(?nGaN/GaN MQW after the generation of the NAW by an optical femtosec-

phase property of the reflected NAW on air/solid interface isond pulse at time zero. With appropriate cap-layer design, two counter-
examined. Our study not only provides the design guidelineropagating waves can be connected in one direction inphase, as shown in
for future nano piezoelectric transducers, but also reveals th@-(d) [corresponding to(1/4\ cap-layer thicknegsor out of phase as

: : o i hown in(e)—(h) [corresponding t@1/2)\ cap-layer thicknegs(a) At time
fact that strain of the NAW experiences a 180° sign Chang(gero, strain of the NAW is initiated in wells and propagating in two counter-

after total internal reflection at the air/solid interface. The jections (b) At three periods of time after time zero, the wave propagating

surface roughness of the sample, on the order of several n&ward substrate is leaving the MQW region, and part of the wave propa-
nometers, was found to distort the wave front of the NAW gating toward the acoustic mirror is totally internally reflected and follows

the other wave propagating toward the substr@eThe NAW propagation

condition at six periods of time after time ze@) The NAW propagation

dauthor to whom correspondence should be addressed; electronic maitondition at ten periods of time after time zexe)—(h) are analogous to
sun@cc.ee.ntu.edu.tw (a)—d), but with different cap-layer thickness.
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total distance from the center of the first well to the acoustic
mirror is designed to be 6.15 nm, corresponding to one-
quarter of the acoustic wavelength. Sample B consists of ten
periods 2.9 nm/13.0 nm §nGa ,N/GaN QWs and is
capped with a 7.9-nm-thickaverage valueGaN layer. In
this case the total distance from the center of the first well to
the air interfacgacoustic mirroy is 9.35 nm, corresponding

to ~0.59 wavelength.

When the strained MQW were excited by an optical
femtosecond pulse, photoexcited carriers will initiate two (a)
strain waves propagating in counter-directions through pi- . . : R .
ezoelectric and deformation couplingSince the terahertz- 0 1 20 30 4 S 60
to-subterahertz acoustic modes do not exist in air, the air/ Time Delay (ps)
solid interface is a perfect acoustic mirror to totally reflect
the NAW. Therefore, the thickness of the adjustment cap
layer on the MQW structure determines the position of the
acoustic mirror. The wave propagating toward the acoustic
mirror will be reflected and follow the other one propagating
toward the substrate. Due to the fact that the air/solid inter-
face is a free-end interface, so the sign of strain waves is
inversed(phase changes 180&fter reflection. On the other
hand, the spatial displacement of the NAW experiences no
phase change after being reflected at the free-end interface.
With a suitable design of the cap-layer thickness, two (b)
gpun:gr—di_rectiﬁn—propagatitng ]:/va\r/]es caane conneclted i':none T E )

irection in phase or out of phase. For example, Figs.
1(a-1Ld) and Figs 1e)-1h) show two sets of time- Time Delay (ps)
seq_uenced diagrams showing propagation of the NAW In t_hne-IG. 2. (a) Differentiated trace of the measured optical transient transmis-
designed InGaN/GaN MQW samples for two cases with dif-sion of sample A, showing a prolonged coherent oscillaibnCorrespond-
ferent cap-layer thicknesses. In the case shown in Figsng theoretical simulation.
1(a)-1(d), the thickness of the cap layer is designed to be
one-quarter of the acoustic wavelength, so that after the sur- ) _
face reflection the two counter-direction-propagating wavegeflected NAW will follow another NAW in phase due to a
would be connected in one direction with their strain in 180° phase change and a total half-wavelength roundtrip. If
phase. In the other case shown in Fig&)1(h), the thick- the optical detection mechanism was sensitive to spatial dis-
ness of cap layer is designed to be one-half of the acoustielacement, there would be no phase change after the reflec-
Wa\/e|ength, so that after the surface reﬂection, the twdion and thus the reflected NAW would be expected to follow

counter-direction-propagating waves would be connected ithe other NAW 180° out of phase. We recorded the transient
one direction with their strain out of phase. optical transmission changes of sample A by a degenerate
We monitored propagation of the NAW in the piezoelec-pump-probe systefiThe central wavelength of the optical
tric transducer by measuring its transient optical transmissiofemtosecond pulses was 390 nm. The transmission change
changes, since the strain-induced piezoelectric field will AT/T of sample A as a function of time delay is shown in
modulate the optical absorption of the InGaN MQW throughFig. 2@). A~20-period in-phase oscillation is observed for
the quantum-confined Franz—Keldysh effeccErom this  sample A consisting of 10-period MQW. The doubled num-
point of view, the MQW can be treated not only as a NAW ber of oscillation cycles is due to the fact that the reflected
generator but also as a detector. The optical transmissioNAW follows the other NAW in phase.
modulation due to strain of the NAW can be modeletf as The theoretical calculation of the differential transmis-
sion change as a function of time delay of sample A is shown
°° in Fig. 2(b). In the calculation, we modeled the strain wave
) = f dz 8z,t) X F(z,0), (1) functionS(z,t) as positive parts of a sinusoidal function with
NAW ten periods. For simplicity but without losing capacity of
where S(z,t) is the strain wave function anB(z; w) is the  examining physical mechanism, the sensitivity function
sensitivity function. According to Eql), the optical trans- F(z,w) is assumed to be a zero-one square wave function,
mission modulation caused by the NAW can be interpretedollowing the MQW structure. As time evolves, the initial
as an integral of a strain wave functi®&we,t) weighted by a  strain wave functior8(z,t) separates into two counterpropa-
sensitivity functionF(z; w) (determined by the MQW struc- gating strain waves with equal amplitude. We assume the
ture) over thez direction. Due to the selection of the probe reflection at the air/'sample interface is a perfect total internal
wavelength, the value of the sensitivity function in our casereflection. The sound velocity used in simulation is 8100
is nonzero only in the wells, therefore, the optical transmis-m/s* From Fig. 2b), there are 20 peaks with a linearly
sion modulation due to NAW is revealed when the straindecaying envelope. The theoretical calculation agrees quite
waves enter or leave the wells. well with experimental data, indicating the 180° phase
In the case of sample A, since the optical detectionchange after total internal reflection and the correct deposi-

mechanism is sensitive to strain, it can be expected that thioon of the cap-layer thicknes&l/4\) that produce an in-
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One may also notice that the experimental data of sample A
in Fig. 2(a) decay more rapidly than theoretical calculation in
Fig. 2b), indicating the same fact. There are several possible

reasons for the decrease of the optical signal. One reason is
i that the amplitude of reflective NAW is actually smaller than
that of the initiated NAW(not 100% reflection Another

reason is the distortion of the reflected acoustic wave front
due to the sample surface roughness. Other factors include
the propagation and scattering loss. Due to the great differ-
- (8) ence between the acoustic impedances of solid and air, unity
o 10 20 3% % 5 o reflectivity can be guaranteed. The acoustic lifetime and scat-
tering effect, on the other hand, should play an equal role in

Differential AT/T (a.u.)

Time Delay (ps) two counterpropagating waves. In order to investigate the
- surface roughness effect, atomic force microscepyng-
s | scope SPM-A-100 measurement on the sample surface
oA roughness was conducted and the rms values of surface
E [ roughness were found to be on the order of 0.34-1.93 nm
i - and 0.77-2.63 nm for sample A and sample B, respectively.
3 For an acoustic wave with a wavelength less than 25 nm, this
g g surface roughness condition can distort the reflected acoustic
2 [ wave front. The energy of the _strain_pulses is t_hus dispersed
8 (b) in time and the measured optical signal amplitude will de-
N N R A R A . crease. Another interesting issue one may note is that some
0 1 2 30 4 B8 60 residue oscillations seem to exist within the noise level after
Time Delay (ps) the reflected acoustic wave front leaves MQW region. These

oscillations may be attributed to the zone-folding effect in
FIG. 3. (a) Differentiated trace of the measured optical transient transmis-,[he MQW.
sion of sample B, showing a phase change of 24B5.Corresponding : . . . .
theoretical simulation. In conclusion, with suitably designed sample structures,
the phase property of the reflected NAW on air/solid inter-
phase prolonged NAW. From a different point of view, ourfac.e 'S examined. Our stqdy not Only provides the design
%wdellne for future nanopiezoelectric transducers, but also

study once again supports the fact that optical transm'S'S'Oreveals the fact that strain of the NAW experiences a 180°

intensity i nsitiv rain rather than ial displace- . . . L
mteents y is sensitive to strain rather than spatial disp acesngn change after total internal reflection at the air/solid in-

In the case of sample B, the distance from the center Orrgrface. The surface roughness of th? S.af“p'e was found to
the first well to the air interfacgacoustic mirroy corre- distort the wave front of NAW and to diminish the measured

sponds to~0.59 wavelength. The reflected NAW is thus optical amplitude of reflected NAW.
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