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ABSTRACT: Recently, it was demonstrated that charge separa-
tion in hybrid metal−semiconductor nanoparticles (HNPs) can be
obtained following photoexcitation of either the semiconductor or
of the localized surface plasmon resonance (LSPR) of the metal.
This suggests the intriguing possibility of photocatalytic systems
benefiting from both plasmon and exciton excitation, the main
challenge being to outcompete other ultrafast relaxation processes.
Here we study CdSe-Au HNPs using ultrafast spectroscopy with
high temporal resolution. We describe the complete pathways of
electron transfer for both semiconductor and LSPR excitation. In
the former, we distinguish hot and band gap electron transfer
processes in the first few hundred fs. Excitation of the LSPR reveals
an ultrafast (<30 fs) electron transfer to CdSe, followed by back-
transfer from the semiconductor to the metal within 210 fs. This study establishes the requirements for utilization of the combined
excitonic−plasmonic contribution in HNPs for diverse photocatalytic applications.

KEYWORDS: hot-electron transfer, localized surface plasmon resonances, photocatalysis, semiconductor nanoparticles,
ultrafast optical spectroscopy

Plasmonic photochemistry is an emergent paradigm for
various photocatalytic applications including sensing,

photodetection, and solar energy conversion.1−3 The ability
to generate hot electrons/holes at a metal nanoparticle’s (NP)
surface in the form of a localized surface plasmon resonance
(LSPR) under a wide range of visible and infrared excitations
simply by controlling the NP type, size, and shape is highly
appealing in the context of sustainable energy harvesting.4

Conjugating these metal sensitizers to an acceptor such as a
semiconductor component or adsorbed molecules permits hot
charge carrier transfer across the interface of the hetero-
structured system.5

Among the mechanisms proposed for this process, two stand
out: the conventional indirect plasmon-induced hot-electron
transfer (PHET)6−9 and the recently discovered direct
plasmon-induced charge transfer (PICT).10−12 In PHET, hot
carriers are initially generated in the metal by plasmon decay
and then undergo interfacial transfer to the acceptor
component. PICT occurs when there is strong interdomain
coupling and mixing of the metal and acceptor energy levels. In
PICT, plasmon excitation is directly accompanied by a rapid
charge separation process that creates an electron in the
acceptor region and a hole in the metal.10 In both cases, in
comparison to fast thermalization and cooling on uncon-

jugated metallic NPs, a prolonged lifetime of hot electrons
following charge separation is essential for initiating chemical
reactions at their surfaces and promoting photocatalytic
functionality. However, PICT is considered more efficient
than PHET since competing processes in the metal domain,
such as electron−electron and electron−phonon scattering, are
eliminated by the predicted nearly instantaneous charge
transfer to the acceptor domain.
Semiconductor−metal HNPs are an interesting potential

platform for PICT, having long been considered promising
photocatalysts for numerous applications including solar-to-
fuel conversion,13,14 photopolymerization,15 and biomedical
utilization.16 These applications derive from the unique
combined and synergistic photophysical and chemical proper-
ties that HNPs offer.17 Among them, first and foremost, is
light-induced charge separation, which allows the promotion of
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redox reactions on their surface following light absorption.13

So far, the majority of the investigations and the applications of
such systems in photocatalysis were focused on the photo-
induced charge transfer from the semiconductor to the metal
domain. Careful studies allowed to decipher the photocatalytic
mechanism, while the well-defined morphology and size-
control, akin to such HNPs, enabled reaching in-depth
understanding and establishment of significant factors for the
design of optimal HNPs based photocatalysts.18−23

Combining the effects of plasmonic photocatalysis and
excitonic sensitization through the semiconductor bears
interesting potential. In particular, the possibility of also
exploiting the LSPR excitation of the metal domain to enhance
the photocatalytic efficiency, through PICT from the metal
domain to the semiconductor, is highly attractive.24 The LSPR
of the metal can be used either to increase the local
electromagnetic field or to generate charge-separated states.

Recently, the latter approach was elegantly demonstrated on
CdSe-Au HNPs by Lian and co-workers. A direct PICT
mechanism was reported for this HNP model system that
manifests strong hybridization of the excitonic and plasmonic
states.10 The PICT form of charge separation for this system
was argued to happen within the Landau damping time of the
plasmon (<20 fs). Experimental evidence of PICT was also
found in other systems such as TiO2−Ag25 and TiO2−Au.26
This direct mechanism may improve plasmonic based
photocatalytic activity and efficiency of HNPs by extending
light harvesting to the red and near-infrared (NIR) region.
However, coexisting relaxation pathways and, in particular,
back-transfer from the semiconductor to the metal can
compete with efficient harvesting of these excited carriers.
In PICT systems, direct experimental observation of the

relevant time scales and competing mechanisms is challenging
due to their ultrafast nature, as predicted from theoretical

Figure 1. (a) Linear absorption spectra of bare CdSe NRs and CdSe-Au HNPs in water (black and green lines, respectively) normalized at 2.38 eV.
The shaded orange and blue areas represent the spectra of the broadband pulses used in the ultrafast experiments reported here. Right: TEM image
of the CdSe-Au NRs. (b) Summary of the ultrafast photophysics of pristine CdSe NRs following broadband photoexcitation. The right-hand side
shows the calculated density of electron states in the conduction band, which approximately form three groups. We observe that electrons relax
from the high energy group to the intermediate in 110 fs and from the intermediate group to the lowest excited states in 220 fs. (c) Summary of the
photophysics of CdSe-Au HNPs following broadband visible and (d) broadband NIR photoexcitation. In the first case, an ultrafast hot-electron
transfer to gold on a 115 fs time scale competes with intraband relaxation in the CdSe domain and is followed by a slower (210 fs) transfer of band
gap electrons to the gold. For NIR excitation, PICT generates electrons in the CdSe domain with a ≤ 30 fs time constant. This is followed by a
back-transfer to the gold in 210 fs.
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analysis.25 Therefore, directly measuring the dynamics of the
charge carriers following plasmonic excitation in such hybrid
nanosystems is essential for understanding the different
mechanisms involved in PICT and designing nanosystems
that effectively exploit it for light harvesting. Here we study a
model exciton−plasmon photocatalyst system of CdSe-Au
hybrid nanorods (NRs) using a combination of ultrafast two-
dimensional electronic spectroscopy (2DES) and transient
absorption (TA), utilizing pulses with a duration of ≈10 fs in
the visible and ≈30 fs in the NIR. The high time resolution
enables us to trace and define the rich charge carrier relaxation
routes, as summarized in Figure 1b,c, which follows photo-
excitation of both the excitonic and the plasmonic
components. 2DES allows us to highlight significant differ-
ences in carrier relaxation between pristine NRs and the HNPs
because of the rapid charge separation processes in the latter.
The TA data reveals in detail the dynamics of the charge
transfer processes following both CdSe and Au LSPR
photoexcitation, which is described employing global analysis.
The photophysical processes identified in this study and the
corresponding time scales pose the ultimate constraints for
utilization of the combined excitonic−plasmonic contribution
in such HNPs for diverse photocatalytic applications.
CdSe NRs were synthesized using a modification of the

surfactant controlled growth approach (see Supporting
Information for details).27,28 NRs of 8.4 nm diameter and
25.1 nm length were produced by multiple injections of
precursors, resulting in a 1.85 eV energy band gap (Figure 1a,
black line). In the next step, site-selective Au deposition on the
NR apexes was obtained following a recently reported
procedure,19 resulting in an average metal domain size of 4.1
± 0.8 nm, as can be seen from the transmission electron

microscopy (TEM) image in Figure 1a. The HNPs and the
NRs were then transferred to an aqueous solution by ligand
exchange with polyethylenimine, which provided good
colloidal stability and was reported as a high-performance
surface coating for photocatalytic applications of the HNPs.29

Additional details of the synthesis are provided in the
Supporting Information.
Aqueous solutions of CdSe-Au HNPs show a distinct change

in their optical properties when compared to CdSe NRs (see
Figure 1a). The lowest energy absorption band of the latter is
around 1.85 eV, followed by two bands at approximately 2 and
2.3 eV, which roughly corresponds to the split-off valence
band.30 These three predominant optical transitions resonant
with our visible excitation pulses are consistent with the
calculated density of electronic states shown in Figure 1b
(Figures S2 and S3 and additional details in the Supporting
Information). The hybrid CdSe-Au system still shows
distinguishable features of the bare CdSe NRs but is
dominated by a broad tail extending into the NIR well
below 1 eV. The LSPR of free-standing Au NPs typically peaks
around 2.3 eV, so the observed HNP spectrum (green line in
Figure 1a) is not a simple combination of its individual
constituents. The observed spectral response of the HNPs was
previously assigned to a broadening of the gold domain LSPR
due to the hybridization with the CdSe energy levels, in
contrast with the results observed in other systems, such as
CdS-Au HNPs, for which the LSPR and the semiconductor
states are spectrally separated and distinct.31

For a complete understanding of the carrier dynamics in the
complex HNPs, we compare their response to that of the bare
NRs. The ultrafast photophysics of the bare CdSe NRs shows a
strong dependence on the excitation photon energy.32−36

Figure 2. 2DES maps showing the normalized ΔT/T of CdSe NRs (a−c) at 20, 100, and 2000 fs following visible broadband excitation (pump
fluence of 11.6 μJ/cm2) and (d−f) CdSe-Au HNPs at 20, 140, and 460 fs under the same conditions (pump fluence of 20.7 μJ/cm2). While the
maps on top show a rising signal at Eprobe = 1.85 eV, the HNPs show a steadily decaying signal. The color map scale is normalized at the maximum
signal among the three maps. The cartoons are merely representative; see Figure 1 for TEM data.
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Hence, the combination of high temporal resolution and high
excitation energy resolution of 2DES is required to fully
unravel it.37 2DES is an extension of broadband TA in which a
second pump pulse is added, and its time delay with respect to
the first pump is controlled with interferometric precision,
allowing one to obtain excitation energy resolution through
Fourier transform spectroscopy.38,39 The result is a correlation
map between the pump and probe photon energies for each
pump−probe delay, such that the vertical cut for each point in
the pump energy axis corresponds to the narrowband TA
spectrum at that delay.
The 2DES differential transmission (ΔT/T) maps for

pristine CdSe NRs at representative time delays are shown
in Figure 2a−c, with the color scale normalized to the
maximum signal among the three maps. All experiments were
performed at low fluences to ensure being in a single exciton
regime. At 20 fs (Figure 2a), we see that, independently of the
pump energy, photobleaching (PB) bands are present at probe
energies of 1.85 and 2.27 eV, corresponding to horizontal
signatures. As usual, the 2DES signal amplitude is not
corrected by the excitation spectrum along the pump energy
axis, as that is not readily achievable.40,41 As a result, the
exciton peak in the diagonal at 1.85 eV is partially suppressed
in comparison with previous reports.32,42,43 Figure S5 shows
the same data of Figure 2a using a logarithmic color scale,
highlighting the weaker positive diagonal signals more clearly.
Note that the energy spacing between the lowest energy
excitonic transition and the transition at 2.27 eV is 420 meV,
which corresponds to the energy difference between the light/
heavy hole and spin-orbit split valence band in bulk CdSe.30

Therefore, the transition at 2.27 eV can be approximately
assigned to electron−hole transitions of the split-off valence
band while sharing the same conduction band energy level as
for the 1.85 eV excitonic transition (Figure S4). This coupling
is manifested by the observed cross-peaks in Figure 2a.
For pump energies above 2.0 eV, the band edge PB starts to

be accompanied by a negative photoinduced absorption (PIA)
signal at probe energies below 1.8 eV, typical of band gap
renormalization due to the presence of hot carriers and
sometimes attributed to biexciton absorption in CdSe.44−47

We also note that, at pump energies above 2 eV, PB signals
extend from the band gap up to the diagonal region, showing
the presence of carriers that have not yet relaxed from the
initial excitation. At 100 fs (Figure 2b), we already observe a
significant decrease of PB signals at high pump and probe
energies (partially obscured near 2.25 eV due to the
overlapping cross-peak from band gap electrons, see Figure
S6), accompanied by an increase in the band edge PB and a
decrease of the subgap PIA at the corresponding pump
energies, reflecting the transient signatures of carrier cooling.
Still, a PB band around the probe energy of 2 eV persists. At
2000 fs (Figure 2c), all signatures of hot carriers have
disappeared, and for all pump energies, PB signals are observed
at the band gap and at 2.27 eV, corresponding to the split-off
band. At later times, no further evolution is observed apart
from the well-known signal decay on the ns time scale.
The 2DES data summarized in Figure 2a−c include many

more time delays between −100 and 2000 fs, and the kinetics
of all coordinates in the 2DES maps were analyzed employing
a global fitting algorithm.48 Two subpicosecond exponential
components, along with a long-living component, sufficed to fit
the full 2DES data set (Figure S6). The two decay components
extracted from the global analysis are assigned to a two-step

relaxation of hot carriers to the band edge (pathways i and ii in
Figure 1b). At early times, the ≈110 fs component shows
matching kinetics between the decay of the PB of the higher
energy transitions (2.27 eV) and the buildup of the PB of the
intermediate energy transitions (2 eV) (Figure S6a). This
match strongly suggests a relaxation pathway of hot electrons
from the high energy to the intermediate energy transitions.
Subsequently, a buildup of the PB signal is seen both at the
band edge energy and the higher energy transitions, alongside
the decay of the intermediate energy transitions on a ≈220 fs
time scale (Figure S6b). This indicates a relaxation pathway
from the intermediate energies to the band edge, which is
coupled with the higher energy transition from the split-off
valence band. The observed two-step relaxation process and
the associated time scales are in agreement with previous
works on spherical CdSe NPs.32,33

The 2DES maps of CdSe-Au HNPs under similar photo-
excitation conditions are shown in Figure 2d−f, with the color
scale normalized to the maximum signal on that data set.
Significant differences are observed for the HNPs compared to
the bare NRs. The signal level at time zero is substantially
lower as is expected because hybrid samples of similar optical
density include a large absorption component of the
broadened LSPR of gold in contact with CdSe, which gives a
very weak transient response. This is consistent with previous
studies.10 The 2DES map at 20 fs in Figure 2d is very similar to
that in Figure 2a, further confirming that the transient response
at early times reflects mainly direct CdSe excitation. However,
the signal evolution follows a drastically different path, with the
entire 2DES line shape quickly decaying to zero, and no
noticeable relaxation to the band edge (Figure 2e,f). This is a
remarkable result, in strong contrast with the CdSe NRs, for
which the kinetics strongly depended on the excitation energy,
suggesting that charge transfer processes thoroughly out-
compete internal relaxation in the CdSe domain. As all signals
decay independently of the excitation photon energy, 2DES is
no longer an absolute requirement, allowing us to use
broadband TA to further scrutinize the dynamics.
Broadband TA experiments, performed with the same

ultrashort pulses used in 2DES, are compared for bare NRs
in Figure 3a−c and for HNPs in Figure 3d−f. The TA maps as
a function of probe photon energy and pump−probe delay for
bare NRs (Figure 3a) and HNPs (Figure 3d) are consistent
with the evolution observed in the 2DES data both kinetically
(Figure 3b,e) and spectrally (Figure 3c,f). The data was
analyzed employing a global fit algorithm using Glotaran.49 For
bare CdSe NRs, the TA fit recovered similar components as
the 2DES fit, namely, 110 and 220 fs (see Figure 3b, Figures S6
and S10a). For the HNPs, the transient signatures from gold
are expected to be very small due to the strong broadening of
the LSPR of the tips. Indeed, the spectra in Figures 3c at 14 fs
(blue) and Figure 3f at 20 fs are almost coincident (see also
Figure S8), demonstrating the dominance of CdSe signatures
in TA spectra.
Three exponential components were required to fit the

kinetics in the HNPs, at 114, 212, and 1210 fs (Figure S10b).
It is important to note that, although both NRs and HNPs
include a fast component of approximately 110 fs, the spectral
evolution is drastically different. For the NRs, Figure 3c shows
a decreasing PB between 1.95 and 2.2 eV accompanied by a
rising PB at 1.86 eV, whereas Figure 3f shows that, for the
hybrids, the PB decreases at all probe energies. Therefore,
although the relaxation of hot carriers within the CdSe
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manifold is possible (pathways i+ii in Figure 1c), this
observation confirms that the dominant decay pathway in
HNPs is hot-electron transfer to the gold domain (pathway 2
in Figure 1c), as already inferred from 2DES. The origin of the
transferred electrons at this time scale is predominantly from
high energy excited states, as can be deduced from Figure 3f.
At 20 fs, the sharp PIA at 1.78 eV marks the presence of hot
electrons, and at 80 fs, this feature is mostly gone,
demonstrating the association of hot electrons transfer with
the 114 fs time scale. The 212 fs time scale corresponds then to
the transfer of band gap electrons to the gold domain (pathway
3 in Figure 1c).
These data experimentally resolve the ultrafast electron

transfer from CdSe to gold, which has been previously inferred
from the gold-like picosecond relaxation observed in TA
performed with ∼150 fs pulses.9,44,50 In particular, Okuhata et
al. very recently proposed the distinction between band gap
and hot-electron transfer kinetics,51 which we directly observe
here. We also note that the electron transfer process depends
on the density of states available in the gold domain and can be
controlled by changing the size of the gold tips.19,51,52 Lastly,
the 1210 fs component corresponds to a full decay of the
remaining signal, with only a weak PIA feature around 1.79 eV
remaining afterward. This is the typical time scale of electron−
phonon cooling in the gold domain,53 and the weak remaining

PIA is assigned to a red-shift of the CdSe band gap following
heating of the lattice.
To directly resolve the PICT pathway, we perform TA with

NIR excitation (using the orange spectrum in Figure 1a as a
pump and the blue one as a probe), thus photoexciting
selectively only the broadened gold LSPR region. The pump
pulses are centered at ≈1.3 eV and compressed to ≈30 fs at the
sample position. The TA maps around time zero include
substantial cross-phase modulation caused by the cuvette
windows and by the sample. Nonetheless, the TA spectrum at
70 fs (dashed blue line in Figure 3i) shows that the typical
cross-phase modulation oscillations are centered around an
overall positive baseline, which is quite similar to the TA
spectrum at 150 fs (purple line in Figure 3i), after the cross-
phase modulation artifact has subsided, which includes a
pronounced peak at 1.86 eV (Figures S6 and S7d). We can
thus conclude that electron injection in the CdSe conduction
band by the PICT mechanism is already completed at 70 fs.
Global analysis of the data including a model to fit the cross-

phase modulation convoluted with the instrumental response
function yielded a 30 fs formation time from the excitation to
the first discernible spectrum (pathway 1 in Figure 1d). This
can be considered as an upper limit for the PICT charge
transfer time scale, in agreement with the original hypothesis
by Wu et al.10 The remaining components found by the global
analysis of the data in Figure 3g−i were 212 fs and 1.8 ps

Figure 3. (a) TA map of CdSe nanorods in aqueous solution using the visible pulses from Figure 1a as a pump and probe (pump fluence of 11.6
μJ/cm2). (b) TA kinetics at selected photon energies (dots) and fits to the data (lines). (c) TA spectra at selected time delays. (d−f) Same as
panels a−c for CdSe-Au under the same excitation conditions (pump fluence of 20.7 μJ/cm2). (g−i) Same as panels a−c for CdSe-Au using the
near-infrared pulse in Figure 1 centered at 1.3 eV as a pump (fluence of 135 μJ/cm2) and the visible one as a probe. The cartoons are merely
representative; see Figure 1 for TEM data.
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(Figure S8c). The 212 fs component matches the time
constant of the band gap electron transfer from CdSe to gold
following visible excitation (pathway 3 in Figure 1c).
Moreover, the decay shown in Figure 3h,i consists mainly of
a recovery of the CdSe band edge PB signal at 1.86 eV. Hence,
we attribute it to a back-transfer of electrons generated by the
PICT mechanism in CdSe to gold (pathway 3 in Figure 1d).
Considering the high density of states in the metal, there will
be an entropic drive toward the back-transfer, which explains
this equilibration. The TA spectra then decay in 1.8 ps, a time
scale consistent with electron−phonon cooling, and only a
weak PIA at 1.79 eV remains, once again reflecting the heating
of the CdSe lattice following the rapid dissipation of the 1.3 eV
pump energy. Further, we note that, from the TA spectra at
500 and 2500 fs in Figure 3i, we can assign the broad PB band
from 1.95 to 2.25 eV to the gold tips, as at these times, no hot
electrons should be present in CdSe to act as a confounding
signal in this range. We also conclude that the PICT
mechanism mostly generates band gap electrons in CdSe,
since no hot electron back-transfer to the gold at 110 fs is
observed. Furthermore, the spectral shape of Figure 3i at early
times differs substantially from those of Figure 3c,f, which in
turn match each other (see also Figure S8), demonstrating a
different distribution of carriers.
On the one hand, our results provide the time scale for the

PICT process and reveal subsequent electron back-transfer
processes; on the other hand, they set some conditions and
constraints for possible exploitation of PICT generated charge
carriers for photocatalytic applications in such energy-
hybridized systems. Extraction of the electrons generated in
the semiconductor via PICT needs to be extremely rapid to
compete with the 210 fs back-transfer to the metal. This could
perhaps be achievable by a suitable electron-accepting ligand
on the surface or via a secondary metal domain with suitable
band alignment to receive such electrons. In photodetector
applications, similarly, the PICT electrons generated through
NIR excitation need to be harvested rapidly prior to the back-
transfer. Therefore, the design and realization of an efficient
hybrid system that harvests the NIR plasmonic excitation must
consider the complete photoinduced mechanism in order to
avoid losses to undesired pathways.
In summary, we have experimentally unraveled the ultrafast

photophysics of CdSe NRs and CdSe-Au HNPs. Using 2DES,
we were able to describe in detail the two-step relaxation of hot
carriers in CdSe NRs and demonstrate that CdSe-Au HNPs
show entirely different dynamics, which we have unraveled
using high time resolution TA. We show that, upon NIR
excitation of the gold LSPR, electrons are transferred to the
CdSe domain within 30 fs, confirming the PICT pathway.
Owing to the high time resolution, we were able to observe a
fast back-transfer of electrons to the metal domain on a ≈200
fs time scale, unresolved by previous experiments. Further, we
also show that following visible excitation of CdSe-Au HNPs,
hot electrons and band gap electrons are transferred to the
gold on different time scales, with the band gap electrons
matching the back-transfer time seen after PICT. Our data
provides a complete picture of the ultrafast photophysics of
CdSe-Au hybrid nanorods and sets the kinetic ground rules for
designing combined exciton−plasmon-induced photocatalysts
and photoactive systems.
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