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Abstract

The performance of photocatalysts and photovoltaic devices can be enhanced by energetic
charge carriers produced from plasmon decay, and the lifetime of these energetic carriers greatly
affects overall efficiencies. Although hot electron lifetimes in plasmonic gold nanoparticles have
been investigated, hot hole lifetimes have not been as thoroughly studied in plasmonic systems.
Here, we demonstrate time-resolved emission upconversion microscopy and use it to resolve the
lifetime and energy-dependent cooling of d-band holes formed in gold nanoparticles by plasmon

excitation, and follow their decay into interband and then intraband electron-hole pairs.

Main

Over the past few decades, metal nanoparticles are increasingly used as hot carrier generators,
16 sensors,” and resonators.!*!? Photoexcited hot carriers created through plasmon decay are
able to drive photocatalytic and photovoltaic processes.>!*"!® The lifetimes and energy

distributions of these hot electrons are extensively studied.**!*?° Hot holes are also produced in

21-24

plasmonic nanoparticles, especially by interband excitation, and drive oxidation reactions,*>~

28 despite their predicted short lifetimes.?!*

While hot electron lifetimes were investigated through transient pump-probe spectroscopy®>%3!
and time-resolved two-photon photoemission spectroscopy (2PPS),** 3 measuring hot hole

lifetimes historically require less direct techniques. 2PPS demonstrated delayed generation of hot

electrons due to Auger decay of d-band holes on the order of 5060 fs.> Additionally, hole



lifetimes in noble metals were estimated by the linewidth of one-photon photoemission

3637 and interferometric time-resolved two-photon photoemission spectroscopy (ITR-

spectra
2PPS).3® The energy dependence from the linewidth analyses gave a Fermi liquid theory
relationship for the hole lifetime 7, = 105 fs - eV? (E; — Er) ™2, or ~30 fs for a hole with an
energy below the Fermi energy of E; — Er = 1.9 eV.*%%’ Similarly, ITR-2PPS gives a hole
lifetime of ~30 fs at 1.9 eV and 50 K and ~55 fs at 1.9 eV and 300 K in Cu, revealing a
temperature dependent hole-phonon scattering dependence and an Auger scattering contribution
of 24 fs.3® A Fermi liquid theory dependence is not necessarily expected due in part to symmetry
properties®® and because Fermi liquid theory formally describes the interaction of a single
excited electron within a sea of conduction band electrons.*® 4b initio calculations showed that
the energy dependence of the hole lifetime deviates from Fermi liquid theory, while the reported
hole lifetimes vary significantly, 10-70 fs.2!:*740 Given the interest in plasmon-induced hot
carrier generation, there is a need to know the lifetime of the photoexcited holes produced in
plasmonic nanoparticles under ambient and, in the future, photocatalytic conditions. To our
knowledge, no direct measurements of d-band hole lifetimes in ligand free plasmonic gold
nanoparticles have been performed.

Here, we report measurements of the energy-dependent lifetime of hot holes in gold
nanoparticles and a thin gold film using time-resolved emission upconversion microscopy. We
obtain <100 fs temporal resolution through optical gating by sum frequency mixing of the
emission with an ultrashort gate pulse. The optical layout and spectral and temporal profiles of
the gate and pump pulses are presented in Figures 1 and S1 and summarized in the Supporting
Information. This time-resolved emission upconversion microscope has a gate autocorrelation

full width at half maximum (FWHM) of 72 fs (Figure 1B) and a gate and pump cross-correlation



of 96 fs FWHM (Figure 1C). The cross-correlation is used as the instrument response function
(IRF). Deconvolution of these pulses results in a FWHM of ~50 fs and ~70 fs for the gate and

pump pulses, respectively.
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Figure 1. Time-resolved emission upconversion microscopy. (A) Layout of the microscope with
important optics listed: Off-axis parabolic mirror (OAP), lithium triborate (LBO) crystal, beta-barium
borate (BBO) crystal. (B) Auto-correlation of the fundamental pulse producing second harmonic
generation (SHG, blue) and a Sech? fit to the data (red). (C) Cross-correlation of the fundamental and
second harmonic pulses producing third harmonic generation (THG, blue) and a Sech? fit (red).
Additionally, our pump beam waist at the focus is ~2.6 pm (Figure S1), which represents a compromise

with optimized temporal resolution using all reflective optics including the objective.

Light emission from gold films, when excited above the interband threshold, has previously

been assigned to the radiative recombination of sp-band electrons with d-band holes.*' This



process is enhanced through the local electric fields of surface plasmons when nanoscale
roughness is introduced.** Thus, the time-resolved interband emission from gold nanoparticles
should directly report the lifetime of the d-band holes. We use our microscope to measure the
time-resolved emission from a plasmonic gold nanoparticle substrate compared to a thin gold
film when excited at 535+12 nm. The samples are fabricated by evaporating a 10 nm thin gold
film onto two separate glass slides. The nanoparticles are formed by thermally annealing one of
the gold films. Both the gold nanoparticles and film are overcoated with an inert 30 nm AL2O3
layer to increase sample stability.*’ This fabrication procedure (see the Supporting Information)
is chosen to reduce sources of impurity emission from molecular adsorbates such as surface
ligands, as well as to prevent photoexcited hot carriers from reacting at the interface, as Al203
prevents additional plasmon damping channels such as charge transfer.*

The gold nanoparticle absorbance spectrum exhibits a broad plasmon resonance, which is
much weaker for the gold film (Figure 2A). Because of overlap with interband absorption,
plasmon decay in our case mainly results in excitations from the d-band to above the Fermi
energy.* Scanning electron microscopy reveals that the gold nanoparticles are roughly 120+50
nm in diameter with a coverage of ~50 particles per pm? (Figure 2A inset). This particle density
and the observation area of our time-gated upconversion emission microscope mean that we are
probing ~500 nanoparticles. The photoluminescence from 532 nm continuous wave excitation of
the gold nanoparticles displays a broad peak centered at 590 nm (Figure 2B). This spectrum is
consistent with one-photon excited photoluminescence due to radiative recombination of
interband transitions, as reported for gold films and single gold nanoparticles.***® When
switching to 535+12 nm pulsed laser excitation, we still observe a one-photon emission process

within our pump power range as confirmed by a linear pump power dependence of the integrated



emission intensity (Figure 2C) and wavelength resolved power law of 1 for our spectral region of
interest (Figure S3). A nonlinear component, as observed previously under pulsed excitation,* !
is present close to the pump wavelength, but is spectrally excluded in the time-resolved
experiments. The photoluminescence for the gold film is weaker due to less plasmon

enhancement than the nanoparticle sample (Figure 2B).*?

However, the film is thin enough that
surface roughness likely plays a role and lends the sample weak plasmonic character.’>>* This

interpretation is further supported by comparing the emission intensity of the gold film to a

thicker 30 nm gold film that has a 9 times lower intensity despite its larger volume (Figure S2).
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Figure 2. Characterization of the gold nanoparticles and the thin gold film. (A) Visible to near-infrared

absorbance of the nanoparticles (blue) and film (gold). For the gold nanoparticles the plasmon is peaked

at 650 nm. Inset: scanning electron micrograph of the gold nanoparticles. (B) Emission spectra of the

nanoparticles (blue) and film (gold), excited with a 532 nm continuous wave laser. The shaded regions at

650£25 nm and 730425 nm indicate the emission bands interrogated with time-resolved emission

upconversion microscopy. (C) Excitation pump power dependence of the nanoparticle emission

integrated over the entire spectrum, excited with 53512 nm pulses. A power law fit (black line) gives an



exponent of ~1, confirming a one-photon emission process for our spectral region (see also Figure S3).
The power dependence, performed three times in random order, illustrates the absence of photothermal
damage to the sample. Additionally, good stability against photothermal damage is confirmed by
comparing the emission spectra recorded before and after illumination with the highest pump power

(Figure S3).

The time-resolved emission of the gold nanoparticles upon 53512 nm (2.3 eV) pulsed
excitation is illustrated in Figure 3A. The 1070 nm gate pulse is optically mixed at different
pump-gate delay times with the emission from the sample using a BBO crystal that is tuned to
maximize the sum frequency generation of 650 nm emission. We fit the measured gold
nanoparticle emission time-traces and obtain an interband emission lifetime of 7., = 57+5 fs
(Figure 3A), where the error is from the 95% confidence interval of the fit.

We interpret this emission lifetime at 650+25 nm as the lifetime of hot holes formed in the d-
band following plasmon decay into interband excitation of d-band electrons to empty electronic
levels of the sp-band above the Fermi energy, as illustrated by the upward arrow in Figure 3B
and 3C. These hot holes cool through a combination of energy-dependent radiative and non-

radiative relaxation with characteristic rates k, and k,,,-. Given that the quantum yield (QY) is

kr

the ratio of the radiative rate to the total rate, QY = and for large gold nanoparticles QY =

T+ nT’
108,34 it follows that k, < k,,,., and thus the emission lifetime is dominated by k,,,.. The

measured hole lifetime, 7, revealed by the interband emission lifetime, is given then by - LI
em

1 . . . . o
ky + kyy = kpp = — We assume that 7, is equivalent to 7., given that interband emission

occurs from an sp-band electron near the Fermi Energy recombining with the d-band hole, as
illustrated by the downward arrow in Figure 3B.*! We rule out contributions to T,,, from hot

electron lifetimes since we are probing the Stokes shifted interband recombination, which



involves sp-band electrons at or below the Fermi energy recombining with the d-band
holes.*!*235 We can also estimate the radiative and nonradiative rates according to k, =
QY/Tpm, resulting in k,. and k,,,- on the order of 170 ms™ and 17 ps™!, respectively, for 7,,,, = 57
fs and assuming a QY of 10°%.

Nonradiative relaxation includes hole scattering within the d-band. The process that overall
determines how long a hole excitation in the d-band survives is efficient Auger scattering where
an sp-band electron fills the d-band hole providing the momentum and energy to promote a
different sp-band electron to an empty state above the Fermi energy, thus converting a hot hole
into a hot electron (Figure 3C dashed arrows).>>3 Interestingly, 7, is longer than extracted from
previous studies (~30 fs, see red line in Figure 3A) that were not able to measure hole lifetimes
directly.’® 7, is instead similar to the lifetimes of electrons generated by Auger scattering (50-60
fs),3? consistent with our interpretation that the dominating nonradiative channel we observe is

Auger scattering.
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Figure 3. Time-resolved emission dynamics of gold nanoparticles and film. (A) Time-resolved emission
of the gold nanoparticles and gold thin film measured at a center emission wavelength of 650 nm. A
convolution fit of the data reveals an emission decay time of 57+5 fs, corresponding to the d-band hole
lifetime. The IRF, determined by cross correlating the gate and pump pulses, is shorter than the emission
time-trace. A convolution of the IRF and the predicted temporal response for a 30 fs decay is also shorter
than the measured lifetime. Comparison to the film reveals no change in emission lifetime, while the
plasmon enhances the excitation by ~2.6% (based on the increased absorbance at 535 nm) and the
emission by ~1.4x (Purcell effect), resulting in a 3—4 times higher emission intensity for the nanoparticles
with the same volume of gold, based on the scaling factors in (A). (B) Diagram of interband excitation
and emission. A d-band electron is excited to an empty level in the sp-band near the Fermi energy (purple
arrow). An sp-band electron radiatively recombines with the d-band hole. (C) Diagram of interband

excitation followed by Auger scattering. An sp-band electron nonradiatively recombines with the d-band

10



hole transferring energy and momentum to another sp-band electron that is excited to an empty level

above the Fermi energy.

We also compare the time-resolved emission from the gold nanoparticles to the 10 nm gold
film overcoated with 30 nm Al203 (Figure 3A). Importantly, because the nanoparticles are
formed from a 10 nm film, the volume of gold that is photoexcited remains the same between the
gold nanoparticle sample and the continuous gold film sample under our 2.6 pm beam waist. The
emission intensity from the gold nanoparticles at 650+25 nm is 3—4 times greater than the
continuous gold film (Figure 3A). When we lower the pump power used on the gold
nanoparticles by a factor of three, the emission intensity equally reduces, but the lifetime does
not change. For these large, unstructured or ‘flawed’ gold nanoparticles, plasmon enhancement is
overall weak because of a low resonator quality factor. However, our sample design allows for a
quantitative comparison to bulk gold, while ensuring the absence of emissive impurities.
Furthermore, based on our results we do not expect the d-band hole lifetime to change
significantly even for higher quality plasmonic nanostructures.

Finally, we find that the emission lifetime is longer at a redshifted emission wavelength of
730425 nm (Figure 4A). We assign this emission energy dependence to hot holes cooling to the
top of the d-band, assuming both the radiative rate and Auger scattering rate are energy

independent.>¢

While we do not expect the d-band hole lifetime to follow a Fermi liquid theory
dependence over the entire energy range spanning interband and intraband excitations, it may
follow a modified Fermi liquid dependence for the holes localized within the 5d-band. Therefore,
based on the emission lifetime measured at 650+25 nm, we obtain a Fermi liquid theory

dependence of 7, = 210 + 20 fs - eV? (E; — Ep) ™2, where E; — E. is the interband emission

energy (1.9+0.08 eV). This relationship predicts a hole lifetime of 72+14 fs for an emission

11



energy of 1.7+0.05 eV (730+25 nm), very close to the measured value of 80+12 fs (Figure 4B).
This dependence is further corroborated when considering the results of Varnavski et al.,”” where
an instrument limited lifetime of <50 fs was measured for colloidally synthesized gold
nanospheres in solution at an emission wavelength of 580 nm (2.14 eV). Extrapolating our
results to 580 nm yields 46+3 fs, in excellent agreement with Ref. °’. Thus, we observe the
cooling dynamics of hot d-band holes to the d-band edge through the emission lifetime, as
summarized in Figure 4B and depicted in Figure 4C.

We note here that we are ignoring radiative recombination within the sp-band following Auger
scattering and leading to intraband photoluminescence.*®*”-*%> While such an emission
mechanism is possible, interband recombination is still expected to dominate given the high
density of states in the d-band and flat density of states for sp-band electrons around the Fermi
energy.%’ Furthermore, the large nanoparticles studied here have comparatively small Purcell
factors, unlike single nanorods with widths below 40 nm,>* and hence pronounced intraband

photoluminescence especially at an excitation wavelength of 535 nm is not expected.

12
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Figure 4. Emission energy dependence of gold nanoparticle emission lifetime. (A) Time-resolved
emission of the gold nanoparticles at center emission wavelengths of 650+£25 nm (blue) and 730£25 nm
(red). The blue and red shaded areas are the 95% confidence intervals for the corresponding decay times
from a convolution fit of the IRF with an instantaneous rise and two-phase exponential decay. (B) Energy
dependence of the d-band hole lifetimes as measured in (A) and from Ref. *’, indicated by blue circles and

a black star, respectively. Error bars in x and y are from the upconversion bandwidth and 95% confidence
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interval for the convolution fit, respectively. The orange shaded region is the 95% confidence interval
predicted by a Fermi liquid theory dependence based off the measured emission lifetime at 650+25 nm.
(C) Energy diagram depicting the energy dependent hole scattering as measured by the

photoluminescence lifetime.

We directly measured the d-band hole lifetime and cooling in plasmonic gold nanoparticles
using time-resolved emission upconversion microscopy. This technique is uniquely suited for
studying the interband excited d-band hot holes, as compared to transient pump-probe
spectroscopy that probes the collective relaxation of many excited electrons through electron-
electron and electron-phonon scattering, through the dynamic changes in the metal’s dielectric
function.?®*1:%! In our system, the plasmon enhances the emission intensity from the gold

nanoparticles compared to a gold film of the same volume, but we observe no appreciable

difference in lifetime. We also observe an emission wavelength dependence for the lifetime, and

attribute it to the energy dependent cooling of the hot holes to the d-band edge. The main

nonradiative relaxation channel for d-band holes is Auger scattering, limiting their lifetime to

35,36,38

30-100 fs, similar to the findings from photoemission spectroscopy and earlier theory on

29,3749 while in contrast to more recent theories that appear to overestimate

hot hole lifetimes,
hole-phonon scattering.!*? Our results imply that plasmonic photo-oxidation reactions with d-

band holes must therefore compete on this timescale, explaining the non-negligible yet

reportedly low yields.%?
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