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ABSTRACT: The variance of carrier relaxation pathways for
WO;_, plasmonic semiconductor nanocrystals (PSNCs) is
monitored by transient absorption spectroscopy following

Plasmonic Semiconductor
Hot Carrier Dynamics

excitation of the localized surface plasmon resonance (LSPR) Direct E o, hw,ey Direct LSPR

versus the optical band gap (Eg,)- Excitation of the LSPR leads to Excitation ok Excitation

efficient hot carrier population above the Fermi level in WO;_, via E; Interaction Intraband
Landau damping, in analogy to noble metal LSPR relaxation | r=«reseererresRamananaialceen e DGonnnnnfininninannnnand .
mechanisms. Hot carrier depopulation occurs on the femtosecond h

timescale, observed as the concomitant recovery of an LSPR bleach “Egon —Va Interband

with the appearance of discrete interband and intraband photo- l Emission ’

induced absorption features. By comparison, the direct excitation of —Va

. results in trion recombination at donor—acceptor sites within _‘

the WO;_, NC, consistent with exciton decay dynamics observed

for typical wide-band-gap semiconductor NCs. From the analysis of pump power dependency data, a hot-carrier electron—phonon
coupling constant of 1.47 X 10" J K™' s™! cm™ is extracted. The direct comparison of the decay dynamics following Eg ot Versus
LSPR excitation confirms that the observed plasmon in trioctylphosphine oxide passivated, spherical WO;_, is a resonance state in
which hot carriers are generated only from excitation on resonance with the LSPR frequency. This study on WO;_, PSNCs provides
a toolset that can be used to evaluate the role of hot carriers following LSPR excitation of n-type, plasmonic transparent conducting

oxide NCs, where enhancement of photocatalysis, photovoltaic performance, and optical enhancement has been reported.

Bl INTRODUCTION

A goal in plasmonic materials research is the coupling of
plasmonic, electronic, and photonic properties in materials at
the nanoscale to enhance device performance.' In noble metal
and wide-band-gap plasmonic semiconductor nanocrystals
(PSNCs), excitation into the localized surface plasmon
resonance (LSPR) is observed to enhance catalytic properties
at the NC surface.”” While noble metal NC photocatalysts are
common in the literature, the use of PSNCs would be
advantageous due to their lower costs, high carrier
concentrations, ease of plasmon frequency tunability, and
lack of visible-light absorption."”” In general, the LSPR in
wide-band-gap metal oxides is attributed to oxygen vacancies
(Vo), resulting in a highly tunable plasmon frequency."
Despite discrepancies, there is considerable agreement that a
collection of mobile charge carriers (free or constrained,
plasmonic,”''*
extinction feature in question and its subsequent material
enhancement capabilities. The role of LSPR excitation on
catalyst improvement has been attributed to near-field
enhancement, hot carrier formation at the NC surface, and
carrier trapping at surface-bound donor sites.'®'” Hot carriers
were observed experimentally and reported to occur through

or polaronic'*~'®) is responsible for the
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Landau damping by electron—electron scattering in the Fermi
sea of electrons.'® Whether hot carriers are formed following
LSPR excitation in metal oxide PSNCs is not fully evaluated as
the presence of surface trap sites may play a pivotal role in
LSPR relaxation pathways. The role of hot carriers versus
surface trap sites in wide-band-gap metal oxide PSNCs can be
evaluated by direct comparison of the dynamics for plasmon
relaxation following excitation of the LSPR versus the optical
band gap (Eg,opt)' The hot-carrier relaxation dynamics can be
directly probed using femtosecond transient absorption (fsTA)
to observe simultaneous ground-state bleaching of the
plasmon, along with relaxation through the semiconducting
electronic structure of the metal oxide.

In this article, the relaxation dynamics leading to the
formation of hot carriers following excitation of the LSPR of
trioctylphosphine oxide (TOPO) passivated, spherical WO;_,
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(24 + 03 nm) are evaluated through TA. The WO,_,
nanoparticles have a plasmon extinction feature centered at
1.65 eV with Drude calculated carrier densities of 2 X 107!
cm™>. Carrier densities are validated with chemical titration
and fitting to Drude model analyses."”~>" Upon directly
exciting the LSPR in WO;_,, hot carrier relaxation originating
from <100 fs Landau damping is observed in the TA spectra as
spectrally distinct populations of interband and intraband
transitions concomitant with the recovery of the LSPR. On the
contrary, when E,, is excited, donor—acceptor (V4 — V,)
trion recombination is experimentally observed. The exper-
imental data support a model where plasmon relaxation in
PSNCs generates hot carriers through Landau damping,
followed by relaxation through the electronic structure of the
PSNC. The lack of interband and intraband absorptions when
Egp is directly excited further supports the idea that the LSPR
is a resonant state that is not directly coupled to the band
structure of the PSNC, consistent with observations in noble
metal NCs. To date, exploration of hot carrier formation in
wide-band-gap plasmonic metal oxides (F,In:CdO; WO,_,)
has only recently been explored using indirect measures,
including fs electron transfer to a dye as an indirect probe of
the presence of hot carriers® or intraband relaxation for the p-
type case (Cu,_,S/Se).” The full UV—vis—NIR hot carrier
spectra are typically not reported in the literature for n-type
metal oxide plasmonic semiconductors, and they have instead
focused on individual features in the spectra.” To the authors’
knowledge, there has been no complete fs UV—vis—NIR
spectral analysis of hot carrier relaxation pathways in a PSNC
thus far. The confirmation of hot carriers in WO;_, that behave
analogously to noble metals would allow the implementation
of cheaper and more controllable materials for applications
where hot carriers can enhance the efficiency of photovoltaic,
photocatalytic, optoelectronic, and thermoelectric technolo-
gies.

B METHODS

Materials. Tungsten(IV)chloride (WCl,, 95%), nitrosyl
tetrafluoroborate (NOBF,, 95%), and toluene (>99.5%) were
purchased from Sigma-Aldrich. TOPO (98%) was obtained
from Alfa Aesar. Oleic acid (OA, technical grade, 90%) and
acetonitrile (MeCN) were obtained from VWR.

Microwave Synthesis. In a 10 mL microwave vial (CEM),
30 mg (92.1 umol) of WCl, and 400 yL (1.27 mmol) of OA
were combined and transferred for reaction in a microwave
reactor (CEM). After insertion, the precursors underwent
constant microwave irradiation at 300 W with the vial
uncapped for 5 min. After the reaction was complete, vials
were immediately removed and quenched with toluene, and
the resulting NC suspension was transferred to a gel
permeation chromatography column to clean and remove
excess ligands. After cleaning, 1 mg of TOPO was added to the
WO, ;4 suspension and heated to 65 °C while stirring to ligand
exchange the native OA for TOPO to improve stability.

Extinction Spectroscopy. WO, ,; NCs were suspended in
toluene and diluted until a LSPR of between 0.8—1.0
absorbance units was obtained under an inert (N,)
atmosphere. The suspension was prepared in a 1 mm
spectrophotometer cell (Starna Cells, Inc.) on a Varian Cary
Bio 50 UV—vis spectrophotometer. A baseline correction was
performed with neat toluene.

PL with PL Excitation (PLE). WO, s NCs were prepared
similarly to the methods used for extinction spectroscopy. The

suspension was prepared in a submicro fluorometer cell
(Starna Cells, Inc.) where PL and PLE spectra were collected
on a Varian Cary Eclipse fluorescence spectrophotometer.

Chemical Titration. After preparation and weighing of
pristine TOPO-WOj;_,, the samples were dissolved in dry
toluene in an inert atmosphere glovebox. A known
concentration of NOBF, dissolved in MeCN was titrated
into the NC suspension and left to react for 30 min. The LSPR
of the oxidized sample was then measured by the same
instrument as described in the Extinction Spectroscopy Section
above. This procedure was repeated until the LSPR showed no
decrease in extinction after oxidation.

PXRD. X-ray powder patterns were collected at room
temperature on a Rigaku Miniflex powder diffractometer (Cu
Ka source). Samples were dried out, ground to a fine powder,
and loaded onto a zero-background micropowder plate. Scans
were collected from 10 to 80° 26 at a rate of 5°/min and a 0.1°
step size. The whole pattern fitting was completed using
Rigaku SmartLab Studio software.

HRTEM. Size, size dispersity, morphology, and lattice fringe
analyses were conducted by transmission electron microscopy
(TEM). TEM images were collected on a Tecnai Osiris TEM/
STEM operating at 200 kV. HR microstructure character-
ization was performed using an aberration-corrected JEOL
ARM 200 F TEM operated at 200 kV. A WO;_, sample was
prepared by dispersing the NCs in toluene and octadecylamine
(10:1 v/v), heating in an oil bath at S0 °C for 12 h, sonicating
in a 40 °C heated bath for 2 min, and running through a gel
permeation chromatO%raphy column to remove excess ligand
and aggregated solid.”” The solution was drop-cast onto a
carbon-coated 200 mesh gold TEM grid (Ted Pella 01840G),
excess solvent wicked away with a kimwipe 2 s after deposition,
and dried in a vacuum oven at 80 °C for 12 h.

XPS. WO;_, NCs were drop-cast onto a carbon tape in an
Ar dry box before transfer into and before insertion into a PHI
5100 X-ray photoelectron spectrometer. X-ray photoelectron
spectroscopy (XPS) has an excitation source of Al Ka, with a
pass energy of 22.36 eV to minimize line width. All samples
were calibrated to the aliphatic carbon assignment (C 1s 284.8
eV).

Transient Absorption. Sample preparation for WO,_,
NCs was performed using the same methods previously
discussed for extinction spectroscopy. fsTA was performed at
the center for nanoscale materials (CNMs), where measure-
ments of LSPR and optical band gap pumping were performed.
A Ti:sapphire amplifier with a 2 kHz repetition rate and 35 fs
pulse width was used, where pump pulses at 325 nm were
generated by directing a portion of the 800 nm laser output to
an optical parametric amplifier. A small portion of the 800 nm
Ti:sapphire output was focused into a sapphire crystal to
produce white light probe pulses. Probe pulses were
mechanically time-delayed using a translation stage and
retroreflector. Also, TA spectra for all time points were
averaged over 2 s, and three reproducible separate scans were
then averaged together. Background subtraction and probe
chirp correction were conducted for all raw spectra before the
data analysis. All measurements were performed at room
temperature and under ambient conditions. For E, . pumped
experiments at long time scales (Figure S11, bottom), fsTA
measurements were performed at Florida State University
(FSU) using a commercial HELIOS Fire instrument with a
1024 pixel CMOS sensor and an expected probe pulse width of
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Figure 1. Structural and optical investigation of WO, 7. (A) Extinction spectrum is taken of 2.4 + 0.3 nm WO, ,, where the plasmon frequency is
visible at 1.65 eV. The simplified extended Drude approximation (SXDA) along with the heterogeneous extended Drude approximation (HEDA) is
fit to the extinction feature, with slightly better agreement from SXDA. HRTEM illustrates a representative WO, ;s NC with a (010) lattice spacing
of 3.797 A visible (inset). (B) PL and PLE are performed on the band gap of WO, 5 which showcases a 3.80 €V optical band gap and a subsequent
emission peak at 3.10 eV with power-law emission dynamics (inset). The emission feature is assigned to a Vo** to V,? oxygen defect transition.
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Figure 2. (A) Fs hot carrier equilibration dynamics of WO, ;5 pumped at 1.65 eV. UV—vis probes and NIR probes are performed to observe hot-
carrier relaxation dynamics. Combined, the spectrum reveals dynamics for both hot holes and electrons, where the >3.65 €V PIA, 1.65 eV GSB, and
1.20 eV PIA are attributed to interband transitions of hot electrons to VB, plasmon ground-state bleach, and intraband transitions of hot electrons
to hot holes, respectively, as R1, B1, and R2. All features show rapid equilibration of the hot carrier population after Landau damping (<100 fs),
leading to dominating electron—phonon and phonon—phonon relaxation pathways. (B) Fs E, . dynamics for 3.8 eV pumped WO;_, show three
features of interest. (E1) The shortest-lived, high-energy feature at near 3.0 eV is attributed to rapid exciton formation and trion recombination.
(V1, V2) Two longer-lived features that slowly grow in between 3.0—2.2 eV are attributed to the excited-state oxygen vacancy population before

eventual emission. The inset shows the same data in a 3D plot for easier visualization.

~200 fs with the same averaging, background subtraction, and
probe chirp correction methods were used.

B RESULTS AND DISCUSSION

Optical and Structural Characterization of WO,_,
NCs. TOPO-WO;_, NCs (2.4 = 0.3 nm) were prepared by
microwave-assisted thermal decomposition of WCl, in OA in a
2.45 GHz single mode cavity of a microwave (S min, 300 W).
Synthetic details are provided in the Experimental Section. Size
and crystal structure were confirmed by particle distribution
and d-spacing analysis. In high-resolution TEM (HRTEM)
imaging (Figure 1 and S1), the d-spacing is 3.797 A and can be
assigned to the (010) reflection based on the monoclinic
W,,0,, crystal structure (P12/m1, ICSD 65084). Confirma-
tion of the crystal structure assignment for WO;_, is provided
by comparing the experimental diffractogram to simulated 2
nm WO;_, pXRD patterns (Figure S2 and Table S1). The
stoichiometry is assigned as WO, ;5 (x = 0.24) based on the
ratio of the W 4f to the O 2p orbitals in X-ray photoelectron
spectra (Figure S3). The plasmon feature for isolated TOPO-
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WO, NCs is stable in air for >40 h with a decay rate for the
plasmon extinction of 2.22 X 107> h™" (Figure $4).

In Figure 1A, the extinction spectrum is shown, where the
LSPR is observed at 1.65 eV (760 nm) with an optical band
gap (Eg,opt) at 3.80 eV (325 nm). The optical band gap is
attained by fitting the optical spectra via a Tauc plot (Figure
SS). The carrier density is evaluated by fitting the LSPR feature
using the frequency-dependent, SXDA model and compared to
the HEDA model, a model that accounts for a distribution of
particle sizes.”" From the fits, assuming a carrier effective mass
of 1.4 m*/m, previously reported in the literature,'" the carrier
densities obtained are 2.80 X 10** (SXDA) and 2.49 x 10*
cm ™ (HEDA). The SXDA model provides a slightly better fit
than the HEDA model for these samples, likely reflecting the
degree of uniformity in the WO;_, samples when prepared via
a MW-assisted nucleation synthesis.”® Since PSNCs can exhibit
compensation centers, the carrier density obtained by fitting is
compared to chemical titration by NOBF, as a 1l-electron
oxidant (Figure S6). The chemical titration yields a value of
1.80 X 10*2 cm™, which is in good agreement with the values
obtained from SXDA and HEDA modeling, suggesting carrier
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compensation is minimal in WO;_,. The observed agreement
in carrier density suggests that NOBF, is an appropriate titrant
for WO;_,, which has been observed to not be the case for
Sn:In,0,.”” Such an observation may reflect the enhanced
stability due to TOPO passivation, removing interfacial
compensation centers, as previously suggested by the
Milliron® and Strouse'”*’ groups as reasons for the lack of
agreement between modeling and chemical titrations.

As shown in Figure 1B, the direct excitation of E, (3.80
eV, 325 nm) results in an observed emission at 3.10 eV (400
nm) with an absolute quantum yield of 5%. Excitation of the
LSPR (1.65 eV, 750 nm) produces no observable PL. PLE
monitored at 3.10 eV yields an absorbing feature at 3.80 eV.
The observed emission is assigned to Vo** donor levels, as has
been reported in the literature for other NC tungstates.”’ ~>*
The V>* donor level emission decay is nonexponential but
can be fit to a power-law function (I(x) = Ax"), yielding an
exponent (1) of 1.81 (Figure 1B, inset). Power-law behavior
for Vo** emissive centers has been previously reported in
defective ZnO and in Cd chalcogenide quantum dots.*”*° The
observation of emission in a plasmonic material is rare but
allowable if no electronic interaction or scattering pathway
exists to provide nonradiative coupling from the Vo** donor
site to the ground state. Since the experimental measurements
are performed on an ensemble, it is not clear if the emission is
attributable to a single plasmonic NC possessing both
plasmonic behavior and emissive Vo** donor states or to two
separate particles in the ensemble. It is worth noting that
pristine WO; does not exhibit emission.

Femtosecond Hot Carrier Dynamics of WO;_, NCs.
Excitation at 3.80 eV, resonant with the E.,,, or 1.65 eV,
resonant with the LSPR, is anticipated to yield discrete optical
relaxation behavior. Excitation of E, . should lead to exciton
recombination via donor—acceptor pair recombination arising
at V4 — V, pairs formed to compensate for Vg sites in WO, -,
or recombine with free carriers present in the PSNC, forming a
trion (exciton-electron) following Auger processes. The LSPR
excitation is anticipated to relax either nonradiatively through
scattering processes or through Landau damping, generating
hot carriers within the conduction band with subsequent
thermalization.

In Figure 2A, resonant excitation of the LSPR at 1.65 eV
produces two prominent photoinduced absorption features
(R1 and R2) along with a bleach feature (B1). The R1 and R2
absorption features are attributed to the population of
electronic levels associated with hot carrier inter- (R1) and
intra- (R2) band populations following Landau damping,
which generates a nonthermal distribution of the carrier
population in the CB.>” The BI bleach is attributed to the
depopulation of the ground-state LSPR extinction. In Table 1,
the decay kinetics for the three features are listed for the two

Table 1. LSPR-Pumped (800 nm) Relaxation Rates
Obtained at a Fluence of 1.96 mJ/cm?® for UV—Vis Probe
Lifetimes”

LSPR pump feature electronic relaxation thermalization

(energy) (Tetphy £5) (Tohphv PS)
R1 (2.92 eV) 1322 + 8.1 325 + 044
Bl (1.65 eV) 1329 + 2.5 239 £ 0.13
R2 (0.84 eV) 198.0 + 8.4 2.84 + 1.02

“For the NIR probe, R2 is pumped with a fluence of 1.98 mJ/cm?.

relaxation dynamic regimes. The dynamics of the plasmon
bleach (B1) and hot carrier states (R1 and R2) are fit to a
biexponential attributed to contributions from electronic
relaxation (electron—phonon, el—ph) and thermalization
(phonon—phonon mediated energy dissipation, ph—ph)
scattering processes, consistent with previous literature of
temporal plasmon dynamics.”*® A 3D plot, temporally
separated spectral data, and the white light continuum are
available in the electronic Supporting Information, Figure S7
and S8.

In Scheme 1, a proposed model delineating the carrier
dynamics for WO, ;4 is shown for selectively exciting the LSPR
and Eg . As shown in Scheme 1A, LSPR pumping results in
hot carriers generated through Landau damping subsequently
relaxing into interband (R1) and intraband (R2) levels coupled
to LSPR (B1). Based on the intersection of R1 and Bl
transitions, an electronic band gap of approximately 2.4 eV is
assigned based on the 0 AA crossing at a long time (4.8 ps),
where the lowest energy interband transition is expected to
occur during ph—ph relaxation. The maximum is above the
limit of the detector (>3.65 eV), limiting the assignment of the
R1 energy maximum. The assigned electronic band gap energy
is also in relative agreement with previous computational
predictions for tungstate systems.”” The boundary between B1
and R2 showcases a maximum interband transition of 1.10 eV,
representing the maximum energy difference between the hot
holes and electrons, while the smallest energy difference is less
than 0.8 eV due to NIR detector limitations. Ultimately, these
transition energy ranges support the assertion that the NC
electronic band structure plays a critical role in hot-carrier
relaxation dynamics in PSNCs.

In Scheme 1B, the excited-state relaxation processes
following E, . excitation are dominated by exciton recombi-
nation events not involving plasmon-induced hot carriers.
Combining results from both the PL and fsTA, the fs excitonic
feature precedes exciton trapping at Vg — V, levels arising from
the V, state. The Vo>* (V1) is believed to be associated with
the observed power-law type PL, while Vo* (V2) relaxes
nonradiatively.

Pump fluence-dependent transient decay spectra for R1, R2,
and Bl pumped on resonance with the LSPR frequency are
presented in Figure 3A—C, respectively, while the extracted
lifetimes are provided in Table 1 and plotted in Figure S9.
Pump fluence is calculated according to the equation,

power(W)
repetitionrate(Hz)
size in cm’. Excitation power-dependent TA results indicate
only Bl is observed to be strongly fluence-dependent as the
rate of bleach recovery for thermalization is known to increase
with increasing fluence.*” B1 features the fastest recombination
rates for both el—ph and ph—ph scattering processes, and this
correlates with the recovery of the ground-state extinction of
the WO, ;; LSPR. The feature assigned as R1 has the longest
ph—ph lifetime and R2 has the longest el—ph lifetime. The
observed bleach, B1, exhibits fluence dependence with an
increase in the energy dissipation represented by the ps
lifetimes as power increases, while the el—ph lifetime decreases
with increasing power. It is hypothesized that the fluence-
dependent behavior is a result of increased hot carrier
production, resulting in an overall decrease in the mean free
path for el—ph scattering and thus shortening the lifetime.
However, as more energy is dumped into the lattice, ph—ph
relaxation is expected to increase due to the increase in the

ﬂuencezf, where E = and A is the beam spot
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Scheme 1. (A) Hot Carriers Generated by Plasmon Excitation Relax through the WO, ,; Semiconducting Electronic Structure

and Observable through R1, R2, and B1“
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type exciton formation and relaxation occur through E1, while V trap recombination is expected for V1 and V2 terms. The range of R1 and R2
(3.65 and 0.80 eV, respectively) are constrained by the detection limits of the instrument.
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Figure 3. Time dependence of fsTA spectral features under 800 nm, LSPR pumping at (A) 425, (B) 750, and (C) 1472 nm probe wavelengths

with biexponential fits. fSTA following excitation of the optical gap

at 325 nm, E, ., is also monitored at (D) 425 and (E) 600 nm probe

80p

wavelengths. The transient signal shows drastically different decay dynamics, with long nanosecond time dynamics shown in the insets for both

probe wavelengths.

probability of energy transfer from thermalized carriers into the
lattice. When holistically comparing R1 and R2 versus B1, the
difference in lifetimes suggests that there is a coupling
parameter between the band structure and hot carriers as
suggested previously;'” otherwise R1 and R2 lifetimes would
be nearly identical to B1.

From the fluence dependence of Bl, it is possible to extract
the electron—phonon coupling constant, as reported previously
for WO,_,."" When the LSPR is excited, a rapid transfer of
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energy from hot carriers to the lattice occurs due to their
difference in electronic temperature, leading to a significant
increase in temperature. Such values can be used for further
analysis such as the two-temperature model, which takes the
differences in temperature into account and provides a way to
calculate the thermal response of the material under light
excitation. The electron—phonon coupling constant provides a
measure of the thermalization behavior, which is important for

applications susceptible to thermal damage.”* Following the
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work of Johns et al., the electron—phonon coupling constant,
G, can be calculated using eqs 1 and 2

. =1k

e (1)
]/real,l _ m1\3/ nexl

Vealz  M23/De2 (2)

From the fluence dependence for Bl (Figure S9), the
parameter 7, (el—ph decay rate at zero fluence) is extracted
using a linear regression of the three lowest fluences (gray
dashed line), assuming a temperature of 298 K for the
surroundings of the NC (T,) and compared with previous
literature in Table 2. The results from Johns et al. on WO;_,

Table 2. TTM Parameters Obtained from the Fluence
Dependence of Bl

y J K% ecm™) G(JK!'s!em™)
B1 (this work) 6.69 x 107° 1.47 x 10"
Johns et al. 5.50 x 107° 9.64 x 10

are very comparable to this work; the primary difference is
likely due to the observation of a lower 7, either due to the
lower pulse width capabilities of the fsTA, resulting in a more
accurate value, or to the much higher plasmon frequency for
this WO;_,, sample, resulting in higher carriers and higher el—
ph coupling.

In Figure 2B, the TA results are shown for the direct
excitation of E, . (3.8 V) at low fluence (263 uJ). Low power
prevents ligand dissociation from the NC surface and two-
photon effects. In the TA spectra, three distinct absorption
features are observed and labeled El, V1, and V2. The
observed dynamics for E1, V1, and V2 are visualized in Figure
3D,E and compiled in Table 3. The long nanosecond lifetimes
for V1 and V2 were obtained separately at a power of 318 uJ/
cm® as shown in the inset of Figure 3D,E.

Table 3. E, . Pumped (3.8 eV) UV—Vis Probe Lifetimes
E ump feature growth decay decay
8opt
(energy) (ot ) (g ) (B 1)
E1 (2.92 eV) 586 + 1.8 177.5 + 4.1
V1 (2.92 eV) 2.68 + 0.19
V2 (2.07 eV) 273.5 + 52.8 3.50 + 0.26

The exciton Auger recombination is assigned as E1 at 3.02
eV nm. The E1 feature decays on the fs time scale
commensurate with the appearance of V1 and V2 at 2.92
and 2.19 eV, respectively, which decay on the nanosecond
domain. It is difficult to deconvolute E1 and V1 from each
other due to energy overlap; however, the rapid growth and
decay dynamics can be obtained from E1, while the longtime
decay can be obtained for V1 at 2.92, reflecting the longer
lifetime for V1. V2 is separately monitored at 2.07 eV for its
growth and decay dynamics, with minimal convolution from
El and V1.

Based on the literature precedence for n-type semiconductor
exciton recombination dynamics,” El is assigned to trion
recombination between excitons and free electrons, while V1
and V2 represent the growth of two long-lived acceptor—donor
state populations associated with trapping at Vj, sites forming a
trapped polaron, analogous to an f-center in oxides.”* The
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energy of the V1 state is consistent with a transition from a
Vo> acceptor level to a V" donor level, as previously
reported.” Vo> — Vo° is a two-electron process, which
requires either a W**—V"—W* or W*—=V,"~W*" bonding
configuration and is likely to account for the 3.1 eV emission
observed.* The nanosecond lifetime of V1 and V2 are similar
in time scale to the observed power-law behavior in the PL
emission in Figure 1B. The V2 state at 2.19 eV is attributed to
the V° donor state to a Vo* trap center transition.*® There is
no PL observable for this V transition, likely due to Auger-
type recombination due to the high electron density from the
LSPR on resonance with the Vo* — V° transition energy near
the Fermi level. When compared to the LSPR-pumped series
(R1, R2, and B1), the E1, V1, and V2 features are clearly
distinct and do not display biexponential decay behavior.

Bl CONCLUSIONS

Based on the TA dynamic studies and the proposed scheme for
carrier relaxation, E, . pumped transitions originate from the
electronic band structure of WO;_, itself, without interaction
of the visible LSPR. Our findings support the idea that the
LSPR is a resonance state, which requires direct excitation to
access, implying that plasmonic semiconductor oxides can be
utilized for their semiconducting properties and plasmonic
properties separately or in tandem. Exciting E,,, directly
allows access to the electronic band structure through
pathways unique to the semiconductor band structure without
hot carrier activation.

Using fsTA, this work thoroughly explores hot carrier
dynamics in WO, ;5 PSNCs as a model system for other n-type
plasmonic transparent conducting oxide-type systems. Hot
carriers are observed to form only under LSPR pumping and to
relax through both interband and intraband pathways.
Excitation of the optical band gap leads to trion recombination
and emissive pathways due to donor and acceptor level
transitions such as Vg’s. This study shows that Landau
damping-induced carrier formation following LSPR excitation
leads to identifiable relaxation processes in WO,_,. Defective
tungstate, a plasmonic semiconductor, is observed to have a
carrier density approaching noble metals such as gold, and hot-
carrier relaxation lifetimes are on similar time scales. The
observation of hot carriers in WO;_,, suggests that this may be
a more economical material for application toward hot-carrier
enhancement in integrated devices where gold is normally used
to improve device efficiencies.” This work gleans into the
possibility of future PSNCs that could be engineered for dual
excitonic/plasmonic-based applications simply by changing the
energy of incident photon energy.
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