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ABSTRACT

In this paper, we report on the time-dependent strain-wave-induced changes in the reflection and diffraction of a gold plasmonic grating.
We demonstrate efficient excitation of strain waves using enhanced absorption at and around the surface plasmon polariton resonance. In
addition, we observe that the strain-wave-induced changes in the reflection and diffraction of the grating show an approximately quadratic
dependence on pump fluence when probed at a wavelength of 400 nm. We tentatively attribute this non-linear behavior to strain-induced
nonlinear changes of the interband transition energy. Using a model that calculates the permittivity of the gold taking into account the d to
s/p interband transition, we deduce that the interband transition energy would have to change by about 0.013 eV to account for the measured
changes in reflection.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0070630

I. INTRODUCTION

The ability of ultrafast lasers to generate strain waves in thin
metal layers has been investigated extensively in the past. ~ Com-
pared to light, the advantage of laser-induced strain waves is that
they can travel through optically opaque materials, giving access to a
multitude of material properties and physical phenomena.' > Laser-
induced strain waves find applications in many fields, such as the
detection of buried structures” " and photo-acoustic imaging.”*”’
They also show promise for applications in the semiconductor man-
ufacturing industry for wafer alignment. The presence of strain
waves can be detected by measuring changes in the optical prop-
erties of the material or by measuring the physical displacement of
surfaces and interfaces caused by these waves. Changes in the opti-
cal properties can be extracted by either measuring reflection and
transmission changes’ or by measuring diffraction.'”" Generally
speaking, strain-wave-induced optical changes are small. Therefore,
there is a clear need to enhance the optical response to laser-induced
strain waves.

In a previous study, we showed that the detection of laser-
induced strain waves can be enhanced by probing the effect that

they have on a surface plasmon polariton (SPP) resonance.’! In this
way, we were able to show optical signal enhancements of up to
a factor of 20 in response to a strain wave. Improving the optical
signal strength is important for applications, as this decreases the
time needed to obtain a good signal-to-noise ratio. It is interest-
ing to realize that, in principle, an SPP resonance can also be used
to increase the amplitude of the strain wave itself in the generation
process. This is possible because SPP excitation is accompanied by
significantly stronger optical absorption. This would allow for the
generation of stronger strain waves at wavelengths where flat met-
als normally do not absorb much light, i.e., in the near-infrared and
infrared region of the spectrum. It would also provide more flexibil-
ity in the choice of the wavelength of the light source used for the
strain wave generation and/or lower the power requirements for the
light source.

Here, we show how grating-coupled SPPs can be used to effi-
ciently excite strain waves on gold gratings. In our experiments,
we excite SPPs on a gold grating with a period of 440 nm and
an amplitude of 47 nm using ultrashort laser pulses with cen-
tral wavelengths around the SPP resonance at 650 nm. The pump
pulses generate several types of strain waves that are detected by
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measuring the strain-wave induced reflection and diffraction
changes of a synchronized probe pulse with a central wavelength of
400 nm. We find that the pump-induced reflection and diffraction
changes reach fairly large values of nearly half a percent, signif-
icantly more than what can be achieved on a flat metal surface
using transient-grating excitation.’” Surprisingly, when probing at a
wavelength of 400 nm, we find that the strain-wave-induced optical
changes scale roughly quadratically with the incident pump fluence,
where a linear relation is expected. We tentatively attribute this to
non-linear changes of the interband transition energy via strain-
induced changes to the band structure of the gold. Our results show
that SPPs can be used to more efficiently excite strain waves on
structured metal surfaces.

Il. EXPERIMENTAL SETUP

A schematic drawing of the experimental geometry is given
in Fig. 1. A more detailed explanation and drawing of the entire
setup can be found in Ref. 31. In short, the output of an ampli-
fied Ti:sapphire laser (Astrella, Coherent) with a repetition rate of
1 kHz, a central wavelength of 800 nm, a pulse length of 35 fs, and an
average power of 6 W is split into two using an 85/15 beamsplitter.
The stronger beam (pump beam) travels through a three-stage opti-
cal parametric amplifier (OPA, HE-TOPAS, from LightConversion).
The OPA generates tunable infrared laser pulses with central wave-
lengths ranging from 1200 to 1400 nm with a maximum pulse energy
of about 1 m]. Afterward, the beam is frequency-doubled using
a p-Barium Borate (BBO) crystal generating pulses with a central
wavelength tunable from 600 to 700 nm. The beam passes through a
mechanical chopper that is synchronized with the 1 kHz pulse train
from the laser. With a 50% duty-cycle, the chopper reduces the rep-
etition rate of the pump to 500 Hz, so that every other pump pulse
is blocked. Finally, the beam is focused onto the sample to a spot
with a diameter of 600 ym. The pump beam illuminates the sam-
ple under an angle of ~21° such that the SPP resonance is located
at 650 nm.

The weaker beam (probe beam) passes through a variable opti-
cal delay line after which it is frequency-doubled, using another BBO

B 600 - 700 nm pump beam
N 100 nm probe beam

Reflection
detector

scitation.org/journal/adv

crystal, to a central wavelength of 400 nm. The beam is then focused
onto the grating under a five-degree angle of incidence to a spot with
a diameter of about 300 ym. The polarization of the electric field of
the probe beam is perpendicular to the grating lines. The reflection
and diffraction of the probe beam are measured using silicon pho-
todiodes. In an unperturbed state, the grating reflects and diffracts
18% and 11% of the probe beam, respectively.

The two samples used in the experiments are made by thermally
evaporating 139 nm (117 nm) of gold on top of a commercially avail-
able SiOy grating on a Si substrate (NanoPHAB B.V.). To fabricate
the SiOx grating, 200 nm of SiOy is deposited on top of a Si sub-
strate. Afterward, the grating is printed onto the SiOx by electron
beam lithography, and the exposed part is etched using reactive-
ion etching. An atomic force microscopy (AFM) image of one of
the samples, after gold deposition, is shown in Fig. 1. Furthermore,
a schematic cross section of this sample is shown on the right hand
side of Fig. 1. After deposition, the Au layer thickness for this sample
is 139 nm. The duty cycle, pitch, and amplitude of the gold grating
have been measured to be 71%, 440, and 47 nm, respectively, using
AFM measurements. For both samples, white-light reflection exper-
iments clearly show the presence of a plasmonic resonance whose
central wavelength shifts with the angle of incidence, as expected. In
the experiments, the angle of incidence is experimentally adjusted
for maximum absorption at the plasmonic resonance, and the cen-
tral wavelength and spectrum of the pulses are measured using a
fiber-coupled spectrometer.

Ill. RESULTS AND DISCUSSION

For all pump-probe measurements discussed below, the beam
diameters at the surface of the sample of both pump and probe were
kept constant with a full width at half maximum (FWHM) beam
diameter of 600 and 300 ym, respectively. The probe pulse fluence
was kept constant at a relatively low fluence of 2.8 x 107 J/cm?.

A. Pump-induced probe reflection changes

In Fig. 2, we show the pump fluence dependence of the mea-
sured reflection changes from the probe beam with polarization

312 nm 440 nm
> —
47 "mIk “ I 139 nm Au
A I 200 nm SiO,
- £

Diffraction
detector

FIG. 1. Schematic drawing of the experimental geometry. The 500 Hz repetition rate, tunable 600-700 nm central wavelength pump pulses illuminate the sample under an
angle of 21°, such that they excite the SPP resonance at 650 nm. The 1 kHz repetition rate, 400 nm central wavelength time-delayed probe pulses illuminate the sample
under an angle of incidence of five degrees. Both the reflection and diffraction changes of the probe pulse are measured as a function of the time delay between the pump
and probe pulses. Projected onto the sample, we show an AFM image of the gold grating. On the right side of the figure, we show a schematic cross section of the sample

with all relevant parameters.
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A =650 nm

A =640 nm

FIG. 2. Pump-induced reflection changes from a gold grat-
ing measured with a 400 nm central wavelength probe
beam for different excitation fluences and for pump wave-
lengths below (640 nm), at (650 nm), and above (660 nm)
the SPP resonance.
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orthogonal to the grating lines. We illuminate the sample using three
different pump wavelengths of 640, 650, and 660 nm, which are
below, on, and above the SPP resonance wavelength, respectively.
At t = 0, we measure a pulse-length-limited decrease in reflec-
tion directly after excitation, governed by electron dynamics.”"*
Afterward, the electrons will cool to the lattice via the emission of
phonons. This results in rapid heating of the layer, which causes
a thermal stress to form. The growth of the thermal stress then
launches a strain wave.” Due to the geometry of the sample, multiple
types of acoustic waves are launched, each having its own frequency.
These different types of acoustic waves are described in more detail
elsewhere.’! Briefly, we identified a longitudinal wave (LW), a sur-
face acoustic wave (SAW), and a grating-line-normal mode (NM).
These different types of strain waves result in both relatively low-
and high-frequency time-dependent reflection changes.

2.8 GHz

We measure remarkably strong strain-wave-induced reflection
changes, with a magnitude of ~0.7% for the highest pump fluences
used in our experiments. The signal is strongest when the pump
beam is exactly tuned to the SPP resonance and becomes smaller
when the pump is tuned to wavelengths above or below the res-
onance. This is consistent with the fact that when the wavelength
is tuned to the resonance, the absorption is strongest, leading to a
stronger strain wave. As mentioned before, we launch multiple types
of acoustic waves, each with its own frequency. We can determine
the strain-induced signal strength for each frequency from the fast
Fourier transform (FFT) of the time-dependent data. From the FFT,
we extract four prominent frequencies, located at 2.8 GHz (SAW),
7.0 GHz (NM), 10.0 GHz (unknown), and 12.3 GHz (LW). In Fig. 3,
we show the magnitude of these four most prominent frequencies as
a function of pump fluence for all pump wavelengths. Surprisingly,

7.0 GHz

B 640 nm

B 650 nm
= 100+ .
ﬂ ®E 660 nm
:C) _ ;—;;:’ FIG. 3. FFT amplitudes of the four most

____'=====“' prominent frequencies as a function of
a9 0- i Sisietntuis |- incident pump fluence for three different
[ ! I ' ! pump wavelengths. The dashed lines,
< going through the data points, represent
. Z . Z
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.= 100+ - reflection changes scales non-linearly
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we notice an approximately quadratic increase of the strain-induced
reflection changes for all measured frequencies.

To better understand the observed non-linear behavior of the
signal strength vs pump power, we first have to determine whether
the non-linearity occurs in the generation process or in the detec-
tion process. A non-linear response in the generation of the strain
wave could be the result of the non-linear absorption of the pump
beam by, for example, two-photon absorption.”” However, by mea-
suring the absorption of the gold grating as a function of incident
power, we find that, within our measurement accuracy of ~1%, the
absorbed pump energy scales linearly with the incident pump energy
for all pump fluences up to the highest pump fluence used in the
experiments of 15.6 x 107> J/cm?. Independent of the incident pump
fluence, ~65% of the pump energy is absorbed. Note that this is much
more than what is typically absorbed by a flat gold surface at a wave-
length of 650 nm and shows the enhanced absorption caused by the
SPP resonance.

Another potential non-linear effect in the generation process
is that the magnitude of the generated strain might scale non-
linearly with the absorbed pump power. A frequently used model
by Thomsen et al.,”® which we have used in the past to describe the
generation and propagation of strain waves,’” cannot be used here
because it assumes that the strain scales linearly with the amount
of absorbed energy. In order to identify if the strain itself scales
non-linearly with the absorbed pump-power, we have performed
the same pump-probe experiments with the roles of pump and
probe reversed. A different sample with a somewhat thinner, 117
nm gold layer, but with the same period and amplitude, was used
in this case as the original one was destroyed in another exper-
iment. We excited the gold grating with a pump wavelength of
400 nm and measured the strain-wave-induced reflection changes
at a wavelength of 660 nm and also at 640 nm (not shown here).
The SPP resonance is still fixed at 650 nm. We note that, to deter-
mine whether the strain scales non-linearly with absorbed power,
we have to ensure that we cover the same range of absorbed ener-
gies as before. For the grating with the 117 nm thick gold layer, we
measure an absorption of some 79 percent at the 400 nm pump
wavelength. This should be compared to the value of 65 percent
measured when pumping at the plasmonic wavelength of 650 nm.
Considering the ranges of fluences used in both experiments, we
can conclude that the ranges of absorbed pump energies are similar
in both experiments.

In Fig. 4, we show the time dependent pump-induced reflection
changes (left graph) and the fluence-dependent magnitudes (right

ARTICLE scitation.org/journall/adv

graph) of three different acoustic modes at a probe wavelength of
660 nm, measured for this sample. One immediately notices the rel-
atively strong quasi static thermal background in the measurements,
which is much less dominant when pumping at 650 nm and prob-
ing at 400 nm. The acoustic oscillations seen superimposed on this
background have a similar amplitude as the one shown in Fig. 2 but
have a somewhat different shape.

Here also, an FFT analysis shows that multiple acoustic modes
are launched in our experiments. The ones we have been able to
identify are the SAW (2.6 GHz) and the NM (6.8 GHz), which
have similar frequencies to the one we have observed for the grat-
ing covered with 139 nm Au. There is also a mode at 13.8 GHz that
corresponds to the frequency of the LM mode for a gold layer thick-
ness of 117 nm. The other modes that we have not been able to
identify yet and are not shown here, but they show a similar flu-
ence dependence. The dashed lines in the figure on the right are
linear fits to the data points. They strongly suggest that the mea-
sured acoustic mode amplitudes vs fluence show a close-to-linear
dependence as opposed to the quadratic dependence seen when
pumping around 650 nm wavelengths and probing at a 400 nm
wavelength.

We emphasize again that the ranges of absorbed pump ener-
gies are comparable in both experiments. Our results, therefore,
suggest that the non-linear relation between the magnitude of the
reflection changes and the absorbed pump energy that we observe in
Fig. 3 may be caused by a wavelength dependence in the strain wave
detection.

It has been shown that strain can directly change the band-
structure of materials,” *' even in such a manner that strain can
induce semiconductor-to-metal transitions.”>*” Furthermore, it has
been demonstrated that strain can increase or decrease the bandgap
and interband transition energy of materials,”* ' also in a non-
linear manner.”” For gold, in particular, the interband transition
from the d-band to the hybridized s/p-band is very sensitive to
strain.”””* In our experiments, the probe wavelength equals 400 nm,
and thus we excite electrons from the d-band to the hybridized s/p-
band.’* We speculate that the strong non-linear reflectivity changes
vs pump power are due to strain-induced changes in the interband
transition energy.

We can estimate how much the interband transition energy in
gold has to change to reproduce the magnitude of our measured
reflection changes, using a dielectric function that takes into account
interband transitions from the d-band to the hybridized s/p-band.

This function is given by’

5-58
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where ¢ is the frequency-dependent permittivity, consisting of two
terms &intra and €inrer, which describe the contributions by intra-
band and interband transitions to the permittivity, respectively. oo
is a constant contribution to the dielectric function due to all other
bound transitions, w, is the plasma frequency, e is the electronic
charge, m is the effective electron mass, % is the reduced Planck’s
constant, k is the momentum of an electron in band b, 7. is the
inverse intraband damping rate, 1y, is the interband equivalent of
7., (bK|pi|b'K’) (K’ |pi|bk) is the transition matrix element, Ey is the
energy of an electron in band b with momentum k, and f; is the
Fermi distribution.

For gold, we can approximately describe the d-band as a com-
pletely filled flat band and the s/p-band as a half-filled parabolic
band. The momentum-dependent energy of the bands is approxi-
mated by™®

Eg =0, (2)
K
Ejpi = m T A, (3)

where A is the interband transition energy. If we plug Egs. (2) and
(3) into Eq. (1), we end up with a dielectric function that depends
on the interband transition energy. We then calculate the reflection
from the dielectric function.

In Fig. 5(a), we show the calculated AR/R as a function of A. In
the regime of the reflection changes measured in our experiments,
we find that the reflection changes scale linearly with A. In Fig. 5(b),
we show the maximum interband transition energy Amax required to
account for the measured maximum reflection changes, vs the pump
fluence. We find that the maximum strain-induced change of the
interband transition energy needed to obtain the highest measured
reflection change is ~0.013 eV. Since the strain scales linearly with

a) b)
0 —2.4674 Quadratic fit //.
S 3 ~2.468- s
< —17 5 |
o £ ’
< & —2.469-
-21 | —2.470—7-—”"’/ ] .
-2.469 —2.465 0 10 20
A (EV) Power (mW)

FIG. 5. (a) Calculated change in reflectivity as a function of interband transi-
tion energy. (b) Calculated required maximum change of the interband transition
energy, Amax, induced by the longitudinal strain needed to retrieve the magnitude
of our measured reflection changes. We see that Amax has to change by only
0.013 eV to account for the measured reflection changes. The dashed line is a
quadratic fit to the data and serves as a guide to the eye.

Einter

the incident power and the reflection changes scale linearly with A,
we conclude that A would have to scale approximately quadratically
with the strain to explain our data. We caution that the model we
used here assumes that the strain only affects A. In reality, it seems
likely that the strain also influences the shape of the band structure
itself. Nevertheless, the calculation gives an order-of-magnitude esti-
mate of the required maximum change in A and implies that this
would require a roughly quadratic relation between the strain and
A, which is not unreasonable to assume.””””

B. Diffraction

In Fig. 6(a), we show a measurement of the time-dependent
diffraction change and the time-dependent reflection change in the
same plot. The pump wavelength equals 650 nm, and the pump
fluence equals 15.6 x 1073 ]/cmz. Note that here, in contrast to
transient-grating measurements,””” we measure a 0.7% modulation
of the diffraction efficiency on top of a static background diffrac-
tion from the fixed, physical grating. Even though the excitation
is identical for both the reflection and diffraction measurements,
the shape of the time-dependent response is different. For both
reflection and diffraction, we measure a pulse-length-limited signal
decrease caused by electron dynamics, with a rapid recovery within
~5 ps. Afterward, both the diffraction and reflection start to slowly

a)
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FIG. 6. (a) Measured pump induced diffraction and reflection change of the 400 nm
probe pulse from the gold grating. (b) Pump-power-dependent measurement of the
strain-wave-induced diffraction changes.
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decrease. After ~50 ps, the diffraction change starts to increase, while
the reflection starts to decrease further. From here on, reflection and
diffraction behave differently.

For both diffraction and reflection, we measure a slow oscilla-
tion with a frequency of 2.8 GHz. However, this frequency induces
diffraction and reflection changes that are opposite in sign. Com-
pared to the reflection measurements, the higher frequency oscilla-
tions in the diffraction measurement seem to have shifted slightly
from 10.0 to 9.5 GHz and from 12.0 to 12.7 GHz. Furthermore, the
7.0 GHz frequency, which is present in the reflection spectrum, is no
longer present in the diffraction measurement. The cause of these
small changes in the apparent position of the peaks as measured in
diffraction is currently not well understood. Other, more subtle, dis-
crepancies in the temporal response of the diffraction and reflection
to the same strain wave are attributed to the fact that reflection is
only sensitive to the strain-optic effect, while diffraction is sensitive
to both the strain-optic effect and strain-induced deformation and
displacement of the grating lines.

In Fig. 6(b), we show the pump power dependence of the strain-
wave-induced diffraction changes. Similar to the pump power-
dependent reflection measurements, as shown in Fig. 2, we measure
a roughly quadratic dependence of the strain wave-induced diffrac-
tion efficiency as a function of pump power. Intuitively, one would
expect that the diffraction efficiency would scale quadratically with
the incident power because the diffraction efficiency of a square
grating scales quadratically with the grating amplitude.” However,
this is only true in a background-free measurement, i.e., when no
static background diffraction is present. This is not the case in
our measurements since we have a static background diffraction
of 11%. It has been shown that, when a strong background field is
present, such a quadratic dependence reduces to a linear dependence
when the background field is much stronger than the strain-induced
diffracted field, which is the case here.”® Despite this, we still mea-
sure a quadratic dependence of the diffraction efficiency on the
pump power and attribute this to the same nonlinear change in the
interband transition energy as for the reflection measurements.

IV. CONCLUSION

In summary, we have shown efficient excitation of ultrasonic
strain waves on a gold grating by using surface plasmon polaritons
to enhance the coupling of the light to the grating. We measure
strong time-dependent strain-wave-induced reflection and diffrac-
tion changes on the order of 0.7%. Furthermore, we have shown
that the amplitude of the measured reflection changes scales non-
linearly with the fluence of the pump beam for a probe wavelength
of 400 nm. We argue that this non-linear behavior is possibly linked
with non-linear changes of the interband transition energy as a func-
tion of strain. In order to account for the amplitude of the measured
reflection changes, the interband transition energy would need to
decrease by 0.013 eV.
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