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Abstract—Piezoelectric semiconductor strained layers
can be treated as piezoelectric transducers to generate
nanometer-wavelength and THz-frequency acoustic waves.
The mechanism of nano-acoustic wave (NAW) generation in
strained piezoelectric layers, induced by femtosecond opti-
cal pulses, can be modeled by a macroscopic elastic contin-
uum theory. The optical absorption change of the strained
layers modulated by NAW through quantum-confined
Franz-Keldysh (QCFK) effects allows optical detection of
the propagating NAW. Based on these piezoelectric-based
optical principles, we have designed an optical piezoelec-
tric transducer (OPT) to generate NAW. The optically gen-
erated NAW is then applied to one-dimensional (1-D) ul-
trasonic scan for thickness measurement, which is the first
step toward multidimensional nano-ultrasonic imaging. By
launching a NAW pulse and resolving the returned acoustic
echo signal with femtosecond optical pulses, the thickness of
the studied layer can be measured with <1 nm resolution.
This nano-structured OPT technique will provide the key
toward the realization of nano-ultrasonics, which is analo-
gous to the typical ultrasonic techniques but in a nanometer
scale.

I. INTRODUCTION

EGAHERTZ to gigahertz ultrasonic technologies and
their related applications have been well developed.
The typical method to generate and detect acoustic waves
is to apply and monitor the electric bias changes of elec-
trodes on a piezoelectric material. However, the limitations
of current methods to adopt higher acoustic frequency
have to do with the difficulty in shortening the interval
of electrodes and the limited bandwidth of the electronic
system.
Grahn et al. [1] and Maris [2] proposed to use fem-
tosecond laser light to generate picosecond sound pulses
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for acoustic characterizations in materials, and this estab-
lished technology is now called picosecond ultrasonics. By
focusing a femtosecond laser light onto the surface of a
material with a thin absorption layer, the energy of the
photons initially will be taken up by electrons and then
transferred to lattice heat, causing the layer to expand
[3]. As a result, a sound wave, as short as several picosec-
onds and mostly a broad-band single pulse, launches into
the material. When the generated acoustic pulse travels
through the sample and its echo returns to the surface, it
can be detected by another short optical pulse directed at
the surface. Although the pulsewidth of the acoustic wave
is on the scale of picoseconds, this technology still is unable
to manipulate the phase of the initiated acoustic wave.

However, terahertz coherent longitudinal-acoustic (LA)
phonon oscillation generated in piezoelectric semiconduc-
tor multiple strained-layer structure (such as multiple
quantum wells) was recently experimentally demonstrated
[4], [5], and a microscopic theory was presented later [6],
[7]. Because the induced LA phonons have a high degree
of coherence in time, its generation and propagation can
be modeled by a macroscopic continuum elastic theory
[8], [9]. This semiclassical viewpoint of the coherent LA
phonon oscillation as an acoustic wave is valid in the co-
herent regime in which thermal and quantum fluctuations
can be neglected. Because the wavelength of the acous-
tic wave is determined by the period of strained layers, it
easily can be much less than 10 nm. Because the acoustic
wave is primarily induced through the piezoelectric effect
[6]-[9], this multiple strained-layer structure (SLS) can be
treated as an optical piezoelectric transducer (OPT) to
generate nano-acoustic waves (NAW). Compared with a
typical electrical transducer, the main difference is that
the variation of the electric field in the nano-SLS OPT
is induced by femtosecond laser pulses instead of electric
pulses.

In this paper, we shall discuss the operation principles
of the nano-structured OPT conceptually and experimen-
tally from the viewpoint of acoustic engineering. Through
a thickness measurement, we will demonstrate that the
OPT with nano-structures is an ideal wave source to real-
ize the field of nano-ultrasonics, which is analogous to the
typical ultrasonics but in a nanometer scale. In Section II,
we shall describe the studied sample structure. The prin-
ciples of optical generation and optical detection of NAW
will be presented in Sections III and IV, respectively. In
Section V, we will discuss the principle of OPT design.
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Fig. 1. Diagram of the sample structure. The periodic InGaN
strained-layer region is treated as an optical piezoelectric transducer.
The cap layer is the studied propagating medium.

The characterization of the OPT will be presented in Sec-
tion VI. Then we shall demonstrate the transient waveform
synthesis in Section VII. In Section VIII, we will demon-
strate the one-dimensional (1-D) nano-ultrasonic scan for
thickness measurement by using the optically generated
NAW. We will discuss the advantages of this OPT technol-
ogy and explore the feasibility to apply this novel acoustic
device to nano-ultrasonic imaging in Section IX. Conclu-
sions will be presented in Section X.

II. PREPARATION OF SAMPLES

GaN-related compounds are popular materials for
ultraviolet-blue-green lasers and light emitting diodes [10].
The bandgap of GaN is ~3.4 eV corresponding to a near
ultraviolet photon energy. By replacing part of gallium
atoms with indium atoms, the bandgap of InGaN shifts to-
ward longer optical wavelength (blue in our case). Besides
their important roles in electronic and optoelectronic de-
vices, GaN-related compounds are piezoelectric materials
and have been applied to electric piezoelectric transduc-
ers to generate acoustic waves with a gigahertz frequency
[11]. To obtain higher acoustic frequency, the key point is
to achieve temporally faster and spatially narrower electric
field modulations. Therefore, femtosecond laser pulses and
nano-structured GaN are required.

We used piezoelectric InGaN/GaN multiple strained
layers as the nano-structured OPT for the generation
of NAW. Fig. 1 shows a basic structure of the samples
to be discussed in this paper. The InGaN/GaN samples
were grown by metal organic chemical vapor deposition
(MOCVD) on top of a GaN buffer layer with a thickness of
more than 2 ym on c-plane sapphire substrates [12], [13].
Then a cap layer is grown on top of the OPT. The cap
layer is the studied propagating layer because it is much
thinner than the GaN buffer layer. The nitride layers all
are composed of a wurtzite structure.
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In this paper, the SLS in sample A is a 14-
period 22A/70A Ing.1Gag.oN/GaN multiple quantum well
(MQW). It is capped with an ~100 nm-thick Al osGaN
cap layer. The SLS in sample B is a 3-period 29A/130A
Ing.23Gag.77N/GaN MQW. It is capped with an ~80-nm
thick GaN cap layer. Detailed growth conditions have been
reported elsewhere [12], [13].

III. GENERATION OF NANO-ACOUSTIC WAVES

To initiate NAW, we have used the optically excited
carriers to screen the existing electric field distribution
in the SLS OPT. We shall first discuss the equilibrium
strain-induced electric field distribution in the SLS OPT.
The epitaxial technology nowadays allows us to grow one
material on another up to an atomic accuracy. We call
the semiconductor with wider bandgap barrier and the
other quantum well (or well). Due to the lattice mismatch
between the barrier and the well, the lattices of one or
both materials distort near the interface (or within the
relaxation thickness) to result in a strained layer. When
a strain distribution takes place in a piezoelectric mate-
rial, it causes a piezoelectric field through the piezoelec-
tric effect. And the magnitude of this background elec-
tric field distribution determines the maximum strength
of the NAW because we have used the screening effect to
modulate the background piezoelectric field. For the case
of InGaN/GaN MQW, the equilibrium piezoelectric field
can be greater than 1 MV /cm [14], and thus large ampli-
tude acoustic waves can be generated if the background
piezoelectric field is completely screened.

To generate acoustic waves with a several nanometer
wavelength, the thickness of the acoustic layer with a spa-
tially modulated electric field distribution also should be
on the order of several nanometers. It can be achieved
easily with the matured epitaxial technology. However,
for generating acoustic waves with a frequency in sub-
terahertz to terahertz regime, the time to change the elec-
tric field should be less than 1 ps. To achieve this require-
ment, a femtosecond (fs) optical pulse will provide the ul-
trahigh frequency initiating source.

When the photon energy of the fs optical pulses is be-
tween the bandgap of the well and the barrier, carriers
(such as electrons and holes) can be excited by the fs op-
tical pulses only in the wells within the time scale of the
optical pulsewidth. The photoexcited electrons and holes
are immediately separated in the wells due to the built-
in piezoelectric field, and they serve as the driving force
to initiate strain waves in the OPT through space-charge
screening. It is of note that the excited carriers all will stay
in the wells due to the confinement by the barriers.

Because the thickness of the strained layers is only on
the order of several nanometers, the quantum effect should
be taken into consideration. However, the generation of
NAW can be modeled by a continuum elastic theory [8],
[9], which is valid in the coherent regime as the thermal
and quantum fluctuations can be neglected, as is in our
cases. This macroscopic approach is similar to the theory
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of the typical piezoelectric transducer model. The macro-
scopic model is based on the constitutive equations taking
into account both the piezoelectric and deformation cou-
plings. The governing dynamic equations are the elastic
wave equations coupled to the Poisson equation. Because
the acoustic velocities of GaN and InN are close to each
other and the In composition of InGaN is low, we can
neglect the discontinuities of elastic and dielectric proper-
ties between wells and barriers and treat the InGaN/GaN
MQW as a continuum elastic body.

Here we use the wurtzite crystalline structure as an ex-
ample, and the general principle also can be applied to
other crystalline systems. We use (x,y, z) coordinate sys-
tem to denote the primary crystallographic axes of the
wurtzite based nitride system. The z-direction is chosen
to be along the crystal c-axis and N denotes the crystal
growth direction. We start from the system-free energy
density F' [15]-[17] that can be described as:

F(T,E,€) = Fo(T) + C]klewekl— —s”)EE

—eijrEi€ji + €iidyipy (1)

where we have taken temperature T, electric field E =
(Es, Ey, E.), and strain € as independent thermodynamic
variables. In the above expression, Fy, C’Z(f,;)l, E; , and e
are the free energy per unit volume before deformation,
isothermal elastic stiffness tensor, dielectric tensor, and
piezoelectric tensor, respectively. The index v runs over
carrier species such as electrons, heavy holes, light holes,
etc. p, is the density of carrier species v, and d,; is the
corresponding deformation potential tensor. The last two
terms in (1) represent piezoelectric and deformation cou-
plings, respectively. From the Maxwell’s equation, consti-
tution law, and the equation of motion, the loaded wave
equation can be derived as [8], [9]:

0%u
0272

where pg is the mass density, u is the displacement vec-
tor field, and 2’ axis is along the growth direction of the
strained layers. T is the effective Christoffel tensor with
elements:

Pu  —

pow - = fpiezo + fdef7 (2)

ezel

Ty=Ty+ (3)

and
zl - CJMN Nk7 (4)

is the second-rank Christoffel tensor [16]. € is the effective
dielectric constant, and €; is the effective piezoelectric ten-
sor. IN; denotes a basis vector in the coordinate, in which
one basis vector is along N and the other two are orthogo-
nal with each other on the plane normal to N. In (2), the
two driving force fields are:

€ €
fpiezo - _gpsc - |€|% (pelec - phole)a (5)
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and

dpy (6)

faer PR

-3y4,

where d,, is the deformation tensor of carrier species v.

Expression (2) describes the wave dynamics of the dis-
placement vector field propagating along the growth di-
rection of the strained layers. On the right-hand side, two
driving force terms determine the initiated waveform. The
first one is the piezoelectric force due to the generation of
photocarriers in the wells as depicted in (5). The second
one is the deformation coupling due to the nonhomoge-
neous distribution of photocarriers as represented in (6).
As described in (2), the photocarriers play an important
role to initiate NAW. It is of note that the strain pulses
also can be initiated by thermal expansion. However, the
relatively slower thermal stress generation process can be
neglected for the generation of terahertz NAW, not to men-
tion that thermal stress is much weaker compared with
deformation stress in a semiconductor [18]. Moreover, a
previous theoretical calculation revealed that the piezo-
electric stress is >5 times the deformation stress 7], which
supports the fact that the driving force in OPT is domi-
nated by the piezoelectric force term [6]-[9].

Because optical velocity is far faster than acoustic ve-
locity, the driving force can be treated as a step func-
tion. The fs-photoexcited carriers instantaneously screen
the background piezoelectric field in the wells and change
the equilibrium state of strain. By designing periodic well
distributions, we thus can create a periodic strain varia-
tion pattern, and the wavelength of thus launched NAW
then is determined by the periodicity of the strain varia-
tion (quantum well) pattern.

In our case, InGaN and GaN strained layers with several
nanometer thickness form wells and barriers, respectively.
The direction of growth N, which also means the direction
of the driving force, is along the c-axis, and only longitu-
dinal acoustic (LA) mode is excited. The equations are
thus simplified to LA waves in one dimension. From (2),
the strain waves are initiated and travel in two counter-
propagation directions along the c-axis.

IV. OrTicAL DETECTION OF NANO-ACOUSTIC WAVES

When the NAW propagates in a piezoelectric material,
it results in modulation of the piezoelectric field (due to
strain modulation in the piezoelectric material) and then
causes optical absorption variation through the quantum-
confined Franz-Keldysh (QCFK) effect [4]-[9], thus allow-
ing us to optically detect the generated NAW using thin
piezoelectric layers. In our case, we use the same OPT as
the detecting structure, which has a periodic strained-layer
structure with a spatial periodicity equivalent to the de-
tected acoustic wavelength. The optical transmission vari-
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Fig. 2. Calculated strain fields at consecutive time delays (with a
spacing equal to 0.6 period). Also shown is the calculated sensitivity
function for a four-period optical piezoelectric transducer.

ation in the OPT due to the presence of strain waves can
be derived as [19]:

<ATT@))LA = /oo dzs(z,t) - F(z;w), (7)

— 00

where s(z,t) = Ou(z,t)/0z is the strain function and
F(z;w) is the sensitivity function (dominated by the
QCFK effect), which can be theoretically calculated ac-
cording to the structure of the OPT [19]. The sensitiv-
ity function represents the optical absorption modulation
strength (or the optical transmission modulation strength)
at a specific optical frequency due to the strain variation
at a specific position. For example, we have calculated the
sensitivity function of a four-period InGaN SLS (or MQW)
OPT (top of Fig. 2). In our case, the photon energy of the
optical probe is above the bandgap of the InGaN layer but
below that of the GaN layer, and thus the nonzero value
of the sensitivity function in the InGaN region means that
transmission of optical probe beam is strongly modulated
while the strain wave enters the InGaN strained layers.
With a fs optical pulse much shorter than the acoustic
period, the InGaN strained layers can be used to detect
the NAW with resolved phase information. For example,
we need a probe pulse shorter than 250 fs to optically de-
tect a 1 THz acoustic wave. The optical frequency of the
probe should be selected based on the F(z;w) so that a
high sensitivity can be achieved.

Fig. 2 also shows the simulated time evolution of the
spatial strain distribution variation. When the OPT is ex-
cited by a fs optical pulse, the strain distribution is im-
mediately altered from its original equilibrium and two
counter-propagating NAWs are initiated. From (7), propa-
gation of the NAWSs in the OPT can be monitored through
the periodic sensitivity function of the MQW by record-
ing the transient transmission modulation (AT/T) of an
optical probe pulse. It is worthwhile to note that the mod-
ulated optical transmission signal is a correlation function
between the strain wave and the sensitivity function as
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Fig. 3. Schematic band diagram of strained-layer-structured OPT to
generate (a) fixed frequency and (b) dispersed NAW. The white and
gray regions represent higher bandgap material and lower bandgap
material, respectively. The differential strain distribution after pho-
toexcitation is plotted below the multiple strained-layer-structure
OPT.
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represented in (7). The sensitivity function can be treated
as a matched filter because its period width is the same as
the wavelength of the NAW. With fs optical pulses, the pe-
riodic SLS OPT is not only a source to induce NAW with
a wavelength determined by the period of strained layers,
but also a matched filter to detect the NAW it generated.

V. IMPULSE RESPONSE OF THE OPT

The impulse-generated acoustic waveform in an OPT
is determined by the photocarrier-induced variation of the
electric field pattern, which is on the other hand deter-
mined by the pattern of the multiple SLS. For example,
the period of piezoelectric InGaN/GaN MQW determines
the generated acoustic wavelength, and the ratio of bar-
rier width to well width in the same MQW determines
its Fourier component composition [20]. Fig. 3 illustrates
the conceptual principle to design a pattern for a spe-
cific impulse response waveform. A structure to generate a
fixed wavelength acoustic wave is shown in Fig. 3(a). The
gray region is the quantum well with lower bandgap, and
the white region is the barrier with higher bandgap. The
differential strain distribution induced by the fs photoex-
cited carriers is plotted below the structure diagram. This
sudden difference of strain distribution results in acoustic
waves as shown in Fig. 2. Because the carriers are gener-
ated in the wells, the period width of the nano-SLS deter-
mines the generated acoustic wavelength. It is of note that
the strain waveform distribution is not a pure sinusoidal
function but one composed of harmonic Fourier compo-
nents. For a fixed-frequency acoustic wave, the waveform
distribution can be designed simply by controlling the
thickness ratio of the barrier layer and the well layer. Apart
from a fixed-frequency acoustic wave, a chirped-frequency
waveform also can be generated as schematically shown
in Fig. 3(b). The intervals of strain oscillation can be de-
signed by the intervals of adjacent wells. Conceptually, ar-
bitrary waveforms can be generated through the design
of the OPT nano-structure. Detailed waveform of the in-
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Fig. 4. The schematic of transmission fs pump-probe measurement.
The fs-optical pulse is split into pump pulse (solid line) and probe
pulse (dotted line). The time delay between the two pulses is con-
trolled by a delay stage. After focusing the two pulses onto the sam-
ple, the transient transmission change of the probe pulse is recorded
through an optical detector.
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Fig. 5. (a) Measured optical transient transmission change versus
probe delay for a 14-period 22A /70A InGaN/GaN MQW OPT (solid
line). The optical central wavelength is ~390 nm. The fitted back-
ground signal is shown as a dashed line. (b) Measured transient
transmission change versus optical probe delay after removing the
background signal.

duced NAW can be mathematically calculated according
to [6]-[9].

VI. EXPERIMENTAL CHARACTERIZATION OF THE OPT

To demonstrate the generation and detection of NAW,
we have used a standard optical transmission pump-probe
system [21] as shown in Fig. 4. The optical pump pulse is
for inducing the NAW, and the probe pulse is for monitor-
ing the propagation of the NAW. Transient measurement
is achieved by scanning the time (spatial) delay between
the pump and probe pulses. Fig. 5(a) shows the typical
probe transmission changes as a function of pump-probe
time delay. The optical pulsewidth is ~250 fs, and the cen-
tral wavelength of the pump and probe pulses is 390 nm.
At this wavelength, the optical probe has high sensitivity
due to the QCFK effect [5], [19]. The average pump power
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is ~28 mW, and the diameter of the optical spot size on the
sample is ~14 pym. The pump-induced, 2-D carrier density
in one InGaN well is estimated to be 8 x 1012 cm~2. When
the pump excites carriers in sample A, transient transmis-
sion increases with zero time delay due to a sudden popu-
lation increase, and a clear cosine-like transmission oscil-
lation (due to the pump-induced NAW) can be observed
on top of the background carrier dynamics signal [22]. We
have subtracted the background signal with a fitting pro-
cedure [23], and the NAW-induced optical transmission
(T) modulation can be extracted as shown in Fig. 5(b).
Large transmission modulation AT/T on the order of or
higher than 1072 can be observed even with a relatively
weak optical excitation (with 3.6 x 10=% J/cm? optical flu-
ence). The typical noise background in our optical system
is about 107> — 107 [24]. Further reduction of noise is
possible.

Because of the ultrashort optical pump pulsewidth, the
experimental trace in Fig. 5(b) can be treated as the im-
pulse response of the nano-structured OPT in sample A.
The NAW-modulated AT /T depth decreases with evolu-
tion of time, reflecting that the two counter-propagating
NAWSs are traveling away from the OPT in the direction
perpendicular to the strained-layer plain, as discussed in
Section IV. Because there are 14 strained-well layers in
sample A, 14 oscillation cycles are expected before the
NAW completely leaves the OPT. The observed acous-
tic oscillation in sample A (22A/70A InGaN/GaN MQW
with 9.2 nm acoustic wavelength) is ~1.25 ps, correspond-
ing to an acoustic frequency of 0.8 THz. Fourier analysis
reveals that higher harmonic components are observed due
to its highly asymmetric well-barrier-width ratio (2.2 ver-
sus 7.0). The detailed spectral analysis of an OPT has been
discussed elsewhere [20].

VII. TRANSIENT WAVEFORM SYNTHESIS

The nano-structure of an OPT determines the impulse-
generated acoustic waveform that is initiated by a fs op-
tical pulse. Thus, it is possible to further manipulate the
waveform by optical engineering to design the transient
driving force (usually called optical coherent control). We
previously demonstrated the optical coherent control of
acoustic phonon oscillations. The manipulation, including
magnitude and phase, of the coherent acoustic phonon os-
cillations has been demonstrated [21], [25] through optical
engineering of a fs pulse sequence. This coherent control
technique thus can be applied to manipulate the magni-
tudes and phases of different embedded frequency compo-
nents of the OPT, thus achieving the nano-acoustic wave-
form synthesis.

Here we take a fixed-frequency sample (sample A) as an
example to demonstrate the manipulation of its different
acoustic Fourier components. The fundamental frequency
of sample A is ~0.8 THz, and higher harmonic compo-
nents also are observed [20]. By injecting an amplitude-
controlled fs control pulse at a 2.5 oscillation cycle time
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Fig. 6. Optically generated NAW in a 14-period 22A/70A In-
GaN/GaN OPT. The background signals are subtracted. Bottom
trace shows the detection of NAW with 9.2 nm wavelength (0.8 THz).
Top trace demonstrates our developed coherent control technique
that alters the acoustic wavelength to 4.6 nm (1.6 THz) after 3.1 ps.

delay, we successfully cancel the 0.8 THz acoustic compo-
nent but enhance the 1.6 THz acoustic component. This
transient trace of the coherent control experiment is shown
in Fig. 6, and the original impulse response also is shown
for comparison. The NAW with 1.6 THz frequency is tran-
siently amplified after injecting the control pulse at a 3.1 ps
time delay.

Conceptually, every fs optical pulse in a well-controlled
pulse sequence initiates a NAW with a specific intensity,
and the time intervals between different fs optical pulses
determine the phase (and time) delay between different
NAWSs. Superposition of every NAW with specific inten-
sities and phases provides a way to design and control a
variety of different waveforms. Transient waveform synthe-
sis of NAW provides not only a source for nano-ultrasonics
but also a resource for many acoustics-related researches
such as the transient elastic property studies with fs and
nanometer resolutions.

VIII. ONE-DIMENSIONAL SCAN MEASUREMENT

With the acoustic generation and detection technique
provided by OPT, we easily can relate it to the application
of 1-D ultrasonic-scan measurement. Because the nano-
SLS OPT generates acoustic waves with nanometer wave-
lengths, the spatial resolution of the 1-D scan is thus also
on the scale of nanometer. In Fig. 5(b), we observed the
acoustic signal with 14 oscillation cycles resulting from the
process of NAW propagating outward from the OPT. How-
ever, an acoustic pulse with too many oscillation cycles will
seriously affect its resolution to determine the position of
the echoed signal. To design an OPT for 1-D ultrasonic
scan measurement, NAW with fewer oscillation cycles (i.e.,
with a shorter acoustic pulsewidth) is required. However,
according to the sensitivity function, fewer period-strained
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Fig. 7. Measured optical transient transmission changes versus probe
delay for a three-period 29A /130A InGaN/GaN OPT. The complete
trace is shown in the inset.

layers will decrease the amplitude of the detected optical
signal and increase the detection bandwidth. But this sit-
uation can be improved with a higher signal-to-noise ratio
(SNR) optical detection system.

To improve the SNR in our optical detection system, we
have replaced the mechanical chopper (providing ~900 Hz
chopping frequency) [21] with an acousto-optical modu-
lator for a higher chopping frequency (~500 kHz) and
lower system noise. The 1-D ultrasonic scan measurement
was performed in sample B, in which the three-period
29A/13OA Ing 23Gag.77N/GaN MQW region acts as the
OPT. On top of the InGaN/GaN MQW, the sample is
capped with a GaN layer for the thickness measurement. A
rough estimate on the GaN cap-layer thickness (~80 nm)
and the buffer-layer thickness (~3.4 um) can be obtained
according to the growth rate.

Fig. 7 shows the result of the transient optical trans-
mission measurement for the three-period 29A/130A In-
GaN/GaN SLS OPT (sample B). The optical modulation
induced by the NAW propagating inside the OPT struc-
ture is clearly observable in the first 5 ps and around 25 ps.
The oscillating period is 2 ps, corresponding to an acous-
tic frequency of 0.5 THz. Around zero time delay when
the strain pulse is generated in the quantum-well region
of the OPT, an increase in the optical transmission is ex-
pected but is not resolved in our optical signal due to the
finite optical pulsewidth [5]. Although the periodic strain
pulses traveling out of the wells where they are generated,
two transmission oscillation peaks can be observed after
zero time delay. One generated NAW leaves the OPT and
travels toward the surface following the sample growth di-
rection, is reflected at the sample surface, and echoes back
into the OPT starting at ~20 ps. It is valuable to note
that the echoed strain pulse decreases the background op-
tical transmission because the sign of the echoed strain
is reversed at the GaN/air interface, which is a free end.
Traveling through the MQW region, the echoed NAW with
three cycles results in five optical transmission dips on the
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Fig. 8. The trace in Fig. 7 after filtering (solid line). Its envelope
is shown as a dashed line. Five echoed peaks are clearly observable.
Two more side peaks are caused by filter artifact.

background signal. The transient central position of the
five dips corresponds to the moment when the three-cycle
NAW is located in the three quantum wells. It is of note
that, due to the nonflat background signal, the peak po-
sition time could be shifted. The fitting process used in
Fig. 5 provides a method to obtain the acoustic signals
and the exact echo position without losing the waveform
information. For 1-D thickness measurement, the most im-
portant information is the peak position time in the echoed
signals. Because the spectrum of the acoustic signals can
be extracted, the measured traces can be processed by a
bandpass filter.

To filter the background signal and accurately resolve
the peak position of the echo signal, the optical trace has
been processed as follows. The echo signal z(¢) has been
digitized with a sampling frequency f, of 15 THz into x[n],
that is:

a[n] = a(n/ fs). (8)

Fig. 7 shows the echo signal z[n]. A Gaussian-shaped,
bandpass filter then was applied on z[n] to remove the
out-of-band noise. The filter is:

4 (%)21 sin (%fc%) , 9

where f. = 0.5 THz is the center frequency of the echo
signal and A = %. Note that the value of A has
been chosen to make the —40 dB bandwidth of Hg[n]
match the bandwidth (defined as the width between two
zero-crossing points around the center frequency) of the
expected echo signal, which is 2f./3. The filtered signal
xr[n] = z[n] ® hg[n], where ® represents the convolution
operation, is shown in Fig. 8. The arrival time of the echo
can be found from the envelope of zg[n]:

Hg[n] = exp

eg[n] = [H{zr[n]}, (10)
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where H denotes the Hilbert transform [26]. By finding
the peak position of xg[n], we have found that the peak
position of the echo signal (the third oscillation peak) is
about 25.4 ps with respect to the excitation time.

It should be noted that the peak position of 25.4 ps does
not represent the traveling time of NAW during the GaN
cap layer. It represents the required time that the gener-
ated NAW travels into the cap layer, is reflected from the
cap/air interface, then goes back to match the period of
strained layers in OPT. To calculate the accurate thick-
ness of the GaN cap layer grown on the OPT, the time
that NAW travels in the cap layer should be obtained by
subtracting the time spent in the OPT. In the case of
three-period SLS OPT, three strain pulses are generated
in the three InGaN well layers. We take the strain pulse
generated in the first InGaN strained layer below the GaN
cap layer (called strain pulse A) as an example to calculate
the traveling time in the GaN cap layer. When the strain
pulse A comes back from the GaN/air interface, it enters
the first InGaN strained layer below the GaN cap layer and
results in the first dip signal of the echo signal as shown in
Fig. 7. When the strain pulse A crossing the second well
arrives the third well, it results in the third dip of the echo
signal, which is the peak position. Therefore, the traveling
time in the GaN cap layer is that of the echo peak position
subtracting the time in the OPT with two GaN barriers
and three InGaN wells. With an oscillation period of 2 ps,
the traveling time in the OPT is 4.4 ps, resulting in 21.0 ps
traveling time in the GaN cap layer. Assuming the sound
velocity of GaN along c-axis is 8020 m/s [27], the thickness
of the GaN cap layer is thus estimated to be ~84 nm.

For a single-layer thickness measurement without multi-
ple reflections, taking advantage of the phase information,
we can achieve a resolution better than 20° (\/16), corre-
sponding to <1 nm resolution in this specific case. How-
ever, the uncertainty of the acoustic velocity also results in
measurement errors. For example, a 200 m/s uncertainty
[11] gives rise to 2.5% inaccuracy for the determination of
the cap layer thickness (in this case, 2.1 nm). However,
the acoustic velocity also can be accurately obtained by
comparison of different thickness cap layer on the same
OPT.

IX. DISCUSSION

The technique of generating and detecting NAW in
nano-SLS OPT has several advantages:

o High speed. In a typical electronic piezoelectric trans-
ducer, the generation and detection systems usually
operate through the same electrode, and a switch
is required. However, for a nano-structured OPT,
the system is operated by two independent optical
pulses. The interference time of both optical pulses
may be treated as the effective switching time, which
is determined by the optical pulsewidth. The effec-
tive switch time thus can be very short, for instance
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only limited by the shortest 4 fs optical pulse gener-
ated from a state-of-the-art Ti:sapphire laser [28]. In
most commercial Ti:sapphire laser systems, an optical
pulsewidth less than 100 fs can be achieved easily.
High spatial resolution. Because the time resolution
of the optical detection is determined by the opti-
cal probe pulse width, not only high speed but also
high spatial resolution thus can be achieved. For ex-
ample, with an optical probe-pulsewidth of 100 fs and
an acoustic velocity of 8000 m/s, the spatial resolu-
tion is better than 0.8 nm (with a fitting procedure, a
time resolution better than pulsewidth can be achieved
easily as in our case). As for the detection of thin
multilayers, the actual spatial resolution also is re-
stricted by the acoustic wavelength and the acoustic
pulsewidth. By resolving the envelope of the reflected
acoustic echo, NAW easily can provide a spatial res-
olution down to several nanometers. By resolving the
phase information and the interference between dif-
ferent echoes due to multilayers, a spatial resolution
down to several angstroms is possible.

Optically determined acoustic beam size. The acous-
tic beam size of the demonstrated technology is de-
termined by the spot size of the excitation optical
pulses. The cross-section area of the OPT thus can
be tuned by controlling the illuminating area. In our
case, the diameter of the focused optical spot size
is about 10 um, and the generated NAW should be
treated as plane waves. To further reduce the spot size,
high numerical-aperture objective lens can achieve
<200 nm diameter focused spot-size at an ultravio-
let optical wavelength. At the same time, NAW can
be generated at arbitrary positions on the plane nor-
mal to the growth direction, controlled by the opti-
cal focal positions. This could be a powerful tool for
acoustic wave source engineering. For example, we can
achieve lateral scanning without physically separated
piezoelectric transducer arrays.

Compared with the acoustic wave source provided by
the optical technique of picosecond ultrasonics with pi-
cosecond resolution, the NAW generated from an OPT
with well-controlled oscillation cycles and waveform can
have the following advantages:

o Pulseshape and oscillation cycle engineering capabil-
ity. The number of oscillation cycles is determined by
the number of strained layers. However, the material
and width of alternating strained layers determine the
pulseshape. The demanded shape and oscillation cy-
cles of NAW thus can be achieved by designing the
nano-structure of an OPT.

« Phase engineering capability. Phase information is cru-
cial in 3-D ultrasonic imaging processing. The abil-
ity to design the waveform and phase of the acous-
tic source with nanometer wavelength also provides a
powerful tool for many studies such as elastic prop-
erty study in the regime of nano-scale and terahertz
response.

1411

« Better SNR. Because the frequency, oscillation cycles,
and waveform of NAW can be preprogrammed, opti-
cal and electronic noises can be removed easily with
signal-processing techniques.

In Section VIII, we demonstrated how an OPT was ap-
plied to a phase-sensitive 1-D ultrasonic scan, which is the
first step toward 3-D nano-ultrasonic imaging. However, to
obtain nano-ultrasonic imaging, the acoustic beam size de-
termined by the excitation area of fs pulses also should be
on the nanometer scale. It can be done by using near-field
optical techniques. Besides, typical ultrasonic imaging is
composed of back-scattered signals. The scattered signal
also may provide the information of the crystal quality in
a nanometer scale, e.g., defect distributions in the semi-
conductor samples. To detect the scattered signals, larger
amplitude NAW and higher SNR of the optical system are
required. It is possible to study the scattered signals based
on our previous demonstrated system because the excita-
tion pulse energy of 0.2-0.4 nJ in the experimental optical
system here is still low,! and the SNR can be raised two
orders if fast scan technique [29] could be incorporated.
Our demonstration reveals that the OPT provides the key
technology toward the realization of nano-ultrasonics.

X. CONCLUSIONS

Nano-strained-layer structures in piezoelectric semicon-
ductors can be treated as an optical piezoelectric trans-
ducer. With fs optical pulses, photoexcited carriers re-
sult in the periodic piezoelectric and deformation driving
forces, and thus initiate nano-acoustic waves. The wave-
length of the induced-NAW is determined by the period
width of the alternating strained layers and easily can be
less than 10 nm. The impulse-generated NAW waveform
can be calculated theoretically according to the structure
of the OPT. Through the QCFK effect, the propagating
NAW in the OPT structure will modulate its optical prop-
erty, and thus its transient behavior can be monitored by
the other optical probe pulse. Because the generation and
detection positions of the NAW are determined by the il-
luminating areas, it is easy to select the active region by
tuning the spot size and the excitation position of the op-
tical pulses. The simultaneous manipulation of the phase
and magnitude of different acoustic-frequency components
could be achieved by optical coherent control, thus accom-
plishing nano-acoustic waveform synthesis. We also have
demonstrated 1-D nano-ultrasonic scans with the OPT.
Under our experimental conditions, a spatial resolution on
the order or better than 1 nm can be achieved. The ultra-
fast optical technique and the phase-sensitive OPT allow
the realization of nano-ultrasonics. With the techniques
of waveform engineering, high SNR optical systems, and
nano-acoustic devices, nano-ultrasonic imaging has the po-
tential to be realized in the near future.

LA pulse energy of frequency-double Ti:sapphire optical pulse up
to 10 nJ is achievable.
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