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ABSTRACT

Realization of the direct charge transfer at metal–semiconductor interfaces is a long-standing goal of both fundamental and technological
significance. Here we report the synthesis of a colloidal Sb2Se3–Au core–shell nanorod as a model system to demonstrate an efficient direct
charge transfer from an Au shell to Sb2Se3 core when the metal is selectively excited at the plasmonic wavelength. In our experiments, direct
charge transfer by the Landau damping of the plasmons of metal shell significantly enhances the excited state population that results in an
unprecedented ultrafast third-order nonlinear optical response as a function of the plasmon-excitation detuning wavelength. The single step
photo-induced charge transfer analogous to the intramolecular electronic transition in molecules is probed by ultrafast transient absorption,
which reveals that the electrons are directly transferred from the Fermi level of Au to the unoccupied levels of Sb2Se3 in less than 150 fs. First
principles density functional theory calculations indicate that the hybridized eigenstates of the strongly coupled system are delocalized across
the metal–semiconductor interfaces. By formulating the theoretical models, we connect our experimental results to the theory.

Charge transfer across the metal–semiconductor interfaces is
important to basic science and applications in molecular electronics,
energy harvesting, Schottky barrier solar cells, photocatalysis, and pho-
todetectors.1–5 Of particular interest is the fundamental interaction of
direct charge transfer (DCT) at the metal–semiconductor nanoscale
interface. The plasmons of the metal stimulated by the electromagnetic
field decay directly by exciting electrons from the metal to the semi-
conductor.6–8 This electron transfer from plasmonic nanostructures
into the semiconductor is assumed to originate from the non-radiative
Landau damping of plasmons, which can occur on timescales between
1 and 100 fs following light excitation.7,9,10 Such nanoscopic interac-
tion at the interfaces has been shown to dramatically alter the opto-
electronic and chemical properties of the hybrid system.7,9,10 For
instance, Au-tipped CdSe nanorod with a DCT efficiency of �24%
was used to reduce methyl viologen for solar fuel generation with a
quantum yield (QY) of >0.75%, suppression of the photobleaching of

J-aggregate organic chromophores, and vibrational sum-frequency
generation in organic chromophores and PbSe-TiO2.

7,11,12 Most of
our understanding of the DCT is based on the chemical interface
damping model. The localized surface plasmons of a metal nanoparti-
cle chemically attached to a semiconductor of different dielectric func-
tions decay quickly by simultaneous excitation and transfer of an
electron/hole from the metal to the semiconductor.7,13 Multiple exper-
imental observations support this microscopic mechanism of the
excitation and the flow of charge carriers in plasmonic nanoparticle-
adsorbate.7,13,14 However, a critical understanding of the DCT mecha-
nism across the metal–semiconductor nanoscale interface remains
elusive. This is mainly because of the challenges of selectively probing
these complex interfaces and finding suitable materials with a strong
electronic coupling that can be selectively excited. Also, it remains an
open question to determine the extent of DCT at the complex inter-
face, which is critical to scientific and technological significance.
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To address these challenges, we propose to use the ultrafast non-
linear reverse saturable absorption (RSA) spectroscopy, a third-order
nonlinear optical effect that probes the excited state directly.15–18

Devising a strongly coupled metal–semiconductor hybrid nanostruc-
ture is extremely difficult since both the domains have to be connected
directly by epitaxial growth without molecular linkers or insulating
layers. Here, we have selected an Sb2Se3–Au interface because both the
materials show saturable absorption (SA) in the absence of charge
transfer. Further, with ultrafast RSA spectroscopy, the influence of
indirect charge transfer can be excluded, and we can systematically
determine the extent of DCT. In this Letter, we demonstrate the design
and fabrication of colloidal Sb2Se3–Au core–shell nanorod (CSNR) as
a model system to demonstrate strong interfacial coupling and DCT
from the metal shell to the semiconductor core when the metal is
selectively excited at the plasmonic wavelength. Strikingly, light-
induced DCT suppresses the SA of isolated core and shell, and results
in an unprecedented ultrafast RSA. The complex relations of the DCT
as a function of the plasmon-excitation detuning energies establish the
wavelength selectivity in accordance with the Landau damping model.
Ultrafast transient absorption (TA) measurements demonstrate that
the electrons are directly transferred from the Fermi level of Au to the
unoccupied levels of Sb2Se3 in less than 150 fs limited by the instru-
ment response. First-principles density functional theory calculations
indicate the presence of delocalized electronic states across the metal–-
semiconductor interfaces and clarify the donor–acceptor role in the
core–shell. Our approach points to a promising direction for the design
of the metal–semiconductor interfaces for wavelength selective ultrafast
DCT applications at room temperature.

We have developed the wet chemical method shown in Fig. S1 to
synthesize our model system of CSNR which consists of a crystalline
Sb2Se3 core of radius�50nm enclosed in a plasmonic shell of Au. The
powder x-ray diffraction pattern and the Raman spectrum of Sb2Se3
and CSNR are shown in Figs. S2 and S3 respectively, which reveals the
crystalline nature of the CSNR and the formation of Au over Sb2Se3.
Figure 1(a) presents the optical absorption spectrum of CSNR and
control systems (Sb2Se3 and Au). Sb2Se3 and Au show broad optical
and sharp plasmon (530nm) absorption,19–21 respectively. Strikingly,
the spectral response of CSNR shows a marked difference and can be
better described as a superposition of the absorption spectrum of
Sb2Se3 and inhomogeneously broadened redshifted Au plasmon band
(due to change in dielectric environment). Our absorption measure-
ments reveal the spectroscopic evidence that the optical signatures of
free-standing Sb2Se3 and Au are strongly modified due to the complex
interfacial interactions and the electronic coupling (mixing of wave
functions). Thus, our results reveal that the CSNR is a strongly coupled
system with newly hybridized states (from our first principles DFT
calculations) at the interfaces to study the DCT.

Investigations of the DCT are extremely challenging since we
have to exclude the indirect charge transfer unambiguously. In this
context, we have directly probed the excited state by RSA spectros-
copy. RSA is one of the key third-order nonlinear optical processes in
which the material shows increased absorption at high intensity when
the excited state absorption cross section far exceeds the ground
state.22–24 Our spectroscopic idea is based on the well-known concept
in laser physics that in a two-level system, it is impossible to observe
the RSA.24,25 Nonetheless, when there is a direct charge transfer
between Sb2Se3 and Au, there is a finite probability of observing RSA

in the combined structure (Fig. S4). For this, we have excited the
CSNR using ultrafast pulses that induce charge transfer, and the most
suitable excitation for this case is the plasmonic wavelengths of Au.
During plasmonic excitation, the electron is directly transferred from
Au to the conduction band of Sb2Se3, a process known as direct inter-
facial charge transfer. During this process, generated plasmons decay
directly into the excited state of Sb2Se3, and from there it absorbs
another photon to go to the next higher level. This combined effect
makes the excited state absorption cross section (res) exceed the
ground state absorption cross section (rgs), which results in RSA. The
magnitude of RSA can be tuned by increasing the intensity that con-
trols the amount of charge transfer. To implement RSA spectroscopy,
we have used the conventional Z-scan technique;26–29 details are in the
supplementary material. Figure 1(b) presents the results of control sys-
tems and CSNR for 120 fs, and plasmonic wavelength excitation of
530nm at a peak intensity of 90GW/cm2. At this moderate intensity,
the Z-scan response of CSNR shows strong absorption near the focal
point, which is the signature of RSA. By comparing with the SA of con-
trol systems, we can deduce the presence of ultrafast DCT at
the complex interface, which will dramatically modify the nonlinear
optical response of CSNR to RSA. Nonlinear optical parameters are
quantified by fitting the experimental data using the equations discussed
in the supplementary material. b (RSA coefficient) and Is (saturation
intensity) from the best-fit to the data are shown in Table I. From
the table, it can be noticed that b� (1176 8)� 10�3cm/GW and
Is� 446 3GW/cm2. Since RSA strongly depends on the intensity, we

FIG. 1. (a) Optical absorption spectrum of Au, Sb2Se3, and CSNR. (b) Plot of nor-
malized transmittance verses position at a 530 nm excitation. (c) RSA coefficients
and excited state absorption cross section of the CSNR as a function of peak inten-
sity at 530 nm excitation. (d) Plot of normalized transmittance verses position at a
detuning energy (meV) excitation. (e) RSA coefficients of the CSNR as a function
of detuning energy (meV) at a peak intensity of 90 GW/cm2. (f) Normalized trans-
mittance as a function of position at a peak intensity of 120 GW/cm2, 792meV
(800 nm) excitation.
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have plotted, in Fig. 1(c), b and res as a function of intensity for
rgs� (1.36 0.1)� 10�17 cm2. It is evident from the figure that b and
res increase monotonically with the peak intensity indicating the DCT.

To further examine the RSA response by DCT, we systematically
measured Z-scan traces by continuously detuning the pump photon
energy from the plasmon band at 530nm (2.34 eV). Figure 1(d) shows
the Z-scan data for the pump detuning energy of 85meV, which also
exhibits RSA. However, when the detuning energy is 202meV, the
Z-scan shape which corresponds to RSA is qualitatively different from
the previous two data and shows only a weak absorption at the focal
point. Strikingly, when the detuning energy is above 308meV, the
Z-scan traces are dominated by SA. In Fig. 1(e), we show that b
decreases with increase in detuning energy (Table S1), which clearly
indicates that the maximum charge transfer happens when the CSNR
is excited at the plasmonic wavelength. Further to understand the
nature of DCT, we performed control experiments by measuring
Z-scan curves at the detuning energy of 792meV (excitation wave-
length 800nm), which is far away from the plasmon resonance energy.
In principle, when using 792meV, it cannot promote electrons from
the Fermi level of Au to Sb2Se3. In such a scenario, the control experi-
ments show that the SA of CSNR is similar to Sb2Se3 within the error
bar [Fig. 1(f)]. Interestingly, at this peak intensity, we have not noticed
any nonlinear absorption of Au. Nevertheless, the control experiments
resolve unambiguously the nature of charge transfer that is associated
with RSA. Motivated by this idea, we have effectively extended our
hallmark result of RSA due to ultrafast charge transfer to other systems
such as Sb2S3 and Bi2Se3 (Fig. S5 and Table S2). Importantly, these
light-matter interactions provide a unique opportunity to investigate
ultrafast charge transfer at complex metal-semiconductor interface as
well as offer guidelines for designing multifunctional materials for
optoelectronics applications.

To reconfirm DCT and discern the carrier dynamics, we have
performed ultrafast transient absorption (TA) (details in supplemen-
tary material). Figure 2(a) shows the TA spectrum of CSNR, which is
characterized by two distinct regions marked as Ra and Rb, where Ra

refers to a sharp excited state absorption and Rb describes featureless
broad bleach (negativeDA). This division of TA is to have a structured
discussion of the complex TA and does not mean that they are uncor-
related. Figure 2(b) presents the contour’s cross sections, which shows
that Ra and Rb appear almost instantaneously, reaching maximum in 1
ps and decays immediately. Such observation explicitly reveals that Ra
and Rb are simultaneous parallel processes that give information on
charge transfer. For instance, bleach (Rb) shown in Fig. 2(a), reaching
maximum in 1 ps is due to the Pauli blocking of the higher-lying
states of Sb2Se3 being populated by the electrons from Au. The

photoinduced absorption in Ra was attributed to the excited state
absorption of carriers in the higher-lying electronic states within
Sb2Se3. It is evident from Fig. 2(c) that bleach recovery is faster than
the absorption decay. The corresponding decay constants from the
best fit to the experimental data are 5.66 0.4 and 3.26 0.3 ps [Fig.
2(c)] for Ra and Rb, respectively.

In order to get critical insights into the dynamics, we have com-
pared the TA spectrum of CSNR and control systems at the pump-
probe delay of 1 ps in Fig. 2(d). It is apparent from the figure that the
TA spectrum of Au at different probe delays shows pronounced bleach
over the wavelength range that overlaps with the plasmon absorption.
This bleaching feature is attributed to the broadening of the plasmon
by the dephasing of the plasma oscillations by the pump pulse that
causes the characteristic dip.30–32 However, Sb2Se3 shows a weak broad
featureless excited state absorption. The dramatically different TA
spectrum of the CSNR, i.e., the suppression of plasmon bleach and
excited state absorption at respective regions, can be explained in
terms of the photoinduced transfer of electrons from Au to Sb2Se3.

To provide a consistent picture of the DCT, we compared the TA
and second derivative of optical absorption, expecting that if these two
match very well, there is no charge transfer.33 Since in a perturbative
approach of explaining TA spectrum, it is assumed that the pump
beam’s electric field is producing a perturbation to the system (such as
stark shift, change in linewidth, etc.), in such cases, the measured TA
can be approximated by the second derivative of the unperturbed sys-
tem’s optical absorption. For example, the TA spectrum and second
derivative of optical absorption match very well for Sb2Se3 and Au
[Fig. S6(b)]. Strikingly, Fig. 2(b) shows that the TA spectrum and sec-
ond derivative of optical absorption of CSNR are not matching, i.e.,
the broad bleach feature that is absent in the second derivative of opti-
cal absorption indicating DCT.

To gain further insight into the DCT mechanism, we have per-
formed first-principles spin-polarized density functional calculations
(DFT) on a cluster-assembly of Sb2Se3 attached with Au clusters of

TABLE I. RSA coefficient (b), saturation intensity (Is), and excited state absorption
cross section (res) of CSNR at 530 nm excitations.

Intensity
(GW/cm2)

b (cm/GW)
� 10�3

Isat
(GW/cm2)

res (cm
2)

� 10�17

60 966 6 556 5 1.66 0.1
90 1176 8 44 63 1.96 0.1
110 1546 11 296 4 2.26 0.2
145 1886 14 226 3 2.66 0.2

FIG. 2. (a) Contour plot of the temporal and spectral evolution of the TA of CSNR
at 400 nm excitation [here mDA is milli DA (1 mDA¼DA� 10�3)]. (b) TA spectra
at different pump-probe delays of CSNR as a function of wavelength; the dotted
line shows the second-derivative of the optical absorption. (c) Temporal evolution of
TA spectra of CSNR at two different wavelengths 505 and 580 nm. (d) TA spectra
of Au, Sb2Se3, and CSNR at 1 ps.
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average diameter of 0.5 nm using Vienna Ab initio Simulation package
(VASP),34–36 with van der Waals corrections. The aspect ratio of the
nanorod is taken as 10:1. This assembly along with the constituting
control structures was placed at the center of a rectangular box of
appropriate volume so as to avoid interference from periodic replica-
tion. This structure, although having a different size and morphology
from the experimental system, is sufficient to explain the charge trans-
fer mechanism.

The impact of Au assisted surface modification of Sb2Se3 cluster
and the resulting effect on the electronic properties of nanorod can be
observed from the atom and orbital-projected (AP and OPDOS)
density of states, as can be seen from Figs. 3(a)–3(c). Figures 3(a)–3(c)
represent the DOS of CSNR, Sb2Se3, and Au, respectively. Figure 3(c)
consists of contributions from mostly the itinerant electrons of
partially filled Au-6s level with a small contribution from Au 5d.37

Au-nanocluster is observed to acquire very small moment �0.002 lB
and metallic behavior due to its partially filled 6s-like surface states.
Sb2Se3 displays a semiconducting property with a bandgap of
�0.16 eV without any spin-polarization, with highly hybridized Sb 5p
and Se 4p states mostly populating the bottom of the conduction band
and top of the valence band. The surface states in the Au-Sb2Se3 nano-
rod (NR) system lead to an order of magnitude reduction of the
bandgap compared to the bulk system. Interestingly, the CSNR system
reveals both surface modification and spin-polarization as a result of a
charge transfer from Au to the Sb2Se3. The physical picture of charge
transfer can be seen from the charge-density plot as presented in Fig.
3(d). The surface of both Au and Sb2Se3 undergoes heavy reconstruc-
tion upon structural optimization leading to the formation of the
nanostructure assembly.

In the conjugate structure, the partial DOS of Au in Fig. 3(a) indi-
cates that the injection of electrons from Au-6s to Se-4p and Sb-5p lev-
els leads to empty 6s levels of Au at the Fermi-level (EF). In addition,
the injected electrons introduce spin-polarization and metallic behav-
ior of the Se-4p and Sb-5p states, as can be seen from Fig. 3(a). The
acquired magnetic moment of the hybrid system is calculated to be

�0.8 lB. Additionally, near Au, there is a structural modification of
Sb–Se bond lengths as indicated in Fig. 3(d), supporting the experi-
mental observation of lattice parameter relaxation as observed in the
experimental hybrid structure. The calculated EF of the nanohybrid
undergoes a shift of 0.457 eV toward conduction band with respect to
that of Sb2Se3, indicating the role of Au and Sb2Se3 as donor and
acceptor, respectively. Electron injection from Au 6s states to the
Sb2Se3 leads to an n-type doping of the CSNR.38 If this system is a
core–shell assembly, the outer Au clusters will overlap with each other,
leading to a mutual charge transfer between Au clusters themselves
and also with the Sb2Se3 retaining the same charge-transfer mecha-
nism. This study indicates that the presence of Au helps regain the
dominance of conducting surface states in the assembly, which are
otherwise masked by the influence of insulating bulk part.

In conclusion, our study on CSNR provides critical insights into
the ultrafast DCT at the metal–semiconductor interface. Ultrafast
transient absorption and wavelength selective nonlinear absorption
reveals that the electrons are transferred from the Fermi level of Au to
the excited state of Sb2Se3 in less than 150 fs. First principles DFT
calculations support the experimental results that the electronic states
are delocalized across the interfaces. Thus, the demonstration of ultra-
fast DCT at metal–semiconductor interfaces provides test beds for
understanding and controlling optical nonlinearities with the charac-
teristics necessary for the development of next-generation photonic
devices having properties sensitive to polarization. The excellent agree-
ment between the experimental and theoretical results offers impor-
tant design guidelines to synthesize DCT hybrid structures for
nanophotonic applications.
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