Downloaded viaUNIV AMSTERDAM on November 23, 2023 at 13:25:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY-NC-ND 4.0 @ ® @ @

pubs.acs.org/JPCC

Femtosecond Laser-Induced Emission of Coherent Terahertz Pulses
from Ruthenium Thin Films

Lorenzo Cruciani,* Stefan van Vliet, Alessandro Troglia, Roland Bliem, Klaasjan van Druten,
and Paul Planken

Cite This: J. Phys. Chem. C 2023, 127, 22662—-22672 I: I Read Online

ACCESS ‘ [l Metrics & More ‘ Article Recommendations | @ Supporting Information

ABSTRACT: We demonstrate emission of electromagnetic pulses
with frequencies in the terahertz (THz) range from ruthenium thin
films through a second-order nonlinear optical process. Ruthenium -,
deposited on different substrates showed different THz emission ' Erpy
properties. We provide evidence that for Ru on glass above a certain '
power threshold, laser-induced oxidation occurs, resulting in an
increased slope of the linear dependence of the THz electric field
amplitude on pump power. The THz electric field is mainly polarized ¥
parallel to the sample surface, pointing in the same direction Substrate THz
everywhere. In contrast to Ru on glass, the electric field amplitude of
the THz pulses emitted by Ru on sapphire and on CaF, shows a
simple single linear dependence on pump power, and it is polarized
orthogonal to the sample surface. In this case, thermal oxidation in an
oven enhances the emission and introduces an additional polarization component along the sample surface. This component also
points in the same direction everywhere on the surface, similar to the as-deposited Ru on glass. Although the precise THz generation
mechanism remains an open question, our results show a strong correlation between the emission strength and the degree of
oxidation. Furthermore, the results highlight the importance of the interfaces, i.e., both the choice of the substrate and the chemical
composition of the top surface in THz emission experiments. Knowledge of the state of the sample surface is therefore crucial for the
interpretation of THz emission experiments from (nonmagnetic) metal surfaces.

H INTRODUCTION In general, one of the overlooked aspects in the
interpretation of experiments on THz pulse emission from
metals is the crucial role that the chemical state and
morphology of the sample surface can play. For example, it
has been shown that silver can react with H,S molecules
contained in air to create a layer of the semiconductor Ag,S,
forming a Schottky contact with the Ag below. This strongly
enhances THz emission through acceleration of photoexcited
carriers in the junction’s depletion field."” Such contamination
has been implicated in the search for a possible cause of the
difference between THz emission from Au and from Ag
observed by Kadlec et al.'" Still, it remains unexplained how
this could cause a change in the order of the nonlinear optical
process. Likewise, emission of THz pulses from copper was
reported by Suvorov et al.'® Although recording a surprising
exponential dependence of the THz pulse energy on pump

Many materials have been shown to emit terahertz (THz)
radiation when illuminated with femtosecond laser pulses. The
most common ones are semiconductors,' > nonlinear optical
crystals such as ZnTe™ and LiNbO;"” and ferromagnetic
metals.®® For these materials, the emission process is typically
well understood.

Emission of coherent THz pulses from nonferromagnetic
metals has also been demonstrated.'®™'* However, in this case,
the generation mechanism is less clear. This is partially caused
by several occasionally contradictory observations. For
example, high peak fluence illumination of gold gratings was
shown to lead to the emission of THz pulses. This was
explained by ponderomotive acceleration of photoexcited
electrons in the evanescent field of the surface plasmon
polaritons (SPPs) excited on the grating, giving rise to a third-
to fourth-order dependence of THz power on pump

power.””~"> On the other hand, experiments performed at Received: August 16, 2023
low peak fluence on Au surfaces also showed SPP-enhanced Revised:  October 12, 2023
THz emission,'® although there, a second-order nonlinear Accepted: October 19, 2023

optical process was observed. In this case, unlike in the high Published: November 9, 2023

laser fluence experiments, the underlying generation mecha-
nism remains an open question.
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fluence, the state of the sample surface and the possible role of
oxidation were not considered. It was subsequently shown, by
Ramakrishnan et al.,'” that oxidation of copper results in the
formation of a Cu,O/Cu Schottky contact, enhancing THz
emission. The aforementioned examples indicate that it is
crucial to properly determine the state of the sample surface as
a starting point for the correct interpretation of the
experimental results.

Here, we show that ruthenium thin films also emit THz
radiation upon femtosecond laser illumination and that the
emission displays a second-order dependence on pump power.
Surprisingly, we find that above a certain power threshold
illumination of the Ru on glass strongly enhances the emitted
THz electric field. This gives rise to a change in the slope of
the linear dependence of the THz electric field amplitude on
pump power. This process is not observed for films deposited
on sapphire and CaF,, for which a single-slope linear
dependence is seen.

Monitoring THz emission before and after annealing of an
as-deposited Ru layer in the presence of oxygen and
performing X-ray photoelectron spectroscopy (XPS) yield a
clear correlation between emission strength and the degree of
oxidation. In fact, upon oxidation, we observe an enhancement
of the THz emission electric field amplitude by a factor of
~S5.7, corresponding to an increase in the THz power by a
factor of ~33. These results provide strong evidence that the
laser-induced enhancement seen above a certain power
threshold is, in fact, caused by the partial laser-induced
oxidation of the Ru layer.

We also find a surprising dependence of the THz
polarization direction on the choice of the substrate. For
ruthenium on glass, the THz electric field is parallel to the
sample surface and has the same direction everywhere on the
surface. For ruthenium on sapphire and on CaF,, the THz
electric field is polarized orthogonal to the sample surface. In
this case, thermal oxidation, apart from enhancing the
emission, introduces an additional polarization component
parallel to the surface, similar to that observed for as-deposited
Ru on glass.

Emission is found to be independent of laser polarization
direction, suggesting that it is not caused by a coherent laser-
induced material polarization but rather by a laser-induced
current.

Our results show the importance of the state of the surface
in the emission of coherent THz pulses by using femtosecond
laser pulses. Moreover, they constitute a potent reminder that
the pump laser itself is capable of modifying surfaces, thereby
changing the THz emission.

B METHODS

The THz generation and detection setup (Figure 1) consist of
a Ti/sapphire laser that produces pulses with a central
wavelength of 800 nm at a 5.2 MHz repetition rate and a
duration of approximately 70 fs. The beam is split into a
generation (pump) and a detection (probe) arm. The pump
power is varied by means of a half-wave plate and a polarizer
and is focused on the sample to a spot with a diameter of about
700 um. The samples are illuminated from the substrate side,
unless otherwise specified. Coherent THz radiation, emitted in
the forward direction, is collimated and focused onto a 2 mm
thick (110)-ZnTe crystal, where it copropagates with the probe
beam. Here, the time-dependent THz electric field is measured
through electro-optic sampling.”® An optical chopper modu-
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Figure 1. Schematic depiction of the THz generation and detection
setup. BS denotes beam-splitter.

lates the pump beam at 10 kHz and provides the reference
frequency used for lock-in detection. The THz beam path is
flushed with dry N, gas to minimize absorption from water
vapor, reducing the humidity down to 6%gy;, as measured with
a hygrometer.

Ruthenium thin films were deposited on borosilicate glass
and on sapphire and CaF, substrates by magnetron sputtering
at an argon plasma pressure of 2 X 10~ mbar, to a thickness of
about 8 nm. Before deposition, the glass substrates were
chemically cleaned using a solution of ammonium hydroxide
(NH,OH) with hydrogen peroxide and, after that, rinsed in
isopropyl alcohol, while the sapphire and CaF, substrates were
rinsed only in isopropyl alcohol.

THz emission in the forward direction was also observed for
Ru layer thickness in a range between 5 and 20 nm without
large variations as a function of thickness. Since the 8 nm thick
films showed slightly stronger emission than the other
thicknesses, most of the results presented below were obtained
using 8 nm thick films (unless otherwise noted).

For the XPS measurements, a monochromatic aluminum Ko
X-ray source was used (producing 1486.6 eV photons). The
number of emitted electrons as a function of their kinetic
energy was measured by a Scienta Omicron HiPP-3 analyzer
with a 0.8 mm aperture entrance cone and a slit setting of 1.0
mm. The peaks were analyzed using KoIXPD software and
Doniach-Sunjic peak shapes convoluted with a Gaussian
function for ruthenium metal and ruthenium oxide. Voigt
peak shapes were used for carbon and ruthenium oxide satellite
peaks. A Shirley function was used to subtract the background.
More details on the XPS analysis are described in ref 21. The
atomic ratios were calculated from the peak areas divided by
the respective photoemission cross-section.

Tapping mode AFM images were acquired using a
Dimension ICON, Bruker with a RTESPA-300, Antimony
(n) doped Si, Bruker tip. The measured images were processed
using the Gwyddion software.”” A fifth-degree polynomial
flattening was used to correct the images.

B RESULTS

Terahertz Emission and Pump Power Dependence. In
Figure 2, we plot the measured THz electric field as a function
of time, emitted by an 8 nm thick ruthenium film deposited on
glass illuminated at a 45° angle of incidence (AOI). Similar
traces have been consistently recorded, showing no significant
differences for samples deposited on sapphire and CaF,. The
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Figure 2. Measured THz electric field as a function of time, emitted
from an 8 nm thick Ru layer on glass after illumination with an 800
nm central-wavelength femtosecond laser pulse.

traces consist of single-cycle electric fields from approximately
—0.8 to 0.5 ps (relative) delay. The quasi-oscillatory signal
seen for delays beyond 0.6 ps is caused by spectral filtering of
THz light by water vapor not completely removed by purging
with the N, gas.”> We note that the signals typically obtained
in our setup from the 8 nm thick Ru samples are rather weak:
by a rough comparison, we estimate them to be approximately
3 orders of magnitude lower in amplitude than those obtained
from a 0.5 mm (110)-ZnTe crystal.

In order to confirm that the Ru layer is responsible for the
THz emission and not the substrate, we also performed
measurements on bare substrates. No emission was observed
within the sensitivity of our setup. Additionally, measurements
on a 150 nm thick Ru layer deposited on glass were also
performed by illuminating the samples from the metal side. In
this case, no transmission of laser light was detectable, all of it
being partially absorbed and partially reflected by the thick
metal layer. The penetration depth for 800 nm light in
ruthenium is approximately 15 nm.”* When illuminating the
150 nm thick ruthenium sample from the metal side, no light
reaches the Ru/substrate interface. In addition, the electron—
phonon coupling constant in Ru is high, so that on the time
scale of a few picoseconds, a negligible amount of electron
energy reaches the Ru/substrate interface.” In this case, THz
emission in the reflection direction was also observed but not
in the transmission direction. This supports the conclusion that
the emission comes from the metal surface (or from a layer
near it) rather than from the Ru/substrate interface.

To measure the order of the optical nonlinearity, we
extracted the peak-to-peak (pk—pk) field amplitudes of the
THz pulses as a function of average pump power, P,,. The
resulting curve, measured for 8 nm Ru on sapphire at an AOI
of 45°, is plotted in Figure 3. The data follow a linear trend, as
highlighted by the linear fit plotted as a solid line. A similar
behavior was observed for Ru deposited on CaF,. These
measurements suggest that the emission is due to a second-
order nonlinear optical process.

In Figure 4a, we plot the pk—pk field amplitude of the
emitted THz pulses as a function of Py, for an 8 nm thick Ru
film deposited on glass, illuminated at a 45° AOL For pump
powers below approximately 250 mW (single-pulse pump
fluence of 12.5 uJ/cm?) the THz electric field amplitude scales
linearly with pump power. However, around a pump power of
250 mW, a transition to a different linear power-dependence
regime is observed, one with a steeper slope extending to at
least 700 mW (35 pJ/cm?). The sudden change in slope at
P ump higher than 250 mW deviates from the observations for
Ru on sapphire and CaF,, where no such change was observed.

0 160 200 300 400 500 600
Pump Power (mW)
Figure 3. THz pk—pk electric field amplitude as a function of the
pump power emitted by an 8 nm thick Ru layer deposited on
sapphire. The solid line is a linear fit. Similar results have been
obtained for Ru on CaF,.
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Figure 4. (a) THz peak-to-peak electric field amplitude as a function
of pump power for Ru on glass. Linear fits are plotted as solid lines,
they are extended as dashed lines to emphasize the different slopes.
(b) THz peak-to-peak amplitudes emitted at a fixed reference pump
power of 100 mW (pump fluence of 5 uJ/cm?) as a function of laser
pre-exposure power for 240 s exposure time. The horizontal dashed
line indicates the THz pk—pk amplitude emitted prior to laser
exposure.

As we will show below, the results for Ru on glass are caused
by permanent laser-induced material modification occurring at
high-power illumination. This modification could be respon-
sible for the enhanced THz emission observed at high power
illumination. We point out that the data plotted in Figure 4a
were obtained by continuously measuring at the same spot on
the sample, going from low to high pump power. This means
that each data point is the result of the cumulative exposure to
all of the lower powers used previously.

Laser-Induced Material Modifications. The THz
emission versus pump power qualitatively changes at a pump

https://doi.org/10.1021/acs.jpcc.3c05525
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power of about 250 mW. Here, we show that these changes are
irreversible, indicating a permanent material modification.

In order to monitor the change in THz emission caused by
laser exposure, we also recorded the THz emission at a pump
power P = 100 mW (reference fluence of S uJ/cm?), after
pre-exposing the sample to increasing laser powers for a fixed
time duration of 240 s. The experiment was carried out by
illuminating a single spot and going from low-to-high pre-
exposure powers. The peak-to-peak THz electric field emitted
by the Ru at a reference pump power of 100 mW (5 uJ/cm?),
as a function of pre-exposure power, are shown in Figure 4b.
The data show that the emission amplitude is approximately
constant for low exposure powers up to approximately 250
mW (12.5 uJ/cm?). From 250 to 700 mW (12.5 until 35 uJ/
cm?), the emission amplitude increases, reaching an enhance-
ment factor of THz electric field amplitude of approximately 3,
equivalent to a factor of 9 in power. The observed increase of
the THz emission at a given pump power after laser exposure is
a permanent effect: the metal is permanently modified by laser
exposure in a way that makes it capable of emitting more
intense THz light. Furthermore, the onset of the “steeper
slope” regime in Figure 4a and of the emission enhancement of
Figure 4b are both located around 250 mW pump/exposure
power (12.5 uJ/cm® pump/exposure fluence). This corre-
spondence suggests that the change in the slope of the power
dependence is the result of a progressive material modification
caused by the pump laser during the measurement.

Thermal Oxidation and X-ray Photoelectron Spec-
troscopy. Given the results presented above, it seems likely
that some form of laser-induced annealing is responsible for
the enhanced THz emission observed after high power
illumination. We therefore compared THz signals obtained
before and after annealing the samples in an oven in a 107°
mbar O, atmosphere at 400 °C for 60 min. Before annealing,
the samples were kept under vacuum (107° mbar) for 30 min
to allow evaporation of water films on the sample and on the
walls of the oven, as well as to purge other contaminants such
as carbon-containing molecules.

Figure Sa shows the THz traces obtained before (blue) and
after (orange) oxidation of Ru on glass. We observe a THz
electric field enhancement factor of approximately 3 after
annealing in an O, atmosphere. A similar effect is observed for
Ru on CaF, (Figure Sb) and on sapphire substrates (not
shown). The enhancement factor for Ru on CaF, is 5.7, which
becomes particularly impressive, considering that it corre-
sponds to a 36-fold increase in THz power. The enhanced
emission amplitude observed at high pump power from the
not-annealed sample seems to be correlated with an increased
presence of ruthenium oxide.

Within the signal-to-noise ratio of our experiments and
taking the relatively limited phase-matching bandwidth of the 2
mm thick ZnTe detection crystal into account, we are unable
to determine whether the rise time or bandwidths of the
generated THz pulses before and after oxidation are different.

The same pump-power-dependent measurements as those in
Figure 4 were performed on Ru on glass after thermal
oxidation at 400 °C in a 10> mbar oxygen atmosphere for 1 h.
Enhanced THz emission amplitude was observed compared
with the emission from a pristine sample. However, we
recorded a single linear trend with no change in slope at high
pump powers, implying that no further laser-induced
modification occurs for a sample preoxidized under these
conditions.

31 8 nm Ru on glass
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Figure S. THz electric field as a function of time emitted after
excitation with an 800 nm pump pulse measured from 8 nm Ru before
(blue) and after (orange) thermal oxidation. The traces are
normalized to the peak-to-peak amplitude of the THz pulses obtained
before thermal oxidation. (a) Emission from Ru on a glass substrate
and (b) emission from Ru on CaF,.

To confirm the correlation between increased Ru-oxidation
and enhanced THz emission, XPS was performed on an 8 nm
thick Ru-on-glass sample on an area exposed to high laser
power, on an unexposed one and on a thermally oxidized
sample.

The resulting data are plotted in Figure 6, showing the Ru
3d lines (Ru 3ds,, at 279.8 eV and Ru 3d;, at 284 eV). Figure
6a shows the spectrum of the as-deposited ruthenium (area not
exposed to laser light). Apart from the Ru metal peaks, we
observe a weak contribution from RuO, at 281.7 and 286 eV.
From these measurements, we calculate a thickness of this
oxide layer of approximately 0.5 nm and an atomic ratio of
oxidized over metallic ruthenium (RuO,/Ru-M) of 0.10. We
also notice the presence of carbon contamination appearing as
the C 1s peak at 284.8 eV. For this sample (pristine Ru, area
not exposed to laser light), the atomic ratio of carbon to
ruthenium (C/Ru) is 0.32. The XPS spectrum obtained from
the area exposed to high laser power is shown in Figure 6b.
Relative to the Ru metal peaks, we observe a strong increase of
the RuO,, peaks, as well as the rise of the RuO, satellite peak at
283.6 eV. The latter is a si§nature of the presence of the
ruthenium oxide rutile phase.”® In this case, the RuO,/Ru-M
ratio is 1.06. We also observe an increase in the carbon content
through the C 1s peak, leading to a C/Ru atomic ratio of 2.16.
Compared to the unexposed region discussed previously, this
corresponds to a 6.75-fold relative increase in the carbon
intensity and a 10-fold increase in the oxidized Ru.

Up to this point, enhanced THz emission resulting from
high laser power exposure seems to correlate with both
increased ruthenium oxidation and increased presence of
carbon. Since we suspected that laser-induced carbon
deposition can occur in the ambient atmosphere, we also
performed XPS on a sample annealed in a 10™° mbar O,
atmosphere at 350 °C for 30 min. Similar to the samples used

https://doi.org/10.1021/acs.jpcc.3c05525
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Figure 6. XPS of an 8 nm Ru sample on glass. (a) XPS spectrum
measured on a region not exposed to high laser power in air, (b) on a
region exposed to high laser power, and (c) on a sample annealed in
1073 mbar of oxygen.

for the measurements reported in Figure S, these samples were
kept under vacuum for 30 min before and after the annealing,
We expect this treatment to result in a lower carbon content,
allowing to clarify to what extent carbon deposition plays a role
in enhancing the THz emission.

Figure 6¢ shows the resulting XPS spectrum. The spectrum
again shows increased ruthenium oxidation, resulting in a
RuO,/Ru-M ratio of 1.03, comparable to the value obtained
from the laser-exposed region (1.06, Figure 6b). The C 1s peak
located at 284.8 eV, on the other hand, is significantly lower, as
can easily be seen by comparing the relative peaks in Figure
6b,c. The resulting C/Ru atomic ratio, in this case, is 0.77.

These results support the conclusion that only increased Ru-
oxidation (not carbon deposition) and THz emission strength
are strongly correlated.

A qualitative explanation for the fact that the laser-induced
THz emission enhancement has not been observed with
sapphire, and CaF, substrates could be the difference in
thermal conductivities between the three substrates. Their
thermal conductivities are 1.15 W/(K-m) for glass,27 9.7 W/
(K-m) for CaF,”® and 23 W/(K'm) for sapphire.”” This
implies that the glass substrate allows the metal to retain heat
for a longer time after absorption of laser light and to reach a
sufficiently high temperature to overcome the reaction barrier

for the material modification. The thermal conductivities of the
crystalline substrates, on the other hand, could be high enough
to cause the Ru temperature to decrease below the value where
oxidation can occur more quickly.”

It would be interesting to estimate the time evolution of the
temperature of Ru during excitation. However, estimating the
temperature increase is rather difficult in our case. A maximum
Ru temperature shortly after excitation with a single laser pulse
can easily be estimated. With a specific heat of Ru of 0.238 X
10% J/(kg'K), an estimated absorbed energy of 29 nJ per pulse,
and a laser beam radius on the 8 nm thick sample of about 350
um, we get a temperature increase for a single laser pulse of
about 3.4 K. However, calculating the temperature is
significantly more complicated for multiple pulses. This is
because we use a 5.2 MHz repetition rate laser. In this case,
heat accumulation due to the short time interval between the
pulses plays a role, and changes in the absorption coeflicient
due to gradual heating of the material during excitation are
difficult to predict. Furthermore, as we already mentioned, heat
diffusion into the substrate is also bound to occur, requiring
knowledge about the heat resistivity between the ruthenium
and the substrate for an estimate of the temperature reached
after a certain time interval. However, our results clearly show
that sufficiently high temperatures are reached for a sufficiently
long period of time for partial oxidation to occur.

Dependence of THz Emission on the Sample
Azimuthal Orientation. Many conventional nonabsorbing
THz emitters such as ZnTe or GaP show a distinct azimuthal-
angle dependence in the emitted THz polarization direction,
when the emitter is rotated around the normal to the surface.
As we cannot rule out that our samples might behave in a
similar way, we also measured THz emission as a function of
the sample azimuthal angle ¢. This was performed at low
pump power (150 mW, 7.5 uJ/cm?®) to avoid self-induced
material modifications.

In general, Ery, can be decomposed into a component
parallel, Ery,), and orthogonal, Ery,, to the sample surface
(see inset of Figure 7b). At an AOI of 45°, both the in-plane
and orthogonal-to-the-surface electric field have a component
perpendicular to the pump and probe beam propagation
direction and can therefore be measured in our setup.
Changing the azimuthal angle by rotating the sample around
the direction normal to the surface has no effect on Eqyy,, since
it is parallel to the rotation axis. This means that the presence
of the component of the THz polarization orthogonal to the
sample surface results in a ¢-independent offset in the
azimuthal-angle-dependent measurements. A ¢-dependent
contribution occurs only if Ery, is present and if it points
toward a fixed direction on the sample surface. In this case,
rotating the sample rotates this polarization component as well,
with respect to the fixed laser polarization.

The THz traces obtained as a function of the azimuthal
angle of an 8 nm Ru sample on glass, illuminated at a 45° AO],
are plotted in Figure 7a. The amplitude of the pulses clearly
depends on the angle ¢, and the absolute value reaches a
maximum for ¢ = 180, 0, and 360° and reaches a minimum for
¢ =90 and 270°. The measurements were performed at a fixed
orientation of the ZnTe detection crystal. Although we did not
determine the absolute sign of Ery, with our setup (see the
Methods section and a study by Planken et al.”°), changes in
the sign of the THz peaks correspond to actual flips in the sign
of the THz electric field.
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Figure 7. (a) THz traces obtained at different azimuthal orientations
at a 45° AOI for Ru deposited on glass. The traces have been
vertically displaced in three groups for clarity, despite corresponding
to the same set of measurements. (b) pk—pk amplitudes extracted
from the traces of figure (a) (blue dots) and the fitted curve (orange).
Inset: schematic of the two components of the THz electric field
vector. The red arrows represent the laser beam propagation direction
and its p-polarized electric field.

The peak-to-peak amplitudes of the traces plotted in Figure
7a were extracted, and a plus or minus sign was assigned to the
values obtained for each trace depending on the sign of the first
peak. In this way, for instance, the trace corresponding to ¢ =
180° results in a positive pk—pk value, while the one at ¢p = 0°
in a negative one. This convention has been used for all of the
results discussed below. The values obtained from the traces of
Figure 7a are plotted in Figure 7b. The data were fitted with a
function of the form A sin(¢p + a) + A; A describes the
variation of the THz amplitudes as a function of the azimuthal
angle ¢, and A is the azimuthally independent contribution to
the THz emission (related to Epyy,, see above). « is the phase
offset. Figure 7b, together with the values of A = 18.5 and A =
1.1, shows that for Ru on glass, the main component of the
THz polarization is parallel to the sample surface. This
conclusion is further supported by the fact that THz emission
was also measured at normal incidence. Furthermore, from
such azimuthal-angle dependences, we find that the THz-
polarization points toward a fixed direction on the surface,
such that sample rotations are accompanied by rotations of the
THz polarization. At a given orientation of the ZnTe electro-
optic detection crystal, there is an optimal sample orientation
which maximizes the detected THz signal.”’

The azimuthal-angle dependence of the in-plane THz-
polarization component follows a simple sine (or cosine)
dependence and is a linear polarization. ° However, knowing
the absolute linear direction of the THz polarization is not very
useful unless we can somehow connect this to another
“directional” feature on the sample surface, which we
unfortunately have not been able to do. The rotation of the
THz polarization highlighted by Figure 7 should be interpreted

as a rotation relative to some preferential direction that we
were not able to conclusively identify using the diagnostic tools
at our disposal.

It should be pointed out that the measurements were
performed by focusing the laser on a spot at a somewhat
random distance from the rotation axis of the samples. As a
result, a different part on the sample is illuminated at each
azimuthal angle. Nevertheless, the same THz signal is obtained
at a given ¢ throughout the whole sample. This means that the
direction of the emitted THz electric field component parallel
to the sample surface is the same over the whole sample. The
effect is therefore macroscopic, in contrast to the observation
of Zhang et al."”

To understand whether this azimuthal-angle dependence
results from an anisotropy present in the absorption process or
whether it occurs purely at the emission stage, we measured
the THz emission as a function of pump-polarization direction.
The measurements were performed at normal incidence to
eliminate the dependence of the sample reflection on the pump
polarization. The results (Supporting Information, Figure S1)
do not show any measurable dependence on the incident
polarization. In contrast, varying the sample azimuthal angle in
the same normal incidence configuration produces a clear
sinusoidal dependence, strongly suggesting that the azimuthal-
angle-dependence stems purely from the emission process. The
results obtained by varying the incident pump polarization
make it less likely that a macroscopic single-crystal-like pump-
induced, second-order nonlinear optical polarization is
responsible for the emission.

2D X-ray diffraction at grazing incidence has been
performed on a 20 nm Ru sample after confirming that
azimuthal-angle dependence of the THz emission was also
present for this sample. The sample thickness was chosen in
order to reduce X-ray diffraction contributions from the
substrate. The measurements were carried out to determine
whether a preferred crystal direction was present in our
samples (texturing). No preferential crystal orientation was
observed within the measurement accuracy (Figure S2).

Surprisingly, no THz pulse generation and thus no azimuthal
angle dependence were observed at normal incidence for
ruthenium films deposited on sapphire or CaF, substrates,
unless the samples were thermally oxidized under conditions
such as the ones resulting in Figure S. These observations show
a substantial difference between the emission process in the as-
deposited Ru on glass and that on sapphire/CaF,.

To understand the appearance of azimuthal-angle-depend-
ence in the THz emission for Ru deposited on sapphire, THz
emission measurements were performed after annealing the 8
nm Ru samples on sapphire in an O, atmosphere at a 1073
mbar pressure, for 30 min. The degree of oxidation was varied
by changing the annealing temperature T. The samples were
then placed at a 45° AOI to access both electric field
polarization components of the emitted Er parallel and
perpendicular to the surface. THz time traces as a function of
¢ were recorded, and the pk—pk amplitude values were
extracted following the same procedure as the one described
for Figure 7. The parameters A and A were extracted and
divided by the THz peak-to-peak amplitude emitted by each
sample before annealing (measured on the same day). This
scaling was performed in order to circumvent variations of the
THz emission due to slight differences between the samples
and/or beam alignment. The results are plotted in Figure 8.
The sum of the two scaled parameters, which we define here as
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Figure 8. Parameters extracted from azimuthal-angle dependent THz
pk—pk amplitude measurements, similar to Figure 7, as a function of
annealing temperature for Ru on sapphire. The values are normalized
by the azimuthal-angle-independent emission amplitude before
thermal oxidation of Ru on sapphire. The parameters were obtained
by fitting a function of the form A sin(¢) + A to the data. A (blue) is
the amplitude of the azimuthal variation, related to the anisotropic
component of the THz generation process along the sample surface.
A is the offset of the sinusoidal curve, related to the component
orthogonal to the sample surface. The THz-enhancement factor
(green) is the maximum THz electric field obtained as a function of
azimuthal angle ¢.

THz-enhancement factor, shown in green, corresponds to the
maximum THz electric field observed as a function of ¢ after
annealing, divided by the ¢-independent THz-peak-to-peak
amplitude measured before annealing.

The figure shows that the THz enhancement factor increases
with annealing temperatures of up to 350 °C and decreases for

higher temperatures. A similar behavior is observed for A and
A separately, the latter peaking at 400 °C rather than 350 °C.

In agreement with the results of Figure S, the THz-
enhancement factor increases with oxidation. It reaches a
maximum value of 5.7 for the electric field, equivalent to a
factor of 32 in power, at 350 °C. As explained above, the
development of the parameters A and A provides information
on the direction of the Ery, vector. Without annealing, the
THz field polarization is completely orthogonal to the sample
surface for Ru on sapphire and on CaF,, and thus, no in-plane
THz electric field component is present. The growth of the
oxide layer introduces a component parallel to the surface,
pointing in the same direction everywhere on the sample, as
highlighted by the presence of the azimuthal-angle dependence
(A # 0). A increases from 250 °C, peaks at 350 °C, and
decreases at higher annealing temperatures; similarly, A
increases from 250 °C, but it peaks at 400 °C. This seems
to indicate that the growth of the oxide layer does correspond
to the combined increase of both THz-polarization compo-
nents, at least until 350 °C annealing temperature.

Surface Morphology: Atomic Force Microscopy.
There is a clear azimuthal-angle sine-dependence when the
Ru samples are rotated around the surface normal. Normally,
this would imply some fixed direction of emission, and one
would expect the presence of some form of directionality in the
sample, perhaps in the form of oriented microcrystals. For this
reason, tapping mode atomic force microscopy (AFM) was
used to examine changes in the surface morphology upon
thermal oxidation.

Figure 9 shows the results for Ru on glass before (Figure 9a)
and after (Figure 9b) thermal oxidation in a 107> mbar O,

(a) (b)
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Figure 9. AFM images of Ru on glass (a) before thermal oxidation and (b) after thermal oxidation at 350 °C. Increased presence of nanoprotrusion
can be seen by comparing these two images. (c) Zoomed-in AFM image of the thermally oxidized sample. The arrows correspond to the direction
of the height cross sections plotted in (d). Here, it can be seen that profile numbers 1, 2, and 4 are steeper on the left side, whereas profile number 3

is symmetric or only weakly asymmetric.
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atmosphere at 350 °C for 30 min. Increased surface roughness
is observed as a result of a higher density of nanoprotrusions
(bright spots) on the oxidized sample with respect to the as-
deposited one. This observation agrees with the results by
Jelenkovic and Tong.”'

In an attempt to identify the source of the anisotropy
observed in the THz emission, we show the AFM image of a
smaller area of the annealed sample in Figure 9c. This gives a
clearer view of the nanoprotrusions and allows us to extract
four height cross sections of these features, indicated in Figure
9c¢ by the numbered arrows and plotted in Figure 9d. Although
their size varies, they reach approximately 8 nm in height with
a base width of approximately 30 nm. Cross section number 1
shows an asymmetric shape, being somewhat steeper on the
left than that on the right. The same applies to profile numbers
2 and 4. The asymmetry is far less evident in profile number 3.
We identify these features as the precursors of the nanopillars
observed by Coloma Ribera et al. in ref 32.

Although a similar asymmetry appears with different AFM
tips and on different samples, we do not exclude the possibility
of a tip artifact caused by asymmetric AFM tips.”> The
evidence for the asymmetry is therefore inconclusive.

AFM measurements were also performed on 8 nm Ru
deposited on sapphire (Supporting Information, Figures S3).
Prior to annealing, we observe a smaller density of the
nanoprotrusions compared to Ru on glass. Also, the features
are higher in glass compared to sapphire. A similar increase in
surface roughness is observed as a function of the annealing
temperature. This seems to indicate that such nanoprotrusions
might be the source of the anisotropy observed in the THz
emission, although proving that this is currently difficult.

B DISCUSSION

Correlation between THz-Emission Amplitude and
Oxidation. The enhancement of THz emission observed after
high-power illumination as well as after annealing in an O,
atmosphere, in combination with XPS measurements, indicates
that oxidation plays an important role in the THz generation
process.

Exposing Ru on glass to high laser powers enhances THz
emission by a factor of approximately 3 in the THz electric
field (9 in THz power, Figure 4ab) and increases both
oxidation and carbon content (Figure 6a) with respect to the
as-deposited samples. Annealing of pristine Ru on glass in O,
results in a similar THz emission-enhancement factor (Figure
5) and oxide content, compared to the previous case, but a
much lower increase in the carbon content (Figure 6b).
Therefore, the THz emission strength strongly correlates with
oxidation. The correlation with the carbon content, if present,
is much weaker. As a consequence, it seems likely that
oxidation causes the change in the slope of the THz electric
field amplitude dependence on pump power for Ru on glass by
enhancing the THz emission (Figure 4a,b). This correlation
points toward a generation mechanism based on the
interaction between the Ru and the Ru-oxide layers.

It has been demonstrated (Figure 6a) that a thin
subnanometer thick (~0.5 nm) layer of oxide is formed on
top of a ruthenium film under ambient conditions, a feature
observed also by Coloma Ribera et al.”> Thermal annealing has
been proven to lead to the formation of the rutile phase
RuO,.”* Although we are unable to precisely monitor the
thickness of the Ru and RuO, layers for each annealing
temperature, the oxidized layer is known to grow in thickness

with annealing temperature and with annealing time.”> We
believe that the relatively weak THz emission of the as-
deposited samples, compared to the thermally oxidized ones, is
due to the small thickness of the native oxide layer formed by
contact with the atmosphere.

From the literature and from our XPS measurements, we
know that a native oxide forms on the as-deposited Ru thin
films upon contact with ambient air,>*** a so-called O—Ru—0
trilayer. Thermal annealing above a threshold temperature
causes the formation of the RuO, rutile phase, which grows
with the annealing time and temperature. The fact that a single
threshold power is observed for the pump power dependence
of THz emission from Ru on glass (Figure 4a) indicates that a
Ru/RuO, bilayer is forming, rather than a heterojunction with
multiple layers. Although both Ru and RuO, are conductive
(RuO, has a resistivity of 76 € cm,® compared to the one of
Ru being 7.1 #Q cm’’), they might form a Schottky junction.
In that case, acceleration of photoexcited carriers in the
junction’s depletion field would be a possible generation
mechanism, similar to the one described in ref 19 for Cu/
CuO,. However, in our case, the depletion width would most
likely be extremely narrow since both Ru and RuO, have high
carrier concentrations. This emission mechanism, however,
would result in a THz electric field polarized orthogonal to the
sample surface, which does not explain the in-plane main THz-
polarization component that we observe.

The THz emission-enhancement factor grows with increas-
ing annealing temperature, up to approximately 350 °C (Figure
8), after which it starts to decrease again. It is possible that, at
this temperature, some optimal relative thickness of the
ruthenium oxide with respect to metallic ruthenium is reached.

THz Polarization Direction: Role of the Substrate.
Thermal oxidation of Ru, apart from enhancing the THz
emission with each substrate tested, also results in a change in
the polarization direction of the THz electric field for Ru on
sapphire and CaF,. On these substrates, Epy, is orthogonal to
the sample surface prior to oxidation (no emission when pump
is at normal incidence, no azimuthal-angle dependence); a
component parallel to the surface appears after oxidation
(emission when pump is at normal incidence, azimuthal-angle
dependent emission at 45° incidence). Remarkably, ruthenium
on glass emits THz pulses with both polarization components
when no thermal oxidation is performed. Any time a parallel
component is present, a dependence of the THz electric field
amplitude on the sample azimuthal orientation is observed.
The fact that azimuthal-angle dependence is observed for the
as-deposited Ru on glass, but not on sapphire and CaF,, shows
that the substrate plays a role in the THz emission.

Our observations suggest that the degree of oxidation
correlates with the presence of a THz-polarization component
parallel to the surface. Although such a polarization component
is not present in ruthenium as-deposited on sapphire and CaF,,
it is present also in the as-deposited ruthenium on glass.
Nevertheless, it is known that chemical reactions can occur,
even at room temperature, between metallic films and silicon
substrates.’® We speculate that perhaps a similar effect could
be occurring with glass substrates during ruthenium deposi-
tion. If true, then a ruthenium oxide layer forms at the interface
with the substrate, in addition to the one formed upon contact
with air. Chemical changes at the metal/substrate interface
would not easily be detectable through XPS due to its surface
sensitivity, which is limited to the uppermost ~6 nm.
Crystalline substrates such as sapphire and CaF, could be
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chemically too stable, compared to glass, to react with the
metal. Furthermore, CaF, contains no oxygen. Therefore,
although some process at the interface between the metal and
the substrate may be occurring, we have evidence that it
corresponds to the formation of an additional oxide layer and,
in fact, the high stability of SiO, (contained in borosilicate
glass) compared to that of ruthenium oxide, in principle, does
not favor this process.””*” Our confidence in this explanation
is therefore fairly low.

Search for a Source of Asymmetry. AFM measurements
(Figure 9) showed that oxidation is also accompanied by
increased surface roughness, related to the growth of
nanoprotrusions. Such features seem to tilt toward a
preferential direction, but we cannot exclude the possibility
that this is a result of a tip artifact. No other measurable
asymmetry was found using various diagnostics techniques.
2D-XRD, in fact, showed that, before annealing, our Ru on
glass samples consist of polycrystalline Ru with no clearly
measurable preferential crystal orientation (see the Supporting
Information).

Potential Explanation Based on Previous Observa-
tions. We note that THz emission from ruthenium deposited
on porous glass was reported by Zhang et al.'” Azimuthal-
angle-dependent THz emission was also observed in that case.
Similar to our results, Zhang et al. did not observe azimuthal-
angle dependence for Ru deposited on sapphire substrates.
The azimuthal-angle dependence was explained by an
anisotropic porous glass structure. Although our samples are
different from the nanostructured ones by Zhang’s group, it is
tempting to compare their results with ours. In particular, it
would be interesting to find out whether the anisotropy in THz
emission that they observed is caused by the porous
nanostructure itself or by a more subtle mechanism, still
related to the substrate choice, similar to the one taking place
in our non-nanostructured ruthenium films.

THz generation from heterostructures composed of a
nonmagnetic metal and single-crystal RuO, or IrO, has been
reported very recently by Zhang et al.*® The proposed
generation mechanism is based on current injection from the
nonmagnetic metal into the single-crystal oxide and sub-
sequent deflection induced by its anisotropic conductivity.
Although we find it unlikely that a crystal-symmetry-based
model could apply to polycrystalline films, a similar mechanism
could be occurring in our samples if we could assume a weak,
sample-wide net orientation of the RuO, crystallites. In that
case, electrons excited in the metallic Ru would give rise to a
current inside the RuO, with an in-plane component and thus
THz emission with a field component parallel to the surface.

THz emission with a polarization component parallel to the
sample surface and independent of the pump-laser polarization
direction was reported by Guzelturk et al. for periodic stripe-
domain multiferroic materials.' In that work, the THz-
polarization direction is related to the direction of the
ferroelectric polarization, and the THz emission amplitude is
shown to correlate with the density of the domain walls
(DWs). However, to the best of our knowledge, ruthenium
and ruthenium oxide have not been proven to possess any
ferroelectric behavior. Therefore, this seems to be an unlikely
explanation for the in-plane polarization component observed
in our measurements.
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B CONCLUSIONS

We have shown that 8 nm thick ruthenium films are capable of
emitting coherent THz radiation when illuminated with
femtosecond laser pulses through a second-order nonlinear
optical process. Laser-induced THz-field enhancement was
observed when using glass substrates. This manifests itself as a
change in the slope of the linear dependence of the THz-field
amplitude on pump power at a certain threshold and as an
increased emission at a fixed pump power as a result of pre-
exposure to high laser powers. XPS shows that this behavior is
most likely due to laser-induced oxidation. The laser-induced
enhancement was not observed for films deposited on sapphire
or CaF,. For these samples, a “pure” linear dependence was
observed. Nevertheless, for these substrates, annealing the
metal films in an O, atmosphere at high temperature resulted
in increased emission in addition to the formation of a THz
field component parallel to the surface. These results show a
correlation between the oxidation and enhanced THz emission
for all substrates. We observed a large THz-field enhancement,
reaching a factor of 6 for Ru on CaF,, corresponding to a
power enhancement by a factor of approximately 36.

Although the exact generation mechanism of THz electro-
magnetic radiation from ruthenium thin films as a consequence
of femtosecond laser illumination remains an open question,
we have provided a comprehensive characterization of the
emission features. In addition, our results demonstrate the
importance of an accurate determination of the state of the
sample surface for the correct interpretation of the
experimental results.
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