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abrication and investigation of the

novel properties of hybrid nano-

objects formed by different inorganic
materials are very active and quickly grow-
ing fields in nanoscience.'* This interest is
motivated by the wide range of possibilities
offered by combination of two or more
materials in a nano-object for designing
multifunctional nanomaterials, combining
the component material properties, or for
creating new properties. In addition to the
shape and size parameters, this can be done
by controlling new parameters, e.g., adjust-
ing the composition of the nanohybrids,
their structure, or the interaction between
the constituting materials. In this context
investigating and understanding the inter-
action between the material components of
hybrid nanoparticles are key issues for mod-
eling their properties and for designing new
ones.’

In the optical domain, metal-based hy-
brid nano-objects are particularly interest-
ing as plasmonic effects can be combined
with the optical response of the other com-
ponent materials. In particular, metal—
semiconductor nanohybrids offer the possi-
bilities of combining plasmonics and quan-
tum confinement effects and thus to lead to
enhanced or quenched optical responses
depending on the material interactions.>~°
Recent advances in wet chemistry have per-
mitted their controlled synthesis, opening
many perspectives for their development.**
Different fabrication approaches have been
developed on the basis of either functionali-
zation of one of the components to permit
growth of the other one, or on direct growth
of metal on a semiconductor nanoparticle
(as for this work), creating a nanoscale
junction®'°"'2 This interfacing has been
shown to modify the absorption spectra due
to plasmon—exciton interaction and to either
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Hybrid nano-objects formed by two or more disparate materials are among the most promising
and versatile nanosystems. A key parameter in their properties is interaction between their
components. In this context we have investigated ultrafast charge separation in semiconductor—
metal nanohybrids using a model system of gold-tipped CdS nanorods in a matchstick
architecture. Experiments are performed using an optical time-resolved pump—probe
technique, exciting either the semiconductor or the metal component of the particles, and
probing the light-induced change of their optical response. Electron—hole pairs photoexcited
in the semiconductor part of the nanohybrids are shown to undergo rapid charge separation
with the electron transferred to the metal part on a sub-20 fs time scale. This ultrafast gold
charging leads to a transient red-shift and broadening of the metal surface plasmon
resonance, in agreement with results for free clusters but in contrast to observation for
static charging of gold nanoparticles in liquid environments. Quantitative comparison with a
theoretical model is in excellent agreement with the experimental results, confirming
photoexcitation of one electron—hole pair per nanohybrid followed by ultrafast charge
separation. The results also point to the utilization of such metal—semiconductor nanohybrids
in light-harvesting applications and in photocatalysis.

KEYWORDS: hybrid nanoparticles - metal—semiconductor -
CdS—Au nanocrystals - time-resolved spectroscopy - ultrafast processes -
charge transfer - energy transfer
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Figure 1. Linear optical properties of hybrid nanomatchsticks.

CdS—Au nanohybrids soluble in aqueous solution. The colloi
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(a) Transmission electron microscopy (TEM) micrograph of
dal solution contains about 70% of nanomatchsticks (CdS

nanorods terminated with a Au nanoparticle) and 30% of bare CdS nanorods. Mean sizes are: CdS length L = 23 nm, width W=
5 nm, Au diameter D = 6 nm. (b) Experimental absorption spectrum of the nanohybrid colloidal solution (red solid line,
measured in 1 mm cuvette). Also shown are the measured absorption of an aqueous solution of bare CdS nanorods with same
sizes and density (blue dashed line), and the computed absorption spectrum (green dotted line) of bare Au nanoparticles with
concentration and shape dispersion similar to that in the nanohybrid solution (multipolar Mie theory has been used with a
mean environment refractive index n,,, = 1.43, and the dielectric function ofgold58 corrected for surface scattering effect). The

black solid line is the sum of these two single-material spectra.
time-resolved experiments.

transfer kinetics have been reported,?®?' still little
information has been obtained when the two materials
are directly contacted, except in the presence of a large
density of defects.?

Using time-resolved spectroscopy, we have investi-
gated ultrafast charge and energy transfer kinetics in
high quality CdS—Au matchstick nanohybrids formed
by direct growth of a metal tip on a semiconductor
nanorod.?®> Comparison of the results obtained in the
nanohybrid colloidal solution to those in CdS nanorods
or Au nanospheres solutions demonstrates ultrafast
red-shift of the surface plasmon resonance of the gold
part of the nanohybrid when photoexciting carriers in
its semiconductor part. This is shown to be a signature
of charging of the metal due to transfer of the electrons
photoexcited in the semiconductor, in quantitative
agreement with a theoretical model. In contrast to
previous studies, where electron kinetics is probably
dominated by the presence of defects,? ultrafast
electron transfer is observed and is estimated to take
place on a sub-20 fs time scale. This observation points
to the utilization of hybrid semiconductor—metal na-
noparticles in light-harvesting applications as they can
provide, on the single-particle basis, both tunable
absorption of the solar light and a rapid charge separa-
tion process. This provides important input for the
further development of such systems as photocata-
lysts, as already demonstrated in the utilization of
metal—semiconductor hybrids in photocatalytic water-
splitting processes.>*~2¢

RESULTS AND DISCUSSION

Linear Optical Properties. The investigated samples
were synthesized by direct growth of Au nanoparticles
on CdS nanorods. The synthesis procedure was de-
scribed previously,?® and more details are given in the
Methods section. Briefly, CdS nanorods were first
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The arrows indicate the different excitation wavelengths for

prepared using a “seeded growth” approach.?’*® Part
of the bare CdS nanorod solution was taken to provide a
test solution for the time-resolved studies. Gold nano-
spheres were grown on the CdS rod tips using a photo-
induced procedure.®* The matchstick-shaped CdS—Au
nanoparticles were transferred to the aqueous phase,
providing the samples used in the time-resolved studies.
Using this procedure most of the nanorods (about 70%)
are decorated by a gold nanoparticle at one of their
apexes, forming CdS— Au nanomatchsticks. Residual bare
CdS nanorods are also present in the aqueous solution
(about 30%) (Figure 1a). The mean length and width of
the semiconductor nanorods are L =23 nm and W=5nm
respectively, and the mean gold tip diameter D = 6 nm.

The absorption spectrum of the nanohybrid colloi-
dal solution (Figure 1b, red line) exhibits both the
characteristic excitonic and continuous absorption of
the CdS nanorods (for wavelengths around and below
its band edge at about 480 nm), together with an
additional broad resonance around 530 nm due to the
gold nanospheres. The former is consistent with the
absorption features of a solution of bare CdS nanorods
(blue dashed line in Figure 1b). The latter corresponds
to the characteristic localized surface plasmon reso-
nance (SPR) of small metal nanospheres.?® For compar-
ison, the absorption spectrum of a colloidal solution of
pure Au nanoparticles with mean diameter D = 6 nm,
computed taking into account their concentration with
shape, size, and environment dispersion as estimated
in the nanohybrid solution, is plotted in Figure 1b
(green dotted line). It exhibits the same features, with
a SPR around 530 nm partly overlapping the gold
interband transitions which dominate gold absorption
at shorter wavelengths.?*~3'

As reported in a recent study® the sum of the
extinction spectra of bare CdS and bare Au nanoparticles
(Figure 1b, black line) is close to the one of the hybrid
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Figure 2. Charge transfer in semiconductor—metal nanohybrids: probing the CdS nanorods. (a) Schematic setup for ultrafast
nonlinear investigations, showing the amplified femtosecond laser with nonlinear frequency conversions: second harmonic
generation in a BBO crystal, supercontinuum white light (WL) generation and optical parametric amplification (OPA).
(b) Principle of a time-resolved pump—probe optical experiment. (c) Time-dependent transmission change AT/T measured in
bare CdS nanorods (blue solid line) and CdS—Au nanomatchstick solution (red solid line) for pump and probe wavelengths
Apump = 400 nm and Apone = 480 nm, respectively. The pump energy is about 200 pJ per pulse. The CdS—Au nanohybrid
response is well reproduced by the sum (black dash—dotted line) of the contributions of gold (green dotted line) and CdS
(blue dashed line, obtained by multiplying the bare CdS nanorods signal by a reduction factor, which permits estimation that
75% of the nanohybrids exhibit photoexcited charge separation). (d) Short time delay transmission change AT/T measured in
CdS—Au nanomatchstick solution (red solid line) for a degenerate pump—probe experiment with pulse durations of 38 fs and
Apump = Aprobe = 450 nm. The lines are computed by convoluting the pump—probe optical cross-correlation (see Supporting
Information) with a hybrid response corresponding to an electron transfer time of 20 fs (green dashed line) and 10 fs (black
dash-dotted line). This impulsive response is shown in the inset (black solid line). Its maximum and minimum amplitudes are
set by the signals in bare CdS (blue dotted line) and CdS—Au nanohybrid (red solid line) solutions, respectively, and the decay

time constant is the electron transfer time.

solution. The difference between the two spectra is
ascribed to the interaction within the two nanohybrid
components. Hence, in the case of CdS—Au metal—
semiconductor nanohybrids the optical properties of
the original components are essentially retained. This is
attributed to the spectral separation of the optical excita-
tions of the metal and the semiconductor parts in this
hybrid system, making them weakly interacting.> The
separation of the excitonic and plasmonic features in
CdS—Au nanohybrids has the advantage of enabling
selective time-domain excitation and probing of their
material components using two-color femtosecond
pump—probe spectroscopy (Figure 2).

Ultrafast Time-Resolved Pump—Probe Experiments. In
these experiments, a femtosecond pump pulse, with
wavelength A,ump, is first used to excite the hybrid
nanoparticles. Tuning A,ymp around the gold SPR
(i.e.,, ~ 540 nm) only the gold part is excited, while
both components are photoexcited for A,ump below
the CdS band gap (see Figure 1b). Probing the relative
optical transmission change, AT/T, of the sample with a
time-delayed probe pulse, with wavelength A,ope
permits to monitor energy and charge redistribution
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in the nanohybrid (Figure 2b). More precisely the time-
dependent density of photoexcited carriers in the semi-
conductor part can be monitored for Aprope below the
CdS band gap (with a smaller contribution due to the
transient change of the gold part), while both gold
heating and charging are monitored when probing
with wavelengths around the SPR.

The two-color pump and probe femtosecond
pulses are provided by a Tiisapphire regenerative
amplifier delivering 100 fs pulses at 800 nm with a
repetition rate of 250 kHz associated to an optical
parametric amplifier (OPA) system (Figure 2a). The
output pulse train is split into two parts, one being
frequency-doubled to 400 nm in a 200 um thick BBO
crystal. The second one is focused in a sapphire plate to
generate a white-light supercontinuum. The pump
pulses are either at 400 nm (using part of the fre-
quency-doubled beam) or 540 nm (frequency select-
ing part of the supercontinuum), corresponding to
positions M1 or M2 of the optical mirror in Figure 2a,
respectively. The wavelength tunable probe pulses are
created by optical parametric amplification of part of
the supercontinuum (with a full-width at half-maximum
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of about 5 nm) in a second nonlinear BBO crystal
pumped by the frequency doubled pulses. The temporal
resolution of the system is given by the pump—probe
cross-correlation and is about 150 fs (for further details on
the experimental setup and pulse durations see Support-
ing Information). The time delay t, between the pump
and probe pulses is adjusted using a mechanical delay
stage on the pump beam path. High sensitivity detection
of the pump-induced changes is achieved by mechanical
chopping of the pump beam at 40 kHz and lock-in
detection of the probe transmission change.

The Semiconductor Nonlinear Response. To investigate
the dynamics of the photoexcited carriers in the
semiconductor part, experiments were first performed
using a pump photon energy above the CdS band gap,
Apump = 400 nm, and probing close to the band gap,
Aprobe = 480 nm, either in the bare CdS nanorod
solution or in the matchstick one. A low incident pump
power (about 50 uW, i.e. 200 pJ per pulse) was used to
excite on the average less than one electron—hole pair
per CdS nanorod (the mean value is about 0.8 e-h pair
per rod). Experiments performed in the test sample
formed by bare CdS nanorods in solution show
absorption bleaching assigned to carrier state filling
(Figure 2¢, blue solid line).3%3* As expected, after a rise
reflecting electron photoexcitation and intraband re-
laxation, the AT/T signal reaches a plateau (Figure 2c,
blue solid line) that decays on a few hundred picose-
cond time scale reflecting electron density decay
due to carrier recombination and electron trapping
(a signal measured on a longer time scale is reported in
Figure S2 of Supporting Information). Similar results
are obtained for different probe wavelengths close to
the CdS band-edge, in agreement with previous ex-
periments in confined semiconductors.3**3 To charac-
terize the effect of coupling with metal on the
semiconductor dynamics, the same experiment was
repeated on the nanohybrid sample, the amplitude of
the signal being subsequently normalized to the
same pump energy absorbed by each CdS nanorod
(Figure 2c, red solid line). Comparison of the two curves
after normalization proves a weaker AT/T signal bleach
amplitude in the nanohybrid sample. This reduced
bleaching demonstrates that, on the investigated time
scale, the density of photoexcited carriers in the semi-
conductor nanorods is reduced when they are con-
tacted with metal nanoparticles. This indicates ultrafast
semiconductor to metal photoexcited electrons trans-
fer, on a time-scale much smaller than the time-resolu-
tion of our experimental setup. More quantitatively, for
the used probe wavelength (Aprope = 480 nm) the
measured AT/T signal is the sum of the optical re-
sponse of the gold part of the nanohybrids, and of the
CdS nanorods which have not transferred their charge.
Actually, as less than one electron is photoexcited per
CdS nanorod, the gold-decorated ones are not show-
ing absorption bleaching after transferring their
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photoexcited electron to the gold part. This is based
on the understanding that the main source of bleach
for the CdS rods arises from state filling of the conduc-
tion band electron states. In bulk semiconductors,
because of the difference between the electron and
hole effective masses, the valence band distribution is
much broader in momentum space than that of the
corresponding conduction band and therefore, for small
wave vectors, the electron occupation number is much
larger than the hole one.3*73¢ When probing close to
the band edge, state filling is therefore essentially
dominated by the occupation of the conduction band
states.>*3” Similar results are expected in the case of
confined systems,>**3the level structure at the valence
band for the holes being much more dense on account
of the heavier effective mass and band-mixing effects.
This was also nicely demonstrated for CdS and CdSe/
CdS quantum dots in the presence of an electron
acceptor, which led to significant decrease in the mea-
sured bleach.>® The main residual bleaching is thus due
to the bare CdS nanorods left in the solution (see
Figure 1a) or to nanohybrids not exhibiting charge
transfer. In the probed spectral region (Aprope =
480 nm), the signal from Au nanoparticles only leads
to a weak induced absorption, as expected from pre-
vious experiments®® and confirmed by repeating the
pump—probe measurement on a bare gold nanosphere
solution (Figure 2c, green dotted line), after normal-
ization of the signal to the same pump energy absorbed
by gold. The experimental AT/T amplitude and time
evolution of the nanohybrid solution (red solid line) is
thus very well reproduced as the sum (black dash-
dotted line) of the weak gold response (green dotted
line) and of the absorption bleaching of all the residual
bare CdS semiconductors and of about 25% of the
CdS—Au matchsticks (blue dashed line, obtained by
multiplying the blue solid line by a reduction factor).
This suggests that charge transfer occurs in about 75%
of the nanomatchsticks but not in the remaining ones,
possibly because of poor CdS—Au interfacial contact or
to electron localization in the semiconductor due to
surface traps.

To estimate the CdS—Au electron transfer time,
similar experiments were performed in a degenerated
pump—probe configuration (A,ump = Aprobe = 450 NM)
using shorter pulses (~ 38 fs) delivered by a home-
made frequency doubled Ti:Sapphire oscillator (for
further details on the setup see Figure S1 in Supporting
Information). As before, in this configuration the AT/T
signal directly probes the semiconductor electron
density, but as the same pump and prove wavelengths
are used, the excited and probed semiconductor states
are identical. Observation of a transient AT/T peak due
to transient population of the electronic states is thus
expected if charge transfer is slower or of the order of
the pulse duration. No marked peak is observed ex-
perimentally suggesting fast charge transfer time.
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Figure 3. Ultrafast response of semiconductor—metal nanohybrids: probing the Au nanoparticles. Time and spectrally
resolved transmission change AT/T(tpproberAprobe) Measured in CdS—Au nanomatchsticks solution for a pump wavelength
(@) Apump = 540 nm (close to the surface plasmon resonance of gold nanoparticles: AT/Tspg) and (b) Apump =400 nm (below the
CdS band gap and gold interband transition threshold: AT/T;g). The data are normalized to the same amount of absorbed
energy in the gold nanoparticles. The AT/T,g signal for A,,obe < 500 nm is dominated by the CdS response (Figure 2c) and is not
shown here. (c) Experimental spectral transmission changes (AT/T);g, spr (Aprobe) fOr Zpump =400 nm (blue dots, from b) and
Apump = 540 nm (green triangles, from a) at a fixed pump—probe delay tp = 1.5 ps. (d) Same as (c) at a fixed pump—probe delay

tp = 3 ps.

To estimate its upper limit, the photoexcited electron
density in the CdS rods has been assumed to decay
monoexponentially. Convoluting this response with
the experimental pump—probe cross-correlation, the
short time-behavior of AT/T can only be reproduced
assuming an electron density decay time, i.e., charge
transfer time, shorter than about 20 fs (Figure 2d). This
transfer time is much faster than that reported in the
presence of an interfacial layer between the semicon-
ductor and metal component or in the presence of
interfacial defects.>> However, it is consistent with the
fastest times measured in other hybrid systems such as
dye molecules contacted with a semiconductor dot in
hybrid solar cells, when the molecules are directly
interacting with the dots.*0~3

The Metal Nonlinear Response. To further confirm ultra-
fast CdS—Au electronic transfer, we have monitored
the transient change of the optical response of the
hybrid nanomatchsticks in a spectral region domi-
nated by their gold part, i.e., close to the gold SPR
(wavelengths longer than the CdS band-edge, Figure 1).
For probe wavelengths in this spectral region, the
transient transmission change AT/T contains contribu-
tions both from direct heating of the electrons of the
gold part by the pump beam and from indirect excita-
tion via photoexcitation of the semiconductor part.

MONGIN ET AL.

The latter mechanism can be singled out by comparing
the results of two series of pump—probe experiments
performed with or without exciting the CdS part of the
nanohybrids. This can be done using a pump photon
energy above the CdS band gap A,ump = 400 nm, or
below it, close to the gold SPR, Apump = 540 nm
(Figure 1b). The time and spectral dependence of the
nanohybrid transmission changes close and above the
gold SPR wavelength (Apr00e > 500 nm) are shown in
Figure 3 for the two excitation conditions ((AT/T);g and
(AT/T)spg are measured with A,ump = 400 nm and with
Apump = 540 nm, respectively, and normalized to the
same absorbed energy in the gold part of the
nanomatchsticks). When exciting only the metal part
of the nanohybrid (A,ump = 540 nm), transmission is
found to increase (AT/T > 0) when probing close to the
SPR wavelength and to decrease (AT/T < 0) away from
it (Figure 3a). This behavior is in very good agreement
with previous studies in gold nanoparticles and reflects
heating of the gold electrons by the pump pulse.*® The
AT/T signal-decays reflect cooling of the hot electrons
to the lattice with a time constant 7._, of about 1 ps, as
previously reported in gold nanoparticles of similar size
in the weak excitation regime.** For excitation energy
above the excitonic band-edge (A,ymp = 400 nm), a
larger transient transmission change amplitude is
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Figure 4. Ultrafast spectral response of the charged Au
nanopatrticles. (a) Spectral dependence of the difference
of the transmission changes (AT/T)q = (AT/T);g — (AT/T)spr
measured for pump wavelength A,ymp = 400 and 540 nm
(from Figure 3) in CdS—Au nanomatchsticks for different
time delays tp. (b) Experimental (AT/T)q4 signal for tp = 5 ps
together with a fit (solid line) taking into account semicon-
ductor—metal electron and energy transfer within the
CdS—Au nanohybrids. The inset shows the coefficients t,
(solid line) and t, (dashed line) used in the model (see text).

observed together with modification of its shape
around the SPR (Figure 3b) (a positive contribution
also shows-up for the shortest probe wavelengths,
Aprobe = 500 nm, due to the onset of the semiconduc-
tor band filling response as shown in Figure 2). The two
different responses are better compared by plotting
the AT/T spectra at fixed pump—probe delays (tp = 1.5 ps
in Figure 3c and tp = 3 ps in Figure 3d), clearly showing a
shift of the wavelength at which AT/T exhibits a sign-
change. These spectral and amplitude changes are con-
sequences of photoexcitation of the semiconductor part
of the nanohybrids on the transient response of their
gold part.

In order to single out these consequences, the
contribution of direct heating of the gold electrons
by the pump pulse has been removed by subtracting
the signal measured for gold excitation only (A ump =
540 nm) from that for both gold and CdS excitation
(Apump = 400 nm): (AT/T)g = (AT/T)ig — (AT/T)spr (for a
fixed pump—probe delays and after signal normal-
ization to the same absorbed energy in the gold part,
Figure 4a). This approach is justified in the weak
excitation regime used here, as AT/T scales linearly
with the excitation amplitude, and after about 100 fs,
the spectral and temporal shapes of the transient
response of a metallic nanoparticle due to direct
electron heating is independent of the pump wave-
length (it only depends on the deposited energy in the
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conduction electrons).** The differential transmission,
(AT/T)g, exhibits a transient large amplitude for short
time delays (tp < 2—3 ps), characteristic of additional
ultrafast gold electron heating. As expected this fea-
ture decays with the electron—lattice energy exchange
time of gold 7._,, leading to an electron—lattice ther-
malized gold particle (after 2—3 ps) at a temperature
larger than for the no-CdS excitation case. In this quasi-
equilibrium regime, reduced differential transmission,
(AT/T)q4, is observed on the red side of the gold SPR,
indicating a red-shift of the SPR, signature of charging
of the gold particle (see below). We will focus on this
quasi-equilibrium regime, as the impact of both gold
heating and charging can be quantitatively modeled.
Connecting the measured (AT/T)4 to the change of the
metal dielectric function Ag, changes of the gold
temperature and electron density due to photoexcita-
tion of the semiconductor part can thus be estimated.

In the small perturbation regime used here, the
transmission changes of a gold nanoparticle is a linear
combination of the changes of the real, A¢;, and
imaginary, Ae,, part of ¢:

AT/T = t1A€1 +t2A€2 (1)

As done before,*** the coefficients t; , = 8InT/de; , can

be numerically computed from the gold contribution
to the linear optical response, taking into account only
the fraction of nanohybrids which shows charge trans-
fer (Figure 4b, inset). After electron—lattice relaxation
(i.e., tp = 3 ps), modification of the metal dielectric
function is mainly due to changes of its Drude part:
eprude = 1 — wp/w(w + iy), where wj = ne’/egme is the
plasma frequency.*” Nanoparticle heating and change
of its electron density n translate in modifications of
the optical electron scattering rate, y, and of w,. The
former mostly leads to a ¢, change and the latterto a ¢,
change, i.e, to (AT/T)4 signals proportional to t; and t;,
respectively (approximately corresponding to a SPR
broadening and spectral shift):

@ @
Agy = —3Ay; Ag; = An (2)
w w

Using this approach and Ay and An as parameters, a
good reproduction of the long delay differential trans-
mission (AT/T)q is obtained with Ay/y 2 1.1 x 10 and
An/n ~ —5 x 10> (Figure 4b). As for the (AT/T)q
amplitude and shape (Figure 4a), these values are
constant over the investigated time scale (about 6 ps),
indicating gold particle neutralization and cooling on a
much longer time-scale.*®

The estimated reduction of the electron density in
the gold particle (negative value of An) is correlated to
the observed red-shift of the SPR. This reduction might
seem surprising, as the presence of an additional
electron in the gold part of the nanohybrid is expected.
However, it is consistent with the experimental and
theoretical studies performed in noble-metal clusters
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in vacuum.*>° In these conditions, it has been demon-
strated that negatively charging a free cluster leads to a
net decrease of its electronic density, due to the
concomitant increase of its electronic radius, r.. The
latter effect reflects increase of the Coulombic repul-
sion and thus of the spill-out effect (as a result of the
finite electron confinement potential in a nanoparticle,
the electronic wave functions extend beyond the ionic
core, ie. re > R, this spill-out effect increasing with
additional Coulombic repulsion). The net change of the
electronic density n = N/(4/3zr3) is thus a balance
between increase of the number of electrons and of
the volume they occupy. Following the results ob-
tained in free clusters, the change of the spill-out effect
for singly charged noble metal nanoparticles is of the
order of Are/re ~ 1.8 x 10> nm3/R*3' ForaR=3nm
radius gold nanoparticle (with N = 6700 electrons)
adding one electron thus leads to small reduction of
the electron density An/n = 1/N — 3Ar/ro ~ —5.107°,
in excellent agreement with our results.

This electron density reduction observed on a few
picoseconds time scale for a negatively charged gold
particle is in contrast to the results obtained for static
charging of gold particles in solution showing a blue-
shift of the gold SPR.>?>*In these experiments, charge
transfer is either photoinduced from semiconductor
nanostructures or induced by chemisorption at the
nanoparticle surfaces or by static electrochemical charg-
ing of the metal particles (see for instance Kamat
et al>* and Warren et al.>®). As long time scales are
involved, the nanoparticles are in equilibrium with
their close environment, strongly influencing the ob-
served change of the SPR position. The role of the
environment has been recently demonstrated by per-
forming static charging experiments on a single gold
nanorod, a blue-shift being observed for negative
potentials in the presence of aqueous and different
salt solutions, while no shift is observed in air (probably
because of the smallness of the intrinsic effect due only
to the particle electron density change®®). These dif-
ferent behaviors have to be ascribed to rearrangement
of the solvent and surfactant molecules upon particle
charging. Such an effect is absent in our short time
scale measurements, the environment being un-
changed on a few picoseconds. Environmental effect
can thus be neglected, and as for free clusters, only the
fast electronic processes in the nanoparticles are ob-
served, leading to the detected small red-shift of the
gold SPR. Furthermore, we also emphasized that in
static charging experiments in solution a few thou-
sands of electrons are expected to be exchanged,>***
while only one electron is added per gold particle in
our present study. This very different regime also
translates into a measurement of much smaller SPR
spectral shifts (a few tens of ueV), as compared to
the large ones usually observed in static experiments
(a few tens of meV).
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The observed increase of the electron damping
rate, y, reflects additional heating of the gold particles.
This is ascribed to energy transfer concomitant with
arrival of a photoexcited electron. Taking into account
the pump photon energy and band structures of CdS
nanorod and Au, the electron is estimated to be
transferred in the metal conduction band with an
excess energy of about 1.8 eV. After electron—lattice
thermalization, this leads to an additional increase of
the gold nanoparticle temperature of about 0.6 K.*/
Using the static temperature dependence of y in bulk
gold, dy/dT ~ 0.11 meV/K>” and its room temperature
value Aiy ~ 70 meV,® this temperature rise translates
into a relative change of the electron scattering rate
Ayly ~ 1 x 107>, This is again in excellent agreement
with the value deduced from fitting (AT/T)g, indicating
ultrafast transfer of the nonequilibrium electron photo-
excited in the semiconductor part of the nanohybrid
particles to their metal part, together with their excess
energy. Note that, due to the energy difference be-
tween the Fermi level of metal and the semiconductor
conduction band? the transfer of a photoexcited
electron is always accompanied by an extra amount
of energy transferred to the gold component, even for
an excitation resonant with the semiconductor gap.

Our results are in contrast with those previously
reported in other CdS—Au nanohybrids.?? In these
previous studies, the gold SPR features in the absorp-
tion spectra of nanohybrids were absent, conversely to
theoretical expectation and experimental results re-
ported elsewhere."?>*° This absence of gold SPR-
related absorption suggests that trap state effects
dominate the measured optical responses. These traps
also probably inhibit the fast charge and energy trans-
fer that we have conversely measured in our samples,
where both SPR and excitonic features are clearly
observed. This suppression is also consistent with the
absence of charge transfer for part of our CdS—Au
nanomatchsticks (only about 75% of them being esti-
mated to lead to charge transfer, Figure 2c).

CONCLUSION

In summary, using two-color pump—probe spec-
troscopy we have investigated energy and charge
transfer in semiconductor—metal hybrid nanoparti-
cles: CdS—Au nanomatchsticks. Their exciton and
surface plasmon resonance being energetically sepa-
rated, measurements were performed probing either
the semiconductor or gold part for different excitation
conditions. The results show ultrafast transfer of one
photoexcited electron from the CdS to the Au compo-
nent of the nanohybrid on a sub-20 fs time scale. This
fast transfer is probably at the origin of the strong
semiconductor luminescence quenching observed in
this type of metal—semiconductor nanohybrid. Char-
ging of the gold part of the nanomatchstick is shown to
induce an ultrafast red-shift of the gold surface
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plasmon resonance. This is in excellent agreement with
free cluster experimental and theoretical studies, butin
contrast with the results of static charging experi-
ments, probably due to the absence of environmental
effects, such as molecular absorption or desorption
at the surface of the particles, on a few picoseconds
time scale.

Extension of these measurements to the resonant
exciton—surface plasmon situation, as in CdSe—Au,

METHODS

Synthesis of the (dS nanorods. CdS nanorods were grown by
utilizing a “seeded growth” approach.?’?® Herein is a brief descrip-
tion of the typical procedure for making these nanorods.

A solution containing sulfur precursor and the seeds was
prepared by dissolving 4 x 1078 mole of 2.5 nm CdS quantum
dotsin 1.6 mL trioctylphosphine (TOP 97%) together with 120 mg
sulfur powder. In a separate flask, 30 mg cadmium oxide (CdO
99.9%), 150 mg octadecylphosphonic acid (ODPA), 18 mg hex-
ylphosphonic acid (HPA), and 3 g trioctylphosphosphine oxide
(TOPO 99%) were dried under vacuum at 150 °C for an hour. Next,
the temperature was raised to 360 °C under argon, and 0.5 mL
TOP (97%) was added to the flask. The solution containing the
seeds was rapidly injected to the flask under vigorous stirring.
The reaction was left to take place at 360 °C for 5 min before
removing the heating mantle.

Synthesis of the (dS—Au nanomatchsticks. The matchstick-shaped
CdS—Au sample was prepared on the basis of the photoinduced
procedure reported previously.”> The CdS nanorods were
cleaned from access ligands by methanol addition followed
by centrifugation. The supernatant was discarded, and the
precipitate was dissolved in 3 mL of toluene. The estimated
concentration of nanorods was ~1.2 x 1077 M (optical
density OD ~ 1.1 at 460 nm, the exciton band edge absorp-
tion peak). Next, a Au growth solution was prepared by
dissolving 7.5 mg Au(lll) chloride (AuCl; 99%, kept in dry
conditions), 12 mg of didodecyldimethylammonium bro-
mide (DDAB, 98%), and 35 mg of dodecylamine (DDA, 98%)
in 6 mL toluene. Both the CdS and Au solutions were
sonicated in sealed vials for 5 min and purged with argon for
5 min to remove oxygen from the reaction. Finally, the nanorods
solution was placed in an ice bath (T < 5 °C) to suppress Au
growth on defect sites, and 1 mL of Au growth solution was
added into the vial under vigorous stirring. During the Au growth
stage the vial was irradiated with a blue Neon lamp (20 W) in
order to increase the growth rate. The reaction was stopped after
10 min of irradiation by precipitating the nanoparticles with
acetone followed by centrifugation.

In order to prevent aggregation of the CdS—Au nanoparti-
cles in the organic phase, after a few hours the sample was
transferred to aqueous phase where it remained stable for days.
This was performed by surface ligand exchange with mercap-
toundecanoic acid (MUA 99%).
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would bring new insights on the impact of material
excitation coupling on nanohybrid properties. More
generally, these studies open up many possibilities for
the investigation of the impact of different material
coupling on the linear and nonlinear optical properties
of hybrid nano-objects. The observation of ultrafast
light-induced charge separation in such hybrids moti-
vates further studies of their utilization in light-harvest-
ing applications.
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