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Abstract: Optimizing the optical detection of ultrafast strain waves is essential for potential
applications in semiconductor metrology. A crucial element in this is the wavelength-dependent
optical response to these waves, which is, unfortunately, not known for many materials. Here,
using an ultrafast spectrometer, we investigate the strain-wave-induced changes in reflectance of
a 30 nm ruthenium layer at wavelengths ranging from 475 nm and 1000 nm. We find that the
maximum detectable strain-wave frequency is inversely proportional to the optical penetration
depth of the probe wavelength. Consequently, the spectrum peak of the reflectance change induced
by the strain-wave shifts from 80 GHz to 300 GHz, as the probe wavelength decreases from
1000 nm to 560 nm, respectively. Surprisingly, certain strain-wave frequencies are not observed
below the maximum detectable frequency for specific probe wavelengths. This emphasizes that
there is no simple relation between detection wavelength and the strength of the optical response
of the material to strain waves.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ruthenium is a relatively new material in the semiconductor industry. It is a candidate metal
to replace copper as a material for interconnects, the ‘wires’ connecting different layers in
semiconductor devices. Copper suffers from ‘graininess’, as these interconnects become narrower
(<20 nm), which increases resistivity [1]. Ruthenium suffers less from this problem and has a
lower resistivity on the nanoscale than copper [2–4]. Furthermore, ruthenium may also be used
as a selective etch mask (hard mask) in semiconductor device manufacturing, to protect areas
from being etched [5–7].

In both cases, a layer of ruthenium, tens of nanometres thick, has to be deposited onto the
silicon wafer on which the semiconductor devices are fabricated, covering the wafer completely.
Unfortunately, thick layers of ruthenium are nearly opaque for most wavelengths. This can
make optical metrology in semiconductor device manufacturing, especially wafer alignment
metrology, challenging. In alignment metrology, the position of the wafer is determined using
several ‘alignment gratings’, just before exposure in a photolithography machine, whose position
is determined with (sub)-nanometre accuracy via the diffraction of (visible) light [8].

It has been shown that such gratings, when buried underneath opaque layers, can still be
optically detected with the help of ultrafast laser-induced strain waves [9,10]. These strain waves
are generated by the absorption of a short laser pulse, and are subsequently reflected off the
buried grating, forming a strain-wave copy of the grating that travels back up to the surface,
where it can be optically detected. One of the main challenges here is the optical detection of the
strain waves with a sufficiently high signal-to-noise ratio (SNR) in a limited amount of time. In
general, increasing the SNR can be done by either decreasing noise or increasing signal. One
method to increase the SNR in the optical detection of strain waves, is to probe with wavelengths
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close to optical resonances [11–15]. These resonances, when affected by the strain wave, can
increase the change in reflectance and diffraction induced by the strain wave.

Improving the optical response to strain waves starts with selecting the ‘proper’ probe
wavelength, where the change in reflectance, induced by the strain wave, is largest. Although
there is some research on the behaviour of ruthenium under femtosecond illumination [16–20],
there is no study of the broadband optical response of ruthenium to ultrafast strain waves. The
best way to determine the proper probe wavelength is through experiments, as the linear optical
reflection spectrum is typically not a good predictor for the strength of the strain-wave-induced
change in reflectance [13].

Here, we present results of experiments on the strain-wave-induced changes in reflectance, as
a function of probe wavelength and pump-probe delay time, of an approximately 30 nm thick
ruthenium layer on sapphire, in a wavelength range from 475 nm to 1000 nm. We find that
the strain-wave-induced reflectance changes show a strong dependence on the optical probe
wavelength. Not only the amplitude, but also the temporal shape of the induced reflectance
changes varies with probe wavelength. For probe wavelengths shorter than 900 nm, we observe a
train of strain-wave-induced changes in reflectance, spaced 10 ps apart. The changes in reflectance
become shorter and sharper in time, for shorter probe wavelengths. This is also evident in the
spectrum of the time-dependent reflectance changes induced by the first reflection of the strain
wave, which contains higher frequencies when measured at shorter probe wavelengths. We
find that the maximum detectable frequency as a function of probe wavelength, more or less
corresponds to the time it takes for the strain wave to propagate over a distance that corresponds
to the optical penetration depth. Lastly, we find that the spectrum contains some gaps, most
notably at a probe wavelength of 600 nm, where the strain-wave frequencies below 150 GHz are
only very weakly present. This shows that the wavelength-dependent optical response to strain
waves is not merely a function of penetration depth.

2. Methods

An amplified laser system (Astrella, Coherent) generates a 1 kHz pulse train consisting of 35 fs,
6 mJ pulses with a central wavelength of 800 nm. This pulse train is split into two beams by an
85 : 15 (R:T) beam splitter.

The weaker part is frequency-doubled using a β-barium borate (BBO) crystal, to a central
wavelength of 400 nm, and is used to pump the sample. Every other pump pulse is blocked by
an optical chopper, synchronized to the pulse train, such that the repetition rate is reduced to
500 Hz. A mechanical delay line (M-521.D, Physik Instrumente) varies the optical path length of
the pump pulse. The pump pulse polarization is vertical with respect to the laser table and is
weakly focussed onto the sample. The full-width at half maximum (FWHM) axes of the elliptic
spot are 400 µm and 500 µm. The pump peak fluence is 9.4 mJ cm−2.

The stronger part, reflected by the beam splitter, pumps a three-stage optical parametric
amplifier (OPA) (TOPAS-HE, Light-Conversion). About 1 µJ to 2 µJ of the OPA’s signal pulse,
tuned to 1200 nm, is used to generate a white light continuum (WLC) in either a barium fluoride
(BaF2) or a sapphire crystal. Barium fluoride is used for wavelengths between 470 nm and
760 nm [21]. For the longer-wavelength measurements, a sapphire crystal was used to generate
the WLC probe pulse. For this wavelength range, using sapphire results in less pulse-to-pulse
fluctuations in both spectral shape and total intensity, compared to BaF2. After the generation
crystal, the WLC pulse is collimated and focussed onto the sample, with an angle of incidence of
about 25° with respect to the surface normal. The pulse is horizontally polarized, i.e., in the
plane formed by the surface normal of the sample and the propagation direction of the probe
pulse. The FWHM spot size of the probe pulse on the sample is approximately circular with a
diameter of about 45 µm, significantly smaller than the pump pulse spot size.
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After the sample, the reflected probe pulse is collimated and measured by the spectrometer.
The spectrometer consists of a grating with 300 lines per mm and a lens system, comprising two
cylindrical lenses, with an effective focal distance of 75 mm that focusses the dispersed pulse
onto a camera (Andor Zyla 4.2 Plus, Oxford Instruments). A reference measurement of the WLC
is recorded by the same spectrometer, but at a different active area on the camera. For this, part
of the WLC pulse is split off using a beam splitter, before it probes the sample. More details can
be found elsewhere [13].

When the crystal that is used to generate the WLC is changed, the spectrometer grating is
rotated to ensure that the wavelength range of interest is captured by the camera. Also, the
beam splitter that splits the reference from the probe beam is swapped, and the spectrometer is
calibrated again. Table 1 lists the wavelength ranges and the configurations that are used.

Table 1. Configuration of the experimental setup for the different wavelength ranges.

Wavelength range WLC crystal (thickness) Beam splitter (R:T)

470 nm to 760 nm BaF2 (2 mm) Thorlabs BST10 (70:30)

730 nm to 1000 nm Sapphire (5 mm) Thorlabs UFBS8020 (80:20)

The ruthenium film was deposited onto a sapphire substrate, via magnetron sputtering at an
argon plasma pressure of 2×10−3 mbar, with a rate of approximately 0.25 nm s−1. The substrate
was chemically cleaned using a solution of ammonium hydroxide (NH4OH) and hydrogen
peroxide in water, and subsequently rinsed in isopropanol and dried using N2 gas.

3. Results

Ruthenium has a strong electron-phonon coupling constant [22,23], which means that most of the
pump pulse energy, initially absorbed by the free electron gas, is transferred to the lattice within
the first picosecond after illumination with the pump pulse. We present, and briefly discuss,
the pump-induced changes in reflectance during the first few picoseconds after illumination
in Appendix A. The rapid transfer of energy to the lattice results in, (i) limited initial energy
diffusion deeper into the layer, as most of the energy is deposited close to the surface as a result
of the short penetration depth of the pump light and, (ii) the generation of very-high-frequency
strain waves at the surface and back interface of the layer. The amplitude of the strain wave
generated at the front surface is much larger than that of the strain wave generated at the back
interface due to the short penetration depth of the 400 nm pump wavelength and the limited
energy diffusion in the electron gas during the first few picoseconds.

In Fig. 1(a), we show the measured relative changes in reflectance, averaged over a 2.1 nm
optical bandwidth, as a function of pump-probe delay, at probe wavelengths of 500 nm, 700 nm,
and 900 nm. The measurements are shifted in time such that the onset of the initial changes is at
0 ps, for all measurements. The reflectance for 700 nm and 900 nm increases abruptly at 0 ps
pump-probe delay time, while the reflectance at 500 nm abruptly decreases and also recovers
quickly. These initial changes are mostly related to electron dynamics and are discussed in
Appendix A. After the rapid increase, the reflectance at 700 nm and 900 nm decays exponentially,
on a timescale of about 30 ps, from values of about 2%b and 4.2%, to 1.2% and 3%, respectively.
This decay is the result of the redistribution of energy within the ruthenium layer from near the
surface, where most of the energy is initially deposited, deeper into the layer. The reflectance at
500 nm is, however, mostly constant in time, at a level slightly lower than its static reflectance.
Furthermore, the exponential decay appears to be absent.

Centred at approximately 11 ps, all three wavelengths show a rapid change in reflectance. This
is shown in more detail in Fig. 1(b), where the slowly-varying background is removed. The
strain-wave spectra are shown in sub-figure c. For 900 nm, the change is a decrease in reflectance
lasting a few picoseconds, superimposed on the exponential decay. For 700 nm, the change is
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Fig. 1. a. Changes in reflectance of a 30 nm ruthenium film as a function of delay between
the 400 nm pump pulse and the probe pulse, for three probe wavelengths of 500 nm, 700 nm
and 900 nm. b. Background-removed strain-wave-induced reflectance changes for the three
wavelengths, centred at 11 ps. c. Strain-wave spectrum of the three strain-wave-induced
changes in reflection, shown in b.

more bipolar: first a decrease in reflectance, followed by an increase, relative to the exponential
decay. At 500 nm, the change consists of two small increases in the reflectance, with a dip in the
middle. These rapid changes are induced by a strain wave, generated by the thermal expansion of
the hot lattice, returning to the surface, where it was generated, after being (partially) reflected at
the back interface of the ruthenium layer and the sapphire substrate.

A similar rapid change in reflectance is visible at a pump-probe delay time of 21 ps for probe
wavelengths of 700 nm and 900 nm. These changes are again caused by the strain wave as it has
completed its second round trip. The amplitude of the changes is smaller, as the strain wave is,
again, only partially reflected at the back interface. From the roundtrip time of 10.0 ps and the
speed of sound of ruthenium of 5970 m s−1 [24], we calculate a layer thickness of 29.9 nm, close
to the value of the intended 30 nm thickness.

To investigate the probe-wavelength-dependence of the strain-wave-induced changes in
reflectance, we remove the thermal background by fitting an exponential decay to the change in
reflectance for every measured probe wavelength. In Fig. 2(a) and (b), we plot the strain-wave-
induced changes in reflectance as a function of time (horizontal axis) and as a function of probe
wavelength (vertical axis), obtained from the long-wavelength interval measurement (a) and
the short-wavelength interval measurement (b). A decrease in reflectance is indicated by the
colour blue, white indicates little or no change, and red indicates an increase in reflectance. The
amplitudes shown in panel a (and c) are multiplied by a factor of 1.36 to account for an apparent
difference in pump fluence, see Appendix D for more information.

In Fig. 2(a) and (b), we again observe the first reflection of the strain wave at around 11 ps.
For a probe wavelength of 1000 nm, the strain wave induces a decrease in reflectance, lasting
about 4 ps, centred at 11 ps. The duration of this decrease in reflectance gradually becomes
shorter for shorter probe wavelengths. At 760 nm, the shortest wavelength shown in panel a,
the strain-wave-induced decrease in reflectance only lasts about 2 ps. For the shorter probe
wavelengths shown in panel b, this trend continues: the induced change in reflectance becomes
sharper and shorter for shorter wavelengths. In addition to this, the strain-wave-induced change
in reflectance becomes gradually asymmetric for probe wavelengths shorter than 860 nm. The
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Fig. 2. a and b: Measured strain-wave-induced changes in reflectance of a 30 nm thick layer
of ruthenium on sapphire, after removing the thermal background. c and d: FFT amplitudes
of a time interval around the first strain-wave-induced change in reflectance, at 11 ps, shown
in a and b. This interval, from 5 ps to 17 ps, is indicated by the vertical black dashed lines
in a and b. The white dots indicate the frequency with the highest amplitude for every
wavelength. The amplitudes in a and c are multiplied by a factor of 1.36, see Appendix D.

reflectance change is almost bipolar between 750 nm and 620 nm. For probe wavelengths short
than 620 nm, an increase in reflectance is observed before the rapid decrease centred at 11 ps.
Furthermore, the amplitude of this change at 11 ps also decreases for shorter probe wavelengths.
At 500 nm, the change in reflectance only consists of two positive peaks, at about 9.5 ps and 12
ps. Between the shoulders, the reflectance decreases a little, this can be seen best in Fig. 1, for
the probe wavelength of 500 nm.

We use a fast Fourier transform (FFT) algorithm to calculate the Fourier transform of the
time-dependent change in reflectance in an interval centred at 11 ps, the middle of the strain-
wave-induced change in reflectance, for all probe wavelengths. This interval starts at 5 ps and
ends at 17 ps, is shown with two dashed vertical lines in Fig. 2. A Hann window is used to reduce
windowing effects in the Fourier transform.

Figure 2(c) and (d) show the amplitude of the Fourier transform, as a function of frequency
(horizontal axis), and of probe wavelength (vertical axis). The amplitude is plotted in a logarithmic
colour scale, shown above the plot. For every probe wavelength, the frequency with the highest
amplitude is indicated with a white dot. At a probe wavelength of 1000 nm, the spectrum
of the strain-wave-induced change in reflectance peaks at approximately 80 GHz and extends
to 400 GHz. As the probe wavelength decreases, the peak of the spectrum shifts to higher
frequencies. At 760 nm, at the intersection between the two sets of measurements, the calculated
spectrum peaks at 150 GHz. Between 590 nm and 700 nm, the highest frequencies contained in
the high-frequency tail even approach 800 GHz. It is important to note that these changes are
correlated with the probe wavelength, as the strain wave probed by every wavelength is always
the same.

The peak of the spectrum reaches its highest frequency of 300 GHz around 560 nm. However,
the maximum spectral amplitude starts decreasing for probe wavelengths shorter than 650 nm,
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corresponding to smaller strain-wave-induced changes in reflectance. Surprisingly, there are
several gaps in the strain-wave spectrum for these shorter wavelengths. The first gap is at the lowest
frequencies, below 150 GHz, for probe wavelengths between 590 nm and 620 nm. The second
gap is present at 200 GHz, for wavelengths shorter than 540 nm. This shows that there is not a
simple relation between optical probe wavelength and the magnitude of the strain-wave-induced
changes in reflectance.

Finally, we note that the noise floor at the longer probe wavelengths, especially in panel c
of Fig. 2, is higher than for the shorter wavelengths. This is mainly due to the low quantum
efficiency of the silicon complementary metal-oxide semiconductor (CMOS) camera used in the
spectrometer, which results in a lower SNR for the longer wavelengths.

The Fourier transform of the full time interval is shown in Fig. 9. It contains the same
frequencies, but the spectrum is now modulated at 100 GHz, due to the second and third
reflections of the strain wave that arrive at 10 ps intervals.

4. Discussion

The maximum optically detectable strain-wave frequency is, according to [25], given by either
the Brillouin frequency or by a frequency inversely proportional to the penetration depth of the
probe wavelength. We will first discuss the Brillouin oscillation and frequency.

We assume an infinitely short, plane strain wave propagating in a transparent, isotropic material,
with a (real) refractive index n. A probe pulse, with wavelength λ0, is (at normal incidence)
incident on the strain wave and is partially reflected. The reflected field is constant, if the strain
wave does not change while it propagates. A detector, only sensitive to the intensity of the
reflected probe pulse, then measures a signal constant in time. However, typically we measure a
strain wave in a layer, where the surface also reflects part of the light. The probe reflection from
the surface interferes with the probe reflection from the strain wave and changes the measured
intensity. Since the strain wave moves at the speed of sound, vs, in the material, the path length
of the probe’s reflection off the strain wave changes too, with twice the speed of sound, as the
probe has to travel to and from the strain wave. When the path length difference equals an integer
multiple of the wavelength of the probe light in the material, λ0/n, the phase of the probe’s
reflection is the same, and the reflections constructively interfere. The time it takes for the
intensity to complete one period of oscillation, the Brillouin oscillation period, is then given
by tB = λ0/(2nvs). This also implies that the Brillouin oscillation frequency, fB = 2nvs/λD, is
the only frequency that is measured, and is independent of the shape of the strain wave. This
mechanism is commonly referred to as time-domain Brillouin scattering, and its relation to
frequency-domain Brillouin scattering is discussed in [26].

Now, consider a material that strongly absorbs, and in which light has a finite penetration depth.
In this case, we can only measure the strain wave if it is inside the optical penetration depth at the
probe wavelength, δp in the material. Furthermore, the distance of the strain wave to the surface
not only influences the phase of the field reflected from the strain wave, but also the amplitude
of this field. Again, we consider an infinitely short strain wave. Assuming a relatively long
penetration depth, this very-high-frequency strain wave will result in a change in reflectance that
is ‘smeared’ out in time. In contrast, a probe pulse with a short penetration depth only measures
the strain wave if it is very close to the surface, resulting in a short time when the reflectance is
affected by the strain wave. So, the time it takes for the infinitely short strain wave to propagate
through this volume determines the maximum frequency with which we can detect the strain
wave. This frequency is then proportional to fp = vs/δp [25].

Time-domain Brillouin oscillations observed in reflectance with frequency fB are caused by
interference between light reflected off the propagating strain wave and light reflected off the
(front) surface. As the strain wave propagates, the optical path length difference between the two
reflected beams changes, creating a contribution to the time-dependent reflectance, that oscillates



Research Article Vol. 33, No. 16 / 11 Aug 2025 / Optics Express 33238

with optical path length difference. If we can ignore time-domain Brillouin oscillations as
described above (as we will argue later), the only time-dependent changes in probe reflectance are
caused by the strain wave periodically entering the region corresponding to the probe penetration
depth. The time between the periodic features observed in the reflectance measurements, is then
the round trip time of the strain wave in the medium. The spectrum of each individual rapid
change is thus limited by fP.

In Fig. 3, we plot the amplitude of the Fourier transform of the first strain-wave-induced change
in reflectance as a function of probe wavelength and frequency, similar to Fig. 2(c) and (d), but
mirrored and rotated. For each optical probe wavelength, we have normalized the spectrum to
the maximum amplitude of that probe wavelength. As a result, we can more easily compare
the differences in the strain-wave spectra measured at different probe wavelengths. The spectra
are smoothed by applying a moving average over 10 spectra in the horizontal direction. On top
of these spectra, the Brillouin frequency, fB, and the frequency associated with the penetration
depth, fp, are plotted as a function of probe wavelength, in black and red, respectively. These
are calculated using the complex refractive index, ñ, given by [27] and the speed of sound,
vs = 5970 m s−1, taken from [24]. For simplicity, the frequencies are calculated assuming normal
incidence of the probe beam. The actual angle of incidence of 25° is expected to have ultimately
little effect, due to strong refraction towards the surface normal, as the (complex) refractive
index of ruthenium is high (>3.5) [27] in the wavelength range considered. The small effect by
assuming perpendicular incidence on the sample on the frequencies is therefore neglected to
simplify the calculations.

Fig. 3. Strain-wave amplitude, normalized to the maximum amplitude for every wavelength,
as a function of frequency (vertical) and wavelength (horizontal). The spectra are smoothed
in the horizontal direction by a moving average over 10 spectra. The Brillouin frequency,
fB, (black line) and the frequency associated with the penetration depth, fp, (red line) are
calculated using the refractive index of ruthenium taken from [27].

We check the strain wave frequency spectrum by calculating the position-dependent displace-
ment (and the strain) in the layer via the elastic wave equation (Eq. (1)). The spectrum of the
strain wave extends well above 1 THz, as can be seen in Fig. 8 in Appendix B. Especially for the
positions close to the surface, the amplitude at 1 THz is still about half of its peak amplitude at
approximately 300 GHz.

As can be seen, fP coincides with the frequencies at approximately 20% of the peak amplitude
and reflects the wavelength dependence observed in the measured frequency spectrum. We
note that fP is calculated with literature values for the refractive index and speed of sound in
ruthenium.
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In contrast, the Brillouin oscillation frequency is well below the frequencies where the
amplitude peaks, and is not strongly wavelength dependent. The frequency is about 53 GHz at
1000 nm, peaks at approximately 650 nm with 90 GHz, and decreases to about 78 GHz at 470 nm.
The decrease in fB for wavelengths shorter than 650 nm is due to a decrease in the real part of
the complex refractive index of ruthenium for those wavelengths. That the calculated Brillouin
frequency is well below the frequencies where the amplitude peaks, is not unexpected, as the
time-dependent Brillouin oscillations are caused by changes in the interference between light
reflected at the surface, and light reflected from the propagating strain wave. To observe these
oscillations, the phase difference between the two optical waves must be large enough and change
over at least π as the strain wave propagates through the layer. However, due to the short optical
penetration depth in ruthenium and due to the layer thickness of only 30 nm, this does not occur.
Brillouin oscillations are thus not observed.

We would like to point out that the largest strain-wave-induced changes in reflectance are not
necessarily measured at the shortest probe wavelengths. For example, in Fig. 2(d), it seems that the
highest frequencies are observed between 600 nm and 700 nm, but this mainly caused by the larger
amplitude of the strain-wave-induced changes in reflection at those wavelengths, compared to
those at the shortest wavelengths. Note that fB and fp do not take the (probe-wavelength-dependent)
‘strain-optic’ coefficient, ∂ñ/∂η, into account, where η is the strain.

Probing with a wavelength that has a larger penetration depth may result in a larger strain-wave-
induced change in reflectance, as the strain-wave amplitude goes to zero near a free surface. This
is the result of the stress-free boundary condition at such a surface. From the elastic equations
[20], we have

σz = (λ + 2µ)ηz − σthermal, (1)

where σz is the stress in the z-direction, perpendicular to the interface, λ and µ are the first and
second Lamé parameters, that determine the relation between stress and strain in materials, ηz is
the strain, and σthermal is the thermal stress in the material. A free surface is free to move and
the stress on this surface is zero. Hence, the strain is proportional to the slowly varying thermal
stress. The strain-wave amplitude therefore is zero at the interface, and still small close to the
interface. This can also be seen in Fig. 8 in Appendix B, where the strain wave amplitude close
to the surface is very small. Another consequence of this boundary condition is that the wave is
perfectly reflected at the interface.

A larger penetration depth thus allows one to probe where the strain-wave amplitude is larger.
A different approach to this problem is to add a transparent layer to the surface, and thereby
changing the boundary conditions. Now, the surface where the strain wave amplitude is zero is
the surface of the transparent layer and the strain-wave amplitude at the transparent layer/metal
interface is no longer zero. This can result in probing a strain wave with a larger amplitude, close
to the surface of the absorbing layer, as is demonstrated in [28].

Finally, there are some gaps in the spectrum, which are visible in Fig. 3 at, for example,
the low frequencies for probe wavelengths around 600 nm or the frequencies around 200 GHz
for probe wavelengths between 480 nm and 550 nm. Furthermore, we find that the vanishing
of the amplitude of the low strain-wave frequencies around a probe wavelength of 600 nm is
accompanied by a phase shift of the low-frequency components, when comparing the phase of
these frequencies for probe wavelengths above and below 600 nm. In Fig. 4(a) and (b), we plot
the high-pass and low-pass filtered changes in reflectance as function of time (horizontal) and
probe wavelength (vertical), for the short-wavelength set of measurements. The changes are
plotted in a linear colour scale, that is shown next to panels a and b. An 8th-order, zero-phase,
digital filter is used, with cut-on (Fig. 4(a)) and cut-off (Fig. 4(b)) frequencies of 150 GHz, which
is in the gap between the first and second peak of the spectrum, as seen in Fig. 9 in Appendix C.
In panel a, the high-pass filtered changes are becoming sharper for the shorter probe wavelengths,
since higher strain-wave frequencies are detected. However, in panel b, the phase of the (slow)
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oscillation changes at a probe wavelength around 600 nm. This is indicated by the slanted black
dashed lines, which follow the peaks and valleys of the low-frequency oscillatory change in
reflectance.

Fig. 4. a. High-pass filtered (cut-on frequency: 150 GHz) strain-wave-induced changes
in reflectance for the short-wavelength set of measurements. b. Low-pass filtered (cut-off
frequency: 150 GHz) strain-wave-induced changes. The black dashed lines show the change
in the phase of the low-frequency oscillations around 600 nm.

We speculate that both the vanishing amplitude and the change in phase for certain strain-wave
frequencies may be related to what is described in [29]. In that article, the authors describe
the relation between the measured strain-wave-induced changes in reflectance as a function of
strain-wave frequency and the strain wave with a frequency-dependent transfer function. This
transfer function depends on the wave number of the optical probe, wave number of the strain
wave in the medium, the dielectric function of the medium and its derivative with respect to
strain. In their description, the transfer function, for all strain-wave frequencies, is always a
purely imaginary number. So, for a fixed probe wavelength, the transfer function, for increasing
strain-wave frequency, is allowed to cross zero and continue on the other side of the imaginary
axis. This would result in a π-phase shift for the higher frequencies, for which the transfer
function amplitude is larger than zero. Conversely, the same may happen when the probe
wavelength is varied, for a fixed strain-wave frequency. It appears, however, that the phase shift
of the low-frequency components of the reflectance change around 600 nm, indicated by the
black dashed lines in Fig. 4(b), is not exactly π. This could be due to the low amplitude of the
reflectance changes for the shortest wavelengths, as this makes accurately determining the phase
more difficult.

5. Conclusions

We have measured the ultrafast strain-wave-induced changes in reflectance of a 30 nm ruthenium
layer on a sapphire substrate, as a function pump-probe delay time and probe wavelength. Two
sets of measurements were conducted, one for wavelengths between 480 nm and 760 nm, the
other for wavelengths between 730 nm and 1000 nm. For all probe wavelengths, we detect
strain-wave-induced changes in reflectance, with a period of 10 ps. But for wavelengths shorter
than 900 nm, a train of isolated strain-wave-induced changes in reflectance is measured, spaced
10 ps apart. These individual pulses contain frequencies up to 800 GHz, when detected at optical
wavelengths around 650 nm. However, the amplitude of the changes in reflectance decreases
for wavelengths shorter than 600 nm. Furthermore, we find that the maximum detectable
frequency, as a function of probe wavelength, corresponds to the time it takes for the strain
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wave to propagate through the optical penetration depth at that probe wavelength. Finally, we
observe some frequency components that have a very low amplitude. Most notably, almost
no strain-wave-induced change in reflectance is measured for strain-wave frequencies below
150 GHz for probe wavelengths around 600 nm. This absence of signal is accompanied by a phase
shift, when we compare the low-frequency changes in the reflectance at probe wavelengths above
and below the probe wavelength of 600 nm. This clearly shows that the wavelength-dependence
of the strain-wave-induced change in optical reflectance is not a simple function of penetration
depth of the probe wavelength.

A. Electron dynamics

Ultrafast strain waves are generated by the rapid expansion of the ruthenium layer due to heating
of the metal lattice after illumination with the pump pulse. The pump pulse energy is initially
absorbed by the free electron gas and is transferred to the lattice via electron-phonon coupling. In
this section, we probe the reflectance during the first few picoseconds after illumination, where
the electron dynamics are expected to be strongest.

We plot the pump-induced changes in reflectance as a function of pump-probe delay, for four
probe wavelengths, 480 nm, 580 nm, 650 nm, and 730 nm in Fig. 5(a). The measured changes in
reflectance are shifted in time such that the onset of the changes is approximately the same, i.e.,
the chirp in the white light probe pulse has been corrected afterwards.

Fig. 5. a. Measured changes in reflection of the 30 nm ruthenium layer as a function of
pump-probe delay, for probe wavelengths of 730 nm, 650 nm, 580 nm and 480 nm. b. Same
for probe wavelengths of 100 nm, 900 nm, 800 nm and 750 nm, which were obtained in a
separate measurement.

The reflectance of the shortest probe wavelength shown, 480 nm, initially decreases and reaches
a minimum of about 0.2% lower than its static reflectance at about 200 fs. After that, the change
in reflectance becomes positive and reaches a constant value of 0.1 % at 500 fs. At 580 nm,
the change in reflectance also reaches a minimum at 200 fs, at −0.7 %. It recovers slightly, but
the change remains negative at about −0.4 % after the minimum. At 650 nm, the reflectance
shown a similar change as at 480 nm, although the change in reflectance is about 0.5 % after 1 ps.
The change in reflectance at 730 nm is strictly positive. However, at 200 fs, the change shows a
‘wobble’, before increasing to its maximum value of 1.2 % at 1 ps.

In Fig. 5(b), the changes in reflectance as a function of pump-probe delay, of four longer probe
wavelengths, of 750 nm, 800 nm, 900 nm, and 1000 nm, are plotted. The reflectance at 750 nm
increases gradually, until it reaches a level about 2 % higher than the static reflectance. The
reflectance for the longest wavelengths, 800 nm, 900 nm, and 1000 nm increases more abruptly
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and almost like a step-function when the ruthenium is illuminated by the pump pulse. The
reflectance reaches a constant level of 2.2 %, 2.8 %, and 4.7 % for wavelengths of 800 nm, 900 nm,
and 1000 nm, respectively.

The wavelengths, shown in Fig. 5(a), have been selected as they are representative of four
regimes observed in the full measurement, which is shown in Fig. 6(a). Here, the changes in
reflectance, as a function of pump-probe delay (horizontal axis) and probe wavelength (vertical
axis), are shown in a colour scale. Red indicates an increase in reflectance, blue a decrease
in reflectance and white indicates little or no change. Also, the chirp of the WLC pulse has
been corrected by fitting a fifth-order polynomial to the onset of the change for each probe
wavelength. This onset is defined as the first point to cross the threshold of 5 % of the maximum
amplitude of the change in reflectance for that probe wavelength. The first regime, represented
by 480 nm, contains the shortest probe wavelengths up to 490 nm and shows, initially, a decrease
in reflectance. After the initial decrease, the reflectance for these wavelengths recovers to a slight
increase. The second regime contains wavelengths between 490 nm and 630 nm, which show a
strictly negative change in reflectance. The third regime contains wavelengths between 630 nm
and 690 nm that show a similar change in reflectance as the first regime, initially negative but
later positive. The change in reflectance of wavelengths longer than 690 nm, in the fourth regime,
is only positive. Also, the longer wavelengths shown in Fig. 6(b) belong to this regime.

Fig. 6. Changes in reflectance as a function of probe wavelength and pump-probe delay
time. The chirp has been removed. Panel a shows the short-wavelength measurement, panel
b the long-wavelength measurement.

The evolution of the temperature in metals, shortly after illumination by an intense fs pulse, is
often described by the two-temperature model (TTM) [30]. In this model, the free electron gas
and the metal crystal lattice are treated as separate but coupled thermodynamic systems, each
with its own temperature, Te and Tl, respectively. The laser energy is absorbed by the electron
gas and transferred to the lattice via electron-phonon scattering. The TTM, in one dimension,
can be written as a function of two coupled heat equations as [30]:

Ce(Te)
∂Te

∂t
=

∂

∂z

(︃
κe(Te, Tl)

∂Te

∂z

)︃
− G (Te − Tl) + S(z, t), (2)
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Cl
∂Tl

∂t
= G (Te − Tl) . (3)

Here, Ce and Cl are the heat capacities of the electron gas and lattice, respectively, κe is
the electron thermal conductivity, G is the electron-phonon coupling constant and S(z, t) is the
absorbed laser energy density.

This system is solved numerically, using a forward difference method. The layer is treated
as free-standing and Neumann boundary conditions (no heat flux through the boundaries) are
used. The electron heat capacity as a function of electron gas temperature and the electron
thermal conductivity as function of electron gas and lattice temperatures are taken from [23].
The electron-phonon coupling constant G = 1.85×1018 W m−3 K−1 is taken from [31], and
the lattice heat capacity is 2.95×106 J m−3 K−1 [20]. By multiplying the absorption profile as a
function of depth with a Gaussian intensity distribution in time, the absorbed pump laser energy
is calculated. The absorption profile is calculated with the transfer-matrix method (TMM) python
package [32] for a 30 nm ruthenium thin film on a sapphire substrate. The n, k values of Ru are
obtained via ellipsometry of a Ru layer deposited using the same process as is used here. The
Gaussian intensity distribution has a FWHM pulse length of 60 fs, peaks at 250 fs, and has a
(peak) fluence of 9.4 mJ cm−2, matching the experimental parameters.

Figure 7(a) shows the calculated electron gas and lattice temperature at the surface of the Ru
layer, as a function of time. The electron temperature at the surface peaks at 290 fs, only 40 fs
after the peak of the laser pulse, at 2770 K. After this, the electron temperature decreases rapidly
as energy is transferred to the lattice, as the electron-phonon coupling in Ru is very strong. As a
result, the lattice temperature increases by almost 400 K in the 500 fs after the peak of the laser
pulse. At the surface, the lattice and electron gas are in local thermal equilibrium after 920 fs,
at a temperature of 630 K. The deposited energy is still mainly concentrated near the surface,
where most of the pulse energy is absorbed. From this moment on, the energy will be distributed
evenly throughout the layer, by the electron gas, as the lattice itself does not conduct heat in
this formulation of the TTM (see Eq. (3)). As a result, the electron gas temperature is higher
than the lattice temperature, near the back interface of the layer, while it is lower than the lattice
temperature near the surface of the layer. This can be seen in Fig. 7(b), where the electron gas
and lattice temperatures as a function of depth are plotted, at 289 fs and 920 fs. At the surface,
the electron gas and lattice temperatures are in equilibrium, but deeper in the layer the electron
temperature is still higher.

When comparing the electron and lattice temperatures at the surface, shown in Fig. 7, with the
measured changes in reflectance, shown in Figs. 5, it is remarkable that, for wavelengths longer
than ∼ 700 nm, the drastic increase in electron temperature is not evident from the change in
reflectance. For the shorter wavelengths, this typical ‘electron’ peak in the reflectance appears
to be present. This seems to be in agreement with results from the XUV Optics group at the
University of Twente [16].

Finally, the lattice temperature distribution within the layer, as a function of time, also
determines how the strain waves are generated. As soon as the lattice temperature starts to
increase, the lattice starts to expand. Only the surface and the interface with the substrate are
free to move, hence that is where strain waves will be generated. The lattice temperature from
the surface increases from its initial temperature of 300 K to almost 700 K in about 500 fs. The
surface will thus rapidly start to expand and generates a high-frequency strain wave. The back
interface, in the same time, reaches a lattice temperature of just over 400 K, and also generates a
strain wave, but with a lower amplitude compared to the one generated at the surface.
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Fig. 7. a. Calculated electron (solid lines) and lattice (dashed lines) temperatures as function
of time at the surface and, b. as a function of depth for t = 289 fs and t = 920 fs. The
vertical dashed lines in a. indicate the peak of the electron temperature at t = 289 fs (orange
dashed line) and the moment the lattice and electron gas are in thermal equilibrium at the
surface, at t = 920 fs (green dashed line).

B. Calculation of strain wave spectrum

Using the elastic wave equations [20], and using the lattice temperature calculated as a function
of time and position from Appendix A, we calculate the displacement using a similar numerical
model as in Ref. [20]. The 30 nm ruthenium film is considered to be free standing, i.e., at both
front and back interface we consider a stress-free boundary condition. Material parameters for
ruthenium are shown in Table 2.

Table 2. Ruthenium material parameters used in the strain
calculation. Values are taken from [33].

Material parameter Unit Value

Young’s modulus, E GPa 447

Bulk modulus, B GPa 220

Linear expansion coefficient, β - 6.4e-4

Density, ρ kg3 m−1 12.37e3

Figure 8 shows, in the left column, the strain as a function of time at several positions along a
line perpendicular to the surface. The average strain at each position in this time window has
been subtracted. The solid lines show the calculated strain and the dashed lines show the strain
multiplied by a Hann windowing function. Between 9 ps and 10 ps, depending on the position
inside the layer, we see the strain wave returning to the surface. Up to 2 ps later, we see the strain
wave propagating back into the layer, after being reflected off the surface. Before and after this
main strain wave, we observe smaller peaks. These are caused by the strain wave that is generated
at the back interface of the layer, and are mostly removed by the Hann window.

In the right column of Fig. 8, we see the corresponding strain-wave frequency spectra, obtained
via FFT from the time-domain data shown in the left column. The strain wave is calculated using
a time step of 40 as, but only saved at a sample rate of 10 fs.
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Fig. 8. Left column, calculated strain (solid lines) as a function of time at selected positions
in the layer. Dashed lines: strain multiplied by a Hann window. Right column: amplitude of
the FFT of the strain at selected positions. The solid line is the calculated strain, and dashed
line is the Hann-windowed strain.

C. FFT full time interval

The FFT of the 35 ps interval is shown in Fig. 9. It largely resembles the spectrum of the first echo
(Fig. 2), but is modulated by 100 GHz, due to the 10 ps roundtrip time. Nonetheless, frequency
components up to 600 GHz are still visible for probe wavelengths around 650 nm.

Fig. 9. a and b: Measured strain-wave-induced changes in reflectance of a 30 nm thick layer
of ruthenium on sapphire, after removing the thermal background, identical to Fig. 2(a) and
(b). c and: FFT amplitudes of the 35 ps time interval shown in a and b. The amplitudes in a
and c are multiplied by a factor of 1.36, see Appendix C.
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D. Scaling of the longer-wavelength measurements

There is a distinct difference in the amplitude of the changes in reflectance between the short-
wavelength measurement, for wavelengths between 408 nm and 760 nm, and the long-wavelength
measurement, between 730 nm and 1000 nm. By scaling the latter by a factor of 1.36, the
measurements overlap, as can be seen in Fig. 10(a) and (b). In Fig. 10(a), the change in reflectance,
including thermal background, is shown for a probe wavelength of 740 nm from the short- and
long-wavelength, in blue and orange, respectively. Figure 10(b), shows the background-removed
changes in reflectance, induced by the strain wave, for probe wavelengths of 730 nm, 740 nm
and 750 nm. The short-wavelength measurement is shown in blue and the long-wavelength
measurement is shown in orange. The differences between the two sets of measurements are,
after the adjustments, very small.

Fig. 10. a. Comparison between the change in reflectance measured at 740 nm from
the short-wavelength measurement (blue) and measured at the same wavelength from the
long-wavelength measurement (orange), that is scaled by 1.36. b. Comparison between
the strain-wave-induced reflectance changes at 730 nm, 740 nm, and 750 nm from the short-
(blue) and long-wavelength (orange) measurement. The data from the long-wavelength
measurement is scaled by 1.36, again. The curves are offset for visibility.
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