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ABSTRACT: We have successfully investigated the simultaneous
injection of hot electrons and holes upon excitation of gold localized
surface plasmon resonance (LSPR). The studies were performed on
all-solid-state plasmonic system composed of titanium dioxide
(TiO2)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic
acid) (PEDOT:PSS) p−n junctions with gold nanoparticles (Au
NPs). The study revealed that both charge carriers are transferred
within 200 fs to the respective charge acceptors, exhibiting a free
carrier transport behavior. We also confirmed that the transfer of
charge carriers are accompanied by change in the initial relaxation
dynamics of Au NPs.

The efficient conversion of light energy into electricity is
key for sustainable human development. Photovoltaics

have the potential to make a significant contribution to satisfy
the energy requirements; however, issues related to efficiency,
sustainability, and cost must be addressed with increased
urgency. The main limitation of current technologies relates to
the low absorbance of near-bandgap light. Metal nanoparticles
(NPs) are strong light scatterers at wavelengths near the
plasmon resonance, which is due to a collective oscillation of
the conduction electrons in the metal. Hot carriers in
plasmonic NPs can be generated both by direct excitation
and by LSPR excitation and decay,1 which was confirmed
spectroscopically in 2013 by Sa ́ and co-workers.2 They
demonstrated that excitation of Au LSPR resulted in the
formation of hot carriers (electrons and holes) with the help of
high-resolution X-ray absorption spectroscopy at the Au L3-
edge. Those hot electrons could be readily injected into a TiO2
conduction band (CB), confirming their usability for light
conversion to electricity. Recently, it was demonstrated that a
hot electrons counterpart (i.e., hot holes) could also be
injected into p-type semiconductors with suitable valence band
energy edges alignment upon LSPR excitation,3 corroborating
previously reported photocatalysis studies4−6 and stimulating
research into direct solar cells with LSPR nanostructures.7−10

LSPR excitation creates a non-Fermi distribution of electrons
that rapidly relaxes to a Fermi distribution via electron−
electron (e−e) scattering, with relaxation dynamics dependent
on induced transition (intra- or interband transition). The
ultrafast nature of e−e scattering processes in these

materials11−13 demands transference of the plasmon-induced
charger carriers to suitable transport layers for exploitation as
photovoltaics. The energy of the electron−hole pairs is
determined by the incoming photon energy; however, the
carriers’ energy distributions depend on LSPR decay
processes.14 Herein is reported the ultrafast dynamics of hot
electrons and holes formed via excitation of gold LSPR. The
studies were performed on an all-solid-state plasmonic system
composed of t i tanium dioxide (TiO2)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PE-
DOT:PSS) p−n junction with gold nanoparticles (Au NPs).
The study revealed that both charge carriers are transferred
within 200 fs to the respective charge acceptors, exhibiting a
free carrier transport behavior. A simplified scheme of the
charge dynamics is depicted in Figure 1e.
The all-solid-state plasmonic system consists of a compact

bottom layer of TiO2 NPs decorated with Au NPs under a top
thin film layer of PEDOT:PSS. PEDOT is a semiconductor,
which is degenerately doped by PSS to achieve a p-type
conductive mechanism.15 Atomic force microscopy (AFM)
measurements (Figure S2 in the Supporting Information)
revealed a 200 and 40 nm layer thickness for the semi-
conductor and conducting polymer, respectively. The evapo-
ration of a 2 nm of Au followed by annealing at 450 °C for 30
min in Ar flow leads to formation of particles with mean
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diameters of ca. 6 nm, as is shown from transmission electron
microscopy (TEM) measurements (Figure 1a−d). Further
details of sample preparation are described in the Supporting
Information.

The plasmon resonance is known to be sensitive to
asymmetric dielectric perturbations.16 The surrounding dielec-
tric mediums of Au NPs are changed anisotropically with the
presence of PEDOT:PSS, thus distorting the plasmonic

Figure 1. TEM images of Au NPs on ZrO2 (a) and TiO2 (b) and their respective particles size distributions (c), (d). Schematic picture of the
dynamics of electrons and holes injected to TiO2 and PEDOT:PSS upon light excitation at 530 nm (e).

Figure 2. Absorbance spectrum of AuNP/TiO2 (a) and AuNP/TiO2 (b) with and without PEDOT:PSS. Transient Spectra of AuNP/TiO2 (c) and
kinetics extracted at 7730 nm (d).
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resonance, which leads to different shifts in the absorbance and
scattering spectrum. This can be clearly observed by
comparing the absorbance of the system when PEDOT:PSS
is spin-coated (Figure 2a,b). The same argument can be used
to explain the change in the spectra depending on which metal
oxide (TiO2, ZrO2) the Au NPs are attached to. The thin film
of PEDOT:PSS have an extremely low absorption in the visible
range; however, Raman measurements (Figure S3) reveal the
typical features of the conducting polymer.
Free carriers (electrons and/or holes) have a strong

absorption in the infrared (IR) spectra by exhibiting a broad
featureless signal that increases in the entire mid-IR region.17

In transient infrared absorption spectroscopy (TIRAS), the
temporal evolution of the difference in absorption (ΔOD =
ODpump − ODunpump) is measured and the positive signal is
assigned to free carriers in the accepting materials (TiO2 and/
or PEDOT:PSS), without interference from the Au LSPR
process (see Figure S4). The kinetic traces were fitted using a
sum of convoluted exponential functions (see eq S1) in order
to estimate the rise time (charge carrier injection time) and
decay time (charge carrier lifetime) of the signal. We
investigated the systems using TIRAS, where the probe
interval was λprobe = 7600−8200 nm and the excitation
wavelength was set to λexc = 530 nm (near the Au LSPR peak).
Initially, the system composed of only Au NPs on TiO2 was
measured. The time zero, i.e., the overlap in time of the pump

and probe pulse, was shifted for plotting convenience. Figure
2c,d shows the temporal evolution of the difference in
absorption where the positive ΔOD is ascribed to free carriers,
in this case electrons in the CB of TiO2 injected from Au NPs
upon optical excitation. The time associated with charge
injection was estimated to be τrise = 192 fs by fitting the rising
edge region.
The presence of conducting polymer thin film on AuNP/

TiO2 causes a dramatic change on the transient IR signal as it
is compared in the Figure 3a. Three aspects can be promptly
noted: the presence of PEDOT:PSS causes a bleach with a
rapid recovery in the subpicosecond time regime following
excitation, a negative signal at longer time delays, and a rise in
the maximum positive amplitude by a factor of ca. 2.5. The
latter underlines the increase in the number of free carriers in
the system. The time evolution of the spectrum comparing
both systems can be viewed in Figure S4. Figure S5 shows that
no positive transient signal is observed when optically exciting
the PEDOT:PSS/TiO2 system, therefore excluding any
possibilities of the conducting polymer injecting electrons to
the TiO2 semiconductor. The dependence of the laser power
with the maximum positive ΔOD was studied for
PEDOT:PSS/AuNP/TiO2 system and a deviation from the
linear range occurs for values higher than 620 μW (Figure 3b).
In our experiments the excitation laser power was kept to ca.
560 μW during all the measurements, i.e., in the linear region.

Figure 3. Kinetics at 7730 nm extracted from AuNP/TiO2 (red) and PEDOT:PSS/AuNP/TiO2 (black) (a). mΔODmax for different laser powers
with fixed wavelength at 530 nm (b). Kinetics at 7730 nm of PEDOT:PSS/ZrO2 with (black) and without (green) Au NPs. The inset shows the
kinetics in log−log presentation. Power-law decay fitting yielded β = 0.9(1) (c). Kinetics of holes in the conducting polymer extracted from the
subtraction of PEDOT:PSS/AuNP/ZrO2 by PEDOT:PSS/TiO2 transient signals (d).
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Such unusual upward divergence from the linearity is
characteristic for plasmonic materials.18 Nevertheless, studies
of this nonlinear mechanism is beyond the scope of this work.
In order to investigate the aforementioned features, the same

measurements were performed with a sample containing ZrO2
instead of TiO2, therefore avoiding electron injection from Au
NPs and restricting its interaction triggered by light only with
PEDOT:PSS. TIRAS measurement of PEDOT:PSS spin-
coated over an insulating layer of ZrO2 exhibits a bleach that
has been attributed to the electronic thermalization of the
excited charge carriers in the polymeric conductor.19 Our thin
film conducting polymer has an extremely low absorption in
the visible region, but an intense broad band absorption in the
IR (Figure S7). The presence of free charge carriers in the
doped PEDOT are responsible for this band and has been
interpreted in terms of the localization-modified Drude model
(LMD) with good quantitative agreement with the reflectance
spectrum.20 The LMD model, which is a first-order correction
of the Drude model in the regime of weak localization, has
been extensively used to describe metal−insulator transitions
in conducting polymer.21,22 This implies that the IR absorption
is due to motion of charge carriers (intraband transition) in the
electric field of the light. Meskers et al.23 observed similar
frequency dependence between opto-electrical measurements
and photoinduced absorption at IR probe energies, suggesting
that the optical and electrical signal are due to sample heating.
Therefore, it can be rationalized that with the increase in the
electronic temperature induced by the laser pulse, the number

of states available to the carriers will be modified, thus leading
to a change in the absorption spectra.
By comparing both curves in Figure 3c, it is possible to first

observe a faster decay (dashed blue circle) when the plasmonic
NPs are present. Since thermal dissipation from the metal to
the surrounding medium does not happen in the subpico-
second time scale,24 this effect can be disregarded within this
time region but is directly related to the second one (blue
elipse, Figure 3c) and will be discussed later. Previous studies
of fully undoped PEDOT indicates a band gap >1.5 eV.25,26

Notwithstanding, irradiation of PEDOT:PSS/ZrO2 with λexc =
530 nm (2.34 eV) leads to the same power law decay behavior
(1/tβ) with β = 0.9 ± 0.1 observed by Meskers et al. (βlit = 0.8
± 0.1) when pump/probed at 1440 nm (0.86 eV).19

Therefore, we concluded that photoconduction from photo-
generated charge in our thin film of PEDOT:PSS is unlikely.
Moreover, a deviation from the power law decay behavior in
the initial transient decay can only be observed when Au NPs
is present (insert of Figure 3c); Figure S6 compares the
kinetics of this system with λexc = 800 nm, i.e., far from the
LSPR peak and a similar slower decay to PEDOT:PSS/ZrO2 is
observed. This leads us to conclude that the divergence from
power decay law behavior is caused by hole injection upon Au
LSPR excitation and not from PEDOT:PSS optical excitation.
In addition, the negative signal after 0.5 ps is significantly more
intense for the sample without Au, suggesting that a positive
signal offsets the trace consistent with holes populating
PEDOT:PSS valence band. Figure S4 indicates that no IR

Figure 4. (a) Temporal evolution of the spectrum probed in the visible region of PEDOT:PSS/Au NPs/TiO2 and (b) PEDOT:PSS/Au NPs/
ZrO2. Temporal evolution of (c) AuNP/TiO2 and (d) AuNP/ZrO2 with and without PEDOT:PSS probed at 451 nm. The dashed rectangles
contain the e−ph coupling times obtained by an exponential function.
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signal is observed from AuNP/ZrO2. Figure 3d depicts the
same kinetics at 7730 nm but with more dense delay points.
The data from each system were interpolated and subtracted to
obtain the transient signal arising from holes in PEDOT:PSS.
In the presence of Au NPs, there is a clear positive signal
associated with hole transfer to PEDOT:PSS, which is not
present in the sample without Au NPs (see figure S4 for the
transient spectra). The fitting of the rising edge resulted in a
value significantly shorter than our timing resolution, thus we
can only state that hole injection occurs within our instrument
response function. The negative signal contribution (ca. t > 3
ps, Figure 3c) resulting from the thermal dissipation from Au
NPs to PEDOT:PSS prevents an accurate analysis of hole
kinetics for longer time delays.
Figure 4a,b shows the time evolution of ΔOD for samples

with and without PEDOT:PSS upon excitation at also 530 nm
but probing in the visible region. The 2D graph depicts the
typical transient features of Au NPs with two positive
“winglets” and a bleach region measured by ultrafast transient
absorption (TAS), which is mainly governed by electron−
phonon (e−ph) scattering and have been extensively studied
and modeled elsewhere.27,28 The increase in the electronic
temperature, followed by its thermalization to the lattice,
induced by the pump laser modifies the dielectric constant of
the particles causing transient changes in the spectrum. The
transient behavior of Au NPs has been modeled and excellently
reproduces the experimental curves by taking into account the
temporal change in the Drude-like ϵintra and interband ϵinter
terms on the dielectric function.29 Several transient absorption
experiments have been performed to determine this coupling
constant, but these measurements are problematic since the
relaxation time depends on pump laser intensity.30,31 In order
to overcome this, experiments in the literature performed
measurements with very low excitation powers so the electron
distribution is only slighty modified and the results were
extrapolated to zero power.28,32 In general, the e−ph coupling
time obtained is ca. 1 ps for high conductivity metals like Au,
Ag, and Cu. Furthermore, experimental studies confirmed the
absence of size-dependence on the initial thermalization of Au
NPs.33

The kinetics extracted at 451 nm for the system on TiO2 and
ZrO2 are shown in Figure 4c,d. A longer lifetime for the first
component (e−ph coupling) can be obtained when
PEDOT:PSS is present, from τ = 1.32 ± 0.35 → 1.59 ±
0.36 ps for the system with TiO2 and τ = 1.83 ± 0.31→ 2.17 ±
0.21 ps for the one with ZrO2. The Table 1 list the τ values of
the system with and without PEDOT:PSS obtained in three
different regions: the bleach’s bottom and the two positive
peaks region. Although the τ differences obtained are within
experimental uncertainty, the mean e−ph coupling time values
are slightly increased in all regions. Since the coupling period

depends on the initial electronic temperature,34 the prolonga-
tion in time corroborates with holes being injected into
PEDOT:PSS from Au NPs. The opposite effect, i.e., the
decrease in the e−ph coupling time, is observed when the
system contains TiO2 (electron acceptor) instead of ZrO2.
Following the internal e-e scattering and e−ph coupling

process, the hot nanoparticle equilibrates with the environ-
ment. Heat diffusion within the particle is very fast for metals
and is often neglected.35 The description of the sequence of
events, namely, e−e scattering, e−ph coupling, and heat
dissipation after optical excitation, is commonly divided into
different time scales. However, they are not accurate since they
depend of different parameters like size, shape, dielectric
medium, etc., although it offers a good starting point for
discussion. Hartland et al.36 have studied the energy dissipation
of Au NPs to their surroundings with pump−probe spectros-
copy and verified that, for very small particles (ca. 4 nm),
significant energy loss occurs before electron and phonons
reach thermal equilibrium. Taking this into account, we
suggest that the component related to the heat dissipation into
the surroundings (highlight in Figure 5, λprobe = 700 nm) is the
cause of the negative absorption on the transient dynamics of
PEDOT:PSS beginning around 3 ps.

In conclusion, we showed that electronic thermalization of
PEDOT:PSS is altered due to hole injection from Au NPs to
the conducting polymer, which resulted in an increase of ca.
2.5 of the signal related to free carriers in the system. One
could argue that initially only electrons are injected to CB of
TiO2, leading to a successive Fermi level shift to a point where
finally holes could be transferred to PEDOT:PSS. Never-
theless, our results showed that electron and hole injection
occur within 200 fs. The result is consistent with the work of

Table 1. e−ph Coupling Time (τ) and |mΔOD|max of Different Systems and Probing Wavelengths

451 nm 575 nm 700 nm

|mΔOD|max τ (ps) |mΔOD|max τ (ps) |mΔOD|max τ (ps)

AuNP/TiO2 0.9 1.32 ± 0.35 1.8 1.30 ± 0.07 0.63 1.37 ± 0.40
PEDOT:PSS/AuNP/TiO2 1.1 1.59 ± 0.36 2.2 1.42 ± 0.11 1.1 1.43 ± 0.52

451 nm 560 nm 700 nm

|mΔOD|max τ (ps) |mΔOD|max τ (ps) |mΔOD|max τ (ps)

AuNP/ZrO2 2 1.83 ± 0.31 4.6 1.69 ± 0.09 1.0 1.49 ± 0.33
PEDOT:PSS/AuNP/ZrO2 2.5 2.13 ± 0.21 5.4 1.84 ± 0.12 1.9 2.22 ± 0.24

Figure 5. TIRAS and TAS kinetics of PEDOT:PSS/AuNP/ZrO2
probed at 7730 and 700 nm, respectively.
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Furube et al. where the electron injection time from Au NPs
into TiO2 was estimated to happen within 240 fs.37 The
increase in the e−ph coupling time with the presence of
PEDOT:PSS and decrease when TiO2 is used instead of ZrO2
reflects the influence of charge injection from plasmonic
nanoparticles on its initial relaxation dynamics. Although
charge recombination from PEDOT:PSS to TiO2 is likely to be
playing a role, this work suggests that with further improve-
ments, such as insertion of a thin insulating layer between the
conducting polymer and the semiconductor, this system has
the potential applicability of an all-solid-state plasmonic
photovoltaic device with light absorption in the visible region.
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