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ABSTRACT: It is often necessary to distinguish between the plasmon

oscillations arising from confinement in nanostructures and interband

transitions characteristic of the bulk. Grating nanostructures are an ideal | gitudinal
platform to achieve this goal, since they provide nanoscale confinement in probe
one direction while maintaining macroscopic properties in the other. It is 4 W
thereby possible to distinguish between confined plasmons and interband J
transitions by the choice of polarization of the pump and the probe
pulses. Here, we report transient absorption (TA) experiments on gold
gratings with a 500 nm period pumped with a short pulse centered at 680
nm, reasonably far from the plasmon resonance. The ensuing dynamics of
the hot electrons generated by the pump are monitored by broad band
visible probe pulses polarized both parallel and perpendicular to the
grating lines. We observe a significant difference in the spectral response

of the two probe polarizations, while the temporal responses are quite

similar. Furthermore, the response of gold nano-gratings qualitatively

does not depend on the pump polarization. These results indicate that,
regardless of polarization, the pump creates hot electrons in the metal that
influence both interband and confined plasmon absorptions. The time-scales of the TA signal, therefore, is indicative of the
cooling of the hot electrons as they equilibrate with the lattice. Furthermore, we performed similar experiments on TiO,-
covered gratings and found that it is consistent with the previous work on electron injection into TiO,, with a response that
depends on the pump polarization. These results provide a clearer understanding of the interplay between interband and
confined plasmons in photoexcited metal nanostructures.
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lasmons are the collective oscillations of free electrons in TiO, by overcoming the Schottky barrier at the inter-
metals."”” In gold, electrons in the 6s band near the Fermi face.”””*372° In this case, the semiconductor—metal interface

level mainly contribute to the plasmon oscillation.” > Surface serves to separate the photoexcited electrons and holes, which
7-29
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plasmons in metals correspond to excitations resulting from
the interaction of electromagnetic fields at the boundary of
metals and dielectrics.” The local surface plasmon resonance
(LSPR) in metal nanostructures arises from confinement of
surface plasmons when the size of the particle is much smaller
than the wavelength of light. This strong confinement of the
electromagnetic field in subwavelength-sized nanoparticles has
led to various applications, including biomedical sensing,” ™'
optical spectroscopy,”’'™'* surface catalysis,”'*”"® and energy
conversion devices.”>" The local surface plasmon resonance
of gold nanostructures lies within the visible range of the
electromagnetic spectrum, making it particularly useful for
these applications. Semiconductor-coated metal nanostructures
have also shown great potential as novel photocatalysts.”*”
Many of these studies have shown that hot electrons excited
via the local surface plasmon resonance can transfer from
below the Fermi level in gold into the conduction band of
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is advantageous for energy conversion applications.”

Ultrafast transient absorption (TA) spectroscopy has been
successfully used to characterize the plasmon resonant
properties of gold nanoparticles of various sizes and geo-
metries."®°™% However, in most of these works it is difficult
to distinguish between the dynamics of confined plasmon
resonances and that of the gold interband transitions. The
interband transitions in gold appear as a broad peak around
500 nm, which is often attributed to the 5d to 6s interband
transition and its ground state bleach. These ultrafast time-
resolved studies have shown photoexcited decay on the time
scale of 1—2 ps. Della and co-worker reported transient-
transmission spectrum of 30 nm gold thin film. Interband
transition at 503 nm was observed and the time-scale dynamics
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Figure 1. Four experimental configurations arranged according to polarization angles with respect to the gratings: (a) LL (pump longitudinal,
probe longitudinal), (b) LT (pump longitudinal, probe transverse), (c) TT (pump transverse, probe transverse), and (d) TL (pump transverse,
probe longitudinal).
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Figure 2. Transient absorption data for bare gold gratings in the polarization configurations described in Figure 1: (a) TL (pump transverse, probe
longitudinal), (b) LL (pump longitudinal, probe longitudinal), (c) LT (pump longitudinal, probe transverse), and (d) TT (pump transverse, probe
transverse). In (a) and (b) only transient changes in interband absorption (around 510 nm) is observed. In contrast, in (c) and (d), plasmon
resonance depletion (around 540 nm) is observed in addition to the interband response.

was reported.”® Aiboushev and co-workers reported both workers reported extinction spectra of 1170 nm X 49 nm gold
positive and negative modulations of the absorption (AA/A), nanorods, which show a transverse mode extinction peak at
including an interband transition at 2.4 eV (516 nm) and a 530 nm, whlle the longitudinal mode peak is red-shifted to
plasmon resonance at 2.28 eV (543 nm) for gold nanopartlcles 1300 nm.*® Notably, the diameter of these nanorods are similar
(20—80 nm diameter) embedded in a TiO, film.** In most of to the thickness of the gratings that have been used in this
these previous studies, because of the spherical symmetry of study, making it an interesting comparison to our work.
the nanoparticles and/or inhomogeneity of the samples, there However, these were ensemble measurements of many
was no easy way to distinguish between LSPR excitations and randomly oriented nanorods deposited on a surface, and the
interband transitions. There has been work reported on orientations of the nanorods relative to the polarization of light
nanoparticles that are not spherically symmetric. Payne and co- were not strictly defined.
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Figure 3. Density of states of gold indicating the features associated with the 6s and Sd bands. (a) The 680 nm pump laser excites electrons from 6s
band below the Fermi level to empty states above the Fermi level, generating nonthermal holes and electrons, which thermalize much faster than
our time resolution into a new hot Fermi—Dirac distribution (b). (c) The 400—600 nm broadband probe interacts with photoexcited electrons and
holes in two ways. Excess absorption is observed around 500 nm due to holes generated below the Fermi level by the pump, corresponding to
excited state absorption (AA/A > 0). Reduced absorption (AA/A < 0) is observed around 470 nm due to absorption blocking by the electrons
excited above the Fermi level. (d) Typical transient absorption spectrum of gold and its relation to the optically generated transient electron—hole

population.

In order to further distinguish the interband transitions of
bulk gold near the Fermi level and the LSPR allowed in
nanoscale structures, we designed gold nanoscale gratings to
study both bulk-specific phenomena (e.g, interband tran-
sitions) and nanospecific phenomena (e.g,, LSPR) on the same
sample in the same experiment. In the work presented here, we
investigate the ultrafast carrier dynamics in gold grating
nanostructures with and without TiO, coatings. These grating
nanostructures provide an ideal platform to study surface
plasmon resonance for the following reasons. First, the
polarization angle of the incident light with respect to the
lines in the gold grating can be changed by simply rotating the
gold grating samples and/or waveplates. Since the LSPR
cannot be excited when the incident polarization is parallel to
the lines in the grating, these grating structures can be used to
distinguish the bulk interband absorption and confined
plasmon resonances. Here, we measure the pump—probe
time-resolved transient absorption spectra of the gold gratings
in four different polarization configurations. For clarity of the
polarization directions, we have chosen the following
terminology. Transverse (T) refers to the polarization of
light in which the electric field is perpendicular to the grating
lines. Longitudinal (L) refers to the polarization in which the
electric field is parallel to the grating lines. The four
experimental configurations are as follows (see Figure 1):
(1) LL (pump longitudinal, probe longitudinal), (2) LT
(pump longitudinal, probe transverse), (3) TT (pump
transverse, probe transverse), and (4) TL (pump transverse,
probe longitudinal). The bandwidth of the probe (400—700
nm) covers the confined plasmon wavelength, and therefore,
the transverse probe is resonant with LSPR, while the
longitudinal probe is not. The pump wavelength in all
experiments is at 680 nm, which is away from the LSPR.
However, as will be shown later, in the TiO, covered sample,
the polarization of the pump does matter and can influence
electron injection into the semiconductor layer. The main
purpose of our work is to measure and explain the ultrafast
electronic dynamics of the grating nanostructures in these four
polarization configurations.
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B RESULTS AND DISCUSSION

The transient absorption (TA) data for a bare gold grating is
presented in Figure 2. Time zero corresponds to the overlap
between the pump and probe laser pulses. In all TA
measurements, the transient absorption data shows an excited
state absorption (AA/A > 0) near 510 nm and a reduced
absorption wing (AA/A < 0) around 450 nm. In Figure 2c,d,
when the probe laser is transverse with respect to the grating
lines (i.e., resonant with LSPR), the TA data shows additional
large depletion (i, less absorption) due to the plasmon
resonance above 540 nm.

Transient Changes in Interband Transitions. In TA
measurements, we have shown excited state absorption
corresponding to interband transitions (510 nm) and ground
state bleach (450 nm) for all pump polarizations as shown in
Figure 2. Comparing all four polarization configurations, we
observe that the relative peak intensity, peak positions, and
time-resolved dynamics of both the excited state absorption
and ground state bleach vary only by a small amount. This
result is consistent with our hypothesis that these two features
do not depend on the polarization of the pump or probe. In
other words, these two peaks have no specific dependence on
the nanoconfined direction of the gratings and arise from
changes in the interband transitions, as will be discussed below.

The changes in interband transitions can be understood
based on the electronic structure of gold, as illustrated in
Figure 3a. The electronic density of states of gold is composed
of a broad and diffuse 6s band at the Fermi level and a 5d band
with a substantially larger density of states ~2 eV below the
Fermi level.”” The 680 nm (1.82 eV) pump pulse creates
electron—hole pairs around the Fermi level, primarily within
the 6s band, as depicted in Figure 3a,b. The pump excitation
creates a non-Fermi—Dirac (nonthermal) distribution, which
quickly relaxes (<50 fs) into a hot Fermi—Dirac (thermal)
distribution through electron—electron scattering.”® This
process is faster than our time resolution, and therefore we
can only observe the influence of the hot thermalized electrons
on the optical spectra. The broadband (400—600 nm, 3.10—
2.07 V) probe interrogates this population of electrons and
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Figure 4. (a) TA spectra for gold gratings pumped at 680 nm, with probe longitudinally polarized with respect to the grating lines. The cartoon
illustrates the net TA singal (black solid line) is the result of ground state bleach (green dotted line) above 500 nm adding to excess absorption
(pink dotted line) at 520 nm. (b) TA spectra of Au grating with probe transversely polarized with respect to the grating lines. LSPR peak at 545 nm
shows up in addition to the interband transition peak. The cartoon illustrates that the unpumped plasmon response (dark green) upon generation
of hot carriers is blue-shifted and broadened (dark blue). The TA signal is the result of their subtraction (solid black line).

holes as they further relax through electron—phonon
scattering.””*” Figure 3c and d schematically show how these
photoexcited free carriers result in a modulation of the
transient absorption spectrum.

We observe two transient absorption features that arise from
interband transitions: a depletion around 480 nm and an
absorption peak at 510 nm. The depletion feature corresponds
to blocking of excitation of electrons in the 5d band to the 6s
band above the Fermi level. The 510 nm positive feature (AA/
A > 0) is a result of the excited state absorption from the 5d
band into the photogenerated holes near the Fermi level. As
expected and illustrated in Figure 3, the transient absorption
spectrum is the net sum of the excess absorption by the
photoexcited holes and the reduced absorption due to blocking
by the photoexcited electrons. Although the energy distribu-
tion of holes and electrons is strictly symmetric at the Fermi
level, the profiles of the depletion peak and the absorption
peak are not symmetric. The excess absorption (AA/A > 0)
corresponds to the transition of electrons from the lower
energy band to the hole generated by pump photon, whereas
the reduced absorption is transition of electrons from the lower
energy band to empty states above the Fermi level. Transitions
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of electrons to the empty states above the Fermi level have a
much wider range than the transitions of electrons to the holes
generated by the pump. As a result the excess absorption has a
much narrower peak (500—520 nm) than that of the reduced
absorption peak (from 450 nm up to over S00 nm) due to the
difference in the nature of the two absorption mechanisms.
Excess absorption only takes place where the holes are
generated by the pump, in our case, 1.8 eV below the Fermi
level. For the reduced absorption peak, however, the transition
can take place anywhere from the 5d band to just below the
Fermi level. Therefore, one can not a priori anticipate the TA
signal to be symmetric. The data and the above explanation are
consistent with many previous observations in the literature for
gold nanoparticles.”"~>*"

Following the TA spectra in time, we observe that the excess
absorption peak is blue-shifted as time progresses, while the
reduced absorption peak is red-shifted (see Figure 4a, around
450 nm). This is due the hot Fermi—Dirac distribution cooling
off as it dissipates heat into the gold lattice via electron—
phonon scattering resulting in the reduction in the signal and
narrog/ving of the hot electron-smearing around the Fermi
level.
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Transient Changes in Confined Plasmon Absorption.
Figure 2¢,d shows the transient changes of the gold gratings
when the probe pulse is transverse to the grating lines. In
addition to the reduced absorption at 460 nm and excess
absorption at 510 nm, a large depletion peak around 540
nmappears in both spectra. The peak at 540 nm is the result of
plasmon derived hot electrons. Pump laser produces hot
electrons and holes around the Fermi level. The bleach in the
LSPR response due to a change in the population of carriers
surrounding the Fermi level. The pump wavelength (680 nm)
is longer than that of the plasmon resonant mode (540 nm)
and, therefore, very likely it does not excite the grating through
the LSPR, even for the transverse polarization.

The dimensions of gold gratings are 45 nm thick and 250
nm wide with a 250 nm gap between the lines. The LSPR
oscillation is confined by the thickness of the grating lines and
corresponds to oscillation of electrons perpendicular to the
lines of the grating. This resonant mode can be probed by
transversely polarized light with respect to the grating lines.
When the probe is longitudinally polarized, however, the
electrons oscillate along the surface and are not affected by the
confinement. Payne and co-workers reported extinction spectra
of 1170 nm X 49 nm gold nanorods.*® The thickness of the
grating used in this work is 45 nm, which has similar
confinement to the transverse mode of their nanorods. In their
work, the transverse mode was at 580 nm, while the
longitudinal mode was in the near IR region. Therefore, it is
reasonable to believe that the thickness of the grating will lead
to confined LSPR near 545 nm, as seen in our data. Given the
differences in the size (49 nm vs 45 nm), geometry (nanorods
vs grating lines), and environment (bulk vs deposited on glass)
between their work and our gratings, it is justifiable that the
LSPR in the gratings would occur at a slightly different
wavelength, and very likely blue-shifted.

It has been previously reported in the literature that the
LSPR frequency is a function of the electronic temperature.**
Therefore, it is reasonable to believe that after heating of the
electrons with the pump pulse, the LSPR spectrum has shifted
and likely broadened. In the differential transient signal (i.e.,
difference between pumped and unpumped sample) this
results in a negative and slightly shifted peak as observed in the
Figure 4b. The magnitude of this peak continues to decrease as
the hot electrons cool off and transfer energy to the lattice.
Importantly, the time-scale of decay of the LSPR signal is
similar to that of the interband transitions, which is consistent
with the fact that they are both affected by the cooling of the
hot electrons. Another important observation is that the LSPR
dynamics as measured by the probe is independent of the
pump polarization. Since the pump is not resonant with the
LSPR, it generates hot electrons for both longitudinal and
transverse polarization.

TiO,-Coated Grating. In order to explore the influence of
a different interface other than air, and to identify the
possibility of electron injection from the metal to a
semiconductor as reported before,”***** we chose to study
the ultrafast dynamics of these grating lines after they were
coated with a thin (S nm) TiO, layer. Figure 5 shows the TA
spectra of the TiO,-coated grating. The negative feature
indicative of the LSPR dynamics appearing in the transversely
polarized probe appears around 560 nm, which is significantly
red-shifted compared to a similar feature in the bare grating
(540 nm). This is consistent with previous observations that
the dielectric constant of the surrounding medium affects the
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Figure 5. (a) LSPR is activated when the probe is transversely
polarized (z-axis), when the LSPR is confined by the thickness of the
grating (y-axis). (b) LSPR is not activated when the probe is
longitudinally polarized (x-axis), when the LSPR cannot be confined
along the grating line (x-axis).

LSPR frequency. Equation 1 expresses the relation between
plasmon frequency in metal and the surface plasmon resonance
frequency. Here is the dielectric constant correction due to
interband transition and the dielectric constant of the
surrounding dielectric interface.*~*

2
2 wP

w, =
1+ ¢y + 26, (1)

Based on this, higher dielectric constants (TiO, compared to
air) are expected to red-shift the LSPR. Another important
distinguishing feature of the TiO,-covered gratings compared
to bare gratings is the dependence of the signal on pump
polarization. Unlike the bare gratings, in which the LSPR
dynamics was independent of the polarization of the pump, in
the coated gratings we observe a difference. The LSPR feature
appears near ~560 nm when pumped with transversely
polarized light and red-shifted to ~580 nm when the pump
is longitudinally polarized. Ultrafast light-induced electron
transfer between a metal and semiconductor has been reported
previously,”** due to two mechanisms. The first mechanism is
direct charge transfer from the metal to the semiconductor by
photon excitation. The second mechanism involves hot
electrons created by light that overcome the metal—semi-
conductor barrier. It is likely that, in our TiO,-coated gratings,
electrons are transferred from gold to the semiconductor layer
due to the pump excitation, resulting in manifestly different TA
spectra and on pump polarization dependence compared to
the bare gratings. It is likely that electron transfer in our case
does not occur through excitation of the LSPR, since our pump
is lower in energy (680 nm) compared to the LSPR (~540
nm). Electron injection is expected to increase the dielectric
constant of TiO, that, according to eq 1, will result in a red
shift of the LSPR, as shown in Figure Sc,d. Many previous
studies reported that the pump can produce hot electrons,
which can overcome the Schottky barrier (0.24 eV) to enable
charge transfer from gold into the TiO, semiconductor.*”**
Long and Prezhdo proposed a theoretical model of charge
transfer between gold nanoparticles and TiO,. The electrons in
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Figure 6. Transient absorption data for TiO,-coated Au gratings in four basic polarization configurations: (a) TL (pump transverse, probe
longitudinal), (b) LL (pump longitudinal, probe longitudinal), (c) LT (pump longitudinal, probe transverse), and (d) TT (pump transverse, probe
transverse). Only interband absorption (around 510 nm) is observed in (a) and (b). LSPR depletion (around 560 nm) is observed in (d) and the

LSPR red-shifted to 580 nm with pump transversely polarized in (c).

gold transferred into TiO, immediately after plasmon
excitation due to delocalization of plasma into the TiO,
layer."® However, polarization-dependent studies are scarcely
found. Based on the experimental results, we believe more
electrons transfer to the conduction band of TiO, when the
pump is longitudinally polarized than transversely polarized,
based on the more redshift observed. We do not have a
fundamental mechanism that supports injection of more
electrons with the longitudinally polarized pump. At this
moment, we believe that the full explanation of electron
injection as influenced by the polarization of light is still
lacking and needs to be developed in future work.

B METHODS

Sample Preparation. In fabricating the grating structure,
we pattern 250 nm thick lines in a gold film with a 500 nm
period using photolithography and reactive ion etching. The
lithography was performed using an ASML deep UV stepper
lithography tool. These grating structures were patterned on a
transparent BK-7 substrate, which enables transient absorption
spectra to be readily obtained. Figure S1 shows a SEM image
and a UV—vis spectrum of the gold grating, with plasmon-
resonant features around 550 and 760 nm.

Transient Absorption Measurements. Pump pulses
were generated by pumping an OPA (OPerA Solo, Coherent)
with the output of a 1 kHz Ti:sapphire amplifier (Legend Elite
HE+, Coherent). Pump pulses were generated by a doubling
stage of the OPA output. A white light continuum probe was
prepared by focusing the 800 nm Ti:sapphire output onto a 3
mm thick rotating CaF, window after the seed pulse was
modulated at 500 Hz using an optical chopper. The
polarization of the 800 nm Ti:sapphire output was rotated
using waveplate to set the polarization of white light

2300

continuum probe either 0°or 90°with respect to the laser
table. The pump beam was modulated at 250 Hz. A balanced
detection scheme was employed to eliminate noise due to
fluctuations in the probe spectrum. The probe arm was focused
into the sample and overlapped with the focused pump beam.
The reference arm was focused on the sample but not
overlapped with the pump beam. The probe beams were
detected using a 320 mm focal length spectrometer with 150
g/mm gratings (Horiba iHR320) and a 1340 X 100 CCD array
(Princeton Instruments Pixis). Both probe beams were
detected on the CCD by displacing their focal planes into
the spectrometer. The sample and reference beams were
captured by the top half and the bottom half of the CCD,
respectively. The signal resulting from the sample beam
contains the transient absorption and fluctuations due to the
instability of the probe. The signal resulting from the reference
beam only contains the fluctuations. The reported transient
absorption signals were calculated by subtracting the reference
signal from the sample signal. The focal spot diameters for the
pump and probe were 140 and 180 um, respectively. Cross
correlations of the pump and probe were collected using the
nonresonant response of each sample. The time resolution of
each experiment was determined by either the cross correlation
(300 fs) or the temporal step size, depending on which was
longer.*”°

B CONCLUSIONS

We measured the transient absorption spectra of gold gratings
with and without TiO, coatings. The structure of the gold
grating, which allows confinement of localized surface
plasmons in one direction, enables us to distinguish the
dynamics of the interband transitions from the LSPR by the
choice of probe polarization. We also demonstrate that the
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pump polarization does not qualitatively influence the transient
response of the interband transitions and localized surface
plasmons. This indicates that either polarization of the pump
produces hot electrons, which in turn affects the transient
signal due to both interband and LSPR transitions. Our results
on TiO,-covered gratings, however, show dependence on
pump polarization and indicate at possible electron transfer
from the metal to the TiO, layer. However, the mechanism
underlying this polarization dependence of the pump
excitation affects this electron transfer process needs further
investigation.
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SEM image and UV—vis transmission spectrum of a gold
gratings (Figure S1). Selected transient absorption
spectra extracted from the data shown in Figure 6
(Figure S2). Transient absorption data for gold grating
structure with 560 nm pump pulses (Figures S3 and S4)
(PDF)
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