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Observation of terahertz radiation coherently
generated by acoustic waves
Michael R. Armstrong1*, Evan J. Reed1, Ki-Yong Kim2, James H. Glownia2, WilliamM. Howard1,
Edwin L. Piner3 and John C. Roberts3

Over the past decade, pioneering and innovative experiments
using subpicosecond lasers have demonstrated the genera-
tion and detection of acoustic and shock waves in materials
with terahertz frequencies, the highest possible frequency
acoustic waves1–5. In addition to groundbreaking demonstra-
tions of acoustic solitons, these experiments have led to new
techniques for probing the structure of thin films6–8. Terahertz-
frequency electromagnetic radiation has been used in appli-
cations as diverse as molecular and material excitations9,10,
charge transfer11,12, imaging13 and plasma dynamics14. How-
ever, at present, existing approaches to detect and measure
the time dependence of terahertz-frequency strain waves
in materials use direct optical probes—time-resolved inter-
ferometry or reflectrometry2,15,16. Piezoelectric-based strain
gauges have been used in acoustic shock and strain wave
experiments for decades, but the time resolution of such
devices is limited to ∼100 ps and slower, the timescale of
electronic recording technology. We have recently predicted
that terahertz-frequency acoustic waves can be detected by
observing terahertz radiation emitted when the acoustic wave
propagates past an interface between materials of differing
piezoelectric coefficients17,18. Here, we report the first exper-
imental observation of this fundamentally new phenomenon
and demonstrate that it can be used to probe structural
properties of thin films.

As an acoustic wave traverses an interface between materials
with differing piezoelectric response, polarization currents and
concurrent radiation are predicted to be generated at the boundary.
These currents radiate on the timescale of the strain changes17.
For acoustic waves with characteristic frequencies of terahertz
(corresponding to picosecond timescales), terahertz radiation is
emitted. This phenomenon bears a close resemblance to the
so-called transition radiation phenomenon that occurs when a
charged particle propagates past an interface between two dielectric
materials, generating polarization currents and radiation from the
interface. It is distinct from a narrowband, coherent terahertz
emissionmechanism that has been predicted to occurwhen a planar
shock wave propagates through an ionic crystal19–21. When the
interface is flat and some propagation properties of the strain wave
are known, the time dependence of the strain can be computed from
the time dependence of the radiated electric field. This enables the
observation of ultrafast strain profiles in regions of a material not
accessible to active probes such as those used in interferometry-
or reflectometry-based methods2,22–24. This acoustic transition
radiation phenomenon has been predicted theoretically17, but
not yet observed experimentally. Some experimental evidence
exists for other forms of electromagnetic radiation that may
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Figure 1 | Schematic diagram of the experimental set-up. PBS is a
polarizing beam separator; λ/2 and λ/4 are a half waveplate and quarter
waveplate, respectively. The inset shows a cross-section of the sample. The
pump is incident on the Al-coated side of the sample.

exhibit some correlation with acoustic processes23,25. Here, we
describe experimental results demonstrating acoustically generated
terahertz radiation that is coherently related to the strain-wave
time dependence through a well-understood physical mechanism.
We emphasize that, in contrast to commonly used terahertz
generation10,11,26,27, we report observations of radiation generated
by the terahertz-frequency acoustic wave; that is, the signal is not
conversion of an ultrashort optical pulse to terahertz radiation
through the optical response of the sample.

The experimental scheme is shown in Fig. 1. In the present work,
boundaries between regions of differing piezoelectric response are
formed by a submicrometre thick layer of aluminium on gallium
nitride, and a layer of AlN embedded in the GaN, as shown in
the inset to Fig. 1. Piezoelectric wurtzite crystal structure GaN
is oriented with its c axis perpendicular to the sample surface.
Terahertz radiation is generated when strain waves pass through
the Al–GaNboundary and through the embeddedAlN layer and the
radiation is detected using conventional electro-optic sampling26,27.

The acoustic wave is generated by focusing an ultrashort
(∼100 fs) optical pulse onto the Al layer, which heats the metal
within ∼3.5 ps through a depth of about 50 nm (ref. 28). Thermal
expansion generates a wave with maximum strain of the order of
−0.01 corresponding to pressures of the order of 1GPa. Although
the form of the acoustic wave is dependent primarily on material
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Figure 2 | Electric field from Al–GaN interface versus time. The plots are
labelled by Al layer thickness. Dispersion in the shape of the pulse is
primarily due to polycrystalline effects in the Al layer. An acoustic reflection
in the Al layer radiates around 105 ps in the 260 nm Al-coated sample. The
transit times are labelled for the 260 nm trace. Inset: Layer thickness versus
transit time in picoseconds. A fit to the transit distance versus time gives a
sound speed of 6.7 km s−1 compared to the Al bulk sound speed 6.4 km s−1.

properties that have longer characteristic times than the pump
pulse, the acoustic pulse generated at the Al surface is well
synchronized with the pump.

Figure 2 shows the detected electric field for various thicknesses
of Al coated on GaN. Around t = 0 when the pump arrives at the
Al surface, a fast terahertz signal is observed, which is probably
generated through the nonlinear optical response of the sample
and/or photocurrent generation at the metal–air interface26. This
signal is not believed to be related to acoustic emission but provides
a convenient marker for t = 0. At later times, the electric field
exhibits slower variation corresponding to the acoustic pulse arrival
at the Al–GaN interface. The arrival times at the interface vary
linearly with the thickness of the Al layer in each sample (see
Fig. 2, inset), demonstrating a linear correlation between the time
of emission and the acoustic transit time with a fitted acoustic
velocity of 6.7 km s−1 ± 6% (compare to 6.4 km s−1 sound speed
in Al). Surface probe techniques29 indicate that broadening of
the pulse with increasing Al thickness primarily results from the
distribution in sound speed as a function of grain orientation in
the polycrystalline Al film. The ∼1mm pump diameter generates
a strain wave that is significantly larger than the characteristic size
of the crystallites in the Al film. We observe the duration of the
fast rise in the acoustic profile to vary between 2 ps for thin Al
layers (<100 nm) to approximately 5 ps after propagation through
700 nm of Al. Data taken with a lower pump power (for a single Al
thickness) exhibited electric field profiles with rise times equivalent
to the higher power to within 1 ps. This suggests that polycrystalline
acoustic speed dispersion is a more significant effect than nonlinear
effects at the strains generated in these experiments.

The term ‘nanoseismology’23 has been proposed to characterize
the study of thin-film nanostructures using high-frequency acoustic
waves. Such studies so far have used optical techniques to
observe reflected strain waves at surfaces. Acoustic transition
radiation enables a new approach to materials characterization for
piezoelectric structures. Structural details of a heterostructure may
be determined by injecting a well-characterized acoustic profile
and measuring the emitted electric field to determine the locations
of boundaries between materials in the heterostructure. Figure 3
shows the electric field versus time for three different samples with
different Al layer thicknesses. A signal is generated when the wave
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Figure 3 | Electric field versus time for several Al thicknesses. The peak
at∼70 ps in the 260 nm trace is an acoustic echo in Al. A time shift of the
AlN signal in the 260 nm Al case suggests variations in the GaN layer
thickness across the sample.

crosses the AlN layer because the piezoelectric coefficients for GaN
and AlN differ. The transit time through the GaN layer is consistent
at ∼122 ps (GaN speed of sound: 8.00± 0.02 km s−1; ref. 5). We
attribute variations in the transit time to variation in the GaN
thickness across the wafer. The transit delay between the Al–GaN
signal and the AlN signal is consistent enough to establish that the
observed peak results from the acoustic wave traversing the AlN
layer. As the single-crystal GaN layer does not exhibit polycrystalline
dispersion, scatter in the AlN signal probably indicates variation
in the thickness of the 1 µm GaN layer, which smears out the
AlN peak. Acoustic transition radiation may enable potentially
nanometre-scale resolution in a non-destructive measurement for
comprehensive, rapid, online process control for thin-film growth.

Figure 4 shows an expanded version of data from the sample
coated with 260 nm of Al along with the stress estimated from the
electric field distribution through an approach related to that of
Reed et al.17. The recovered stress is qualitatively consistent with
the expected form of an acoustic pulse excited by an ultrafast pump
from a free surface3,8. For comparison, an ALE3D simulation of the
stress assuming uniform illumination at 50mJ cm−2 fluence is also
shown. Thermal expansion of the Al layer from pump illumination
launches two counter-propagating compression pulses, the first
towards the Al–GaN boundary and the second towards the Al-free
surface (at the Al–air boundary). The compression pulses have a
timescale of roughly the spatial depth of the thermal deposition
divided by the sound speed. The second compression pulse is
reflected from the Al-free surface with a 180◦ phase shift, resulting
(with the first compression pulse) in a composite wave comprising
an initial compression followed by a faster expansion to a tensile
state (over the timescale of the thermal deposition) followed by a
slower compression. The resulting acoustic profile is characteristic
of an acoustic pulse generated by ultrafast laser excitation at a
metal-free surface4,8.

Figure 4 also shows the first reflection from the Al–GaN
boundary and the Al-free surface, after the pulse has made two
more passes through the Al layer. The reflected pulse exhibits
a 180◦ total phase shift with each double pass, resulting from
reflection fromGaN (a higher impedancematerial than Al resulting
in no sign change) and the free surface, which gives a 180◦ phase
shift (a sign change). Although the fastest electric field rise times
measured were 2–3 ps (implying < 0.5 THz emission), the stress
recovery exhibits lower acoustic bandwidth. For instance, the fast,
expansive portion of the stress in the 260 nm Al sample has a 5 ps
rise (comparedwith a∼3 ps rise in the electric field), consistent with
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Figure 4 | Electric field versus time for the 260 nm Al sample (top black
trace). After the stress wave initially encounters the Al–GaN interface, an
acoustic echo is detected, corresponding to the acoustic wave traversing
the Al layer two more times. The echo has the opposite sign compared with
the initial Al–GaN signal. Signal from the AlN layer is detected at a time
delay consistent with the thickness of the top GaN layer, 1 µm. The blue
curve shows a time-shifted 1 ps finite difference of the Al–GaN signal
overlaid on the AlN signal. The narrower width of the finite difference of the
Al–GaN signal suggests roughness in the adjacent GaN layer. Also depicted
is the stress calculated from the electric field (middle green trace)
compared to the stress from a simulation of the acoustic profile (red, offset
from the recovered stress) having the same qualitative form.

acoustic measurements in related systems using interferometry2,29.
The simulated stress is similar qualitatively to the measured
stress. We expect some variation from the recovered stress due to
polycrystalline dispersion in the experiment, which is not present in
the simulation (the simulationmodels a single crystal of Al).

Finally, the signal from the 10 nm layer of AlN is expected to
take the form of a finite difference of the single interface signal
over the acoustic transit time through the AlN layer (1 ps for a
sound speed of 10 km s−1 in AlN). For comparison, a 1 ps finite
difference of the single interface (Al–GaN) signal is shown in Fig. 4
superposed with the AlN signal. The finite difference and the AlN
signal have the same qualitative form, but the AlN signal has a larger
pulse width, which we attribute to variation of the GaN thickness
over the pump diameter.

We note that recovery of transient stress on nanometre length
scales inside a sample is challenging using an active probe
method such as interferometry, which requires a metallic interface
to achieve nanometre spatial resolution, an otherwise optically
transparent sample, and is adversely affected by acoustically
modulated index variation in the sample, particularly for large-
amplitude acoustic waves. Although sample preparation necessarily
involves the fabrication of piezoelectric interfaces and requires
the sample to be transmissive at terahertz frequencies, acoustically
generated terahertz radiation may be detected independently
from an arbitrary number of sufficiently spaced interfaces along
the acoustic wave trajectory. In addition, owing to the longer
wavelength of terahertz radiation, emission is less susceptible to
optical inhomogeneity and pressure-induced index of refraction
variation in the sample due to the wave. In particular, for the
GaN heterostructure of Fig. 4, it would be challenging to obtain
the stress profile at the 10 nm AlN layer using an active optical
probe or X-ray diffraction. The Al and Si surfaces of this sample
prevent optical probes with photon energy above the Si bandgap
from reaching the AlN layer.

Terahertz detection techniques have been demonstrated for
frequencies well above 10 THz, but we expect the properties of the
strained material and strain wave to limit the bandwidth generated.

In these experiments, the bandwidth of input strain pulses limits the
bandwidth of the detected radiation. Our earlier theoretical work
suggests that higher frequencies of 3 THz and potentially abovemay
be detectable for higher pressure stress waves17.

Methods
The GaN sample is epitaxially grown on an atomically flat silicon (111) substrate
by Nitronex, Inc., comprising layers grown by metal organic chemical vapour
deposition30 of (from free space to the Si substrate) 1 µm GaN, 10 nm of AlN,
>400 nm of GaN, a proprietary transition layer and the Si substrate. Each Al
layer was sputter-coated over a 4mm diameter, with the thicknesses measured
by Dektak, giving thicknesses of 700±40 nm, 560±30 nm and 260±20nm.
The error in the thickness measurement was dominated by wafer warp. The
Al surface is assumed to be flat with respect to the Al–GaN interface, with
thickness variation of less than 10 nm, corresponding to less than 2 ps variation
in acoustic transit time.

To obtain coupling between radiation modes and polarization currents that
are along the c axis (that is, perpendicular to the sample surface), the sample
is tilted 45◦ off the optic axis. We directly detect the strain-induced electric
field through electro-optic sampling with a 3-mm-thick 〈110〉 ZnTe crystal in a
pump–probe scheme with differential lock-in detection10,26,27 using a low-energy,
∼100-fs-duration, 800 nm probe pulse that is reflected from the back of the Si
substrate, which has been polished to optical surface quality.

The 3-mm-thick ZnTe crystal provides >1 THz detection bandwidth27, but
does not exhibit strong terahertz reflections, simplifying the data analysis. Strong
terahertz sample reflections are not evident in the data (see Fig. 2, where ZnTe
reflections would be observed at ∼60 ps and sample reflections at 10 ps) with the
maximum reflection amplitude observed<20%. The ZnTe crystal is 2–3mm from
the sample along the probe beam. The field is sampled every 33 fs and the data
are averaged over a moving window of 20 samples, reducing the time resolution
to ∼700 fs. The experiment is non-destructive (the pump fluence is below the
damage threshold), and all experiments are multiple shot averages at half the pulse
repetition rate of the laser, 500Hz, with a 300ms lock-in integration time. The
pump pulse has 800 nm wavelength,∼100 fs duration,∼700 µJ energy and 1.1mm
diameter (full-width at half-maximum intensity).

We recover the time-dependent stress from the electric field distribution using
a method related to that described in Reed et al.17, which includes the effects of
a Gaussian beam-width distribution in stress. For the frequencies of interest, the
electric field from the radiating source can be treated as a point time-dependent
polarization with electric field at point r given by,

E(r,t )=−r̂× ẑ× r̂
p̈(t− r/c)

c2r
+ [3r̂ (r̂ · ẑ)− ẑ]

(
ṗ(t− r/c)

cr2
+

p(t− r/c)
r3

)
(1)

where ṗ(t )= πσzz (t )dcs`2 is the current generated by the wave of Gaussian
beam-width of radius ` and centre stress σzz (t ). The piezoelectric coefficient of
GaN is d and the acoustic wave speed is cs. In equation (1), the polarization of the
current is in the ẑ direction and hats denote unit vectors. Equation (1) is solved
for the time dependence of the stress σzz (t ) given by the electric field using a
finite-difference scheme. We take r = 6.5mm corresponding to the approximate
optical path length between the source and detector because the far-field term in
equation (1) dominates under the conditions of the experiments (equation (1)
applies in a uniformmedium and therefore represents an approximation to sample
geometry used here). Although determination of the time dependence of the stress
is relatively straightforward, quantitative calculation of the stress magnitude is
made challenging by the difficulties of calibrating the detection apparatus and
complicated field and experiment geometry. Our initial attempts to determine the
magnitude of the electric fields that we observed vary by a factor of three depending
on the calibration method used. We expect the accuracy of the calibration to
improve with further work.
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