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ABSTRACT: Plasmonic semiconductors exhibit significant
potential for harvesting near-IR solar energy, although their
mechanisms of plasmon-induced hot electron transfer (HET)
are poorly understood. We report a transient absorption study
of plasmon-induced HET in p-Cu,S,/CdS type II hetero-
junctions. Near-IR excitation of the p-Cu,S, plasmon band at
~1400 nm leads to ultrafast HET into the CdS conduction band
with a time constant of <150 fs and a quantum efficiency of
~0.054%. The injected hot electrons remain in CdS with an
amplitude-weighted average lifetime of 1.9 + 0.5 ns,
significantly longer than that in Au/CdS heterostructures,
suggesting that plasmonic semiconductors can slow down
charge recombination due to the presence of a bandgap. The
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excited near-IR plasmon does not decay by coupling to the interfacial charge transfer transition, likely due to its energy
mismatch. This study provides a detailed mechanistic understanding and possible directions for improving plasmonic HET in

plasmonic semiconductor heterojunctions.
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INTRODUCTION

Plasmonic hot carriers provide tremendous opportunities for
potential applications in photodetectors, photovoltaics, and
photocatalysis.173 After photoexcitation, the confined collec-
tive oscillation of free carriers, also termed localized surface
plasmon resonance (LSPR), nonradiatively decays to generate
hot carriers (nonthermalized) through bulk (Drude-like)* or
surface (Landau—damping)5 scattering on the 10 fs time scale;
these hot carriers can be subsequently extracted into adjacent
semiconductors or molecules (Scheme 1) to drive photo-
chemistry."*™"" This process is often thought to follow the
indirect plasmon-induced hot electron transfer (PHET)
pathway, in which the transfer of hot carriers generated within
the plasmonic particle competes with rapid hot electron
thermalization (<100 fs) through electron—electron scattering
(e—e) followed by electron—phonon scattering (e—ph) (~a
few ps).”” To achieve high hot electron transfer (HET)
efficiency, interfacial charge transfer is required to be faster
than the ultrafast cooling process.”®'>™'* Thus, the quantum
efficiency (QE) for this indirect PHET process is usually
low.>' Furthermore, the transferred hot electron in the
semiconductor or molecular acceptor can quickly back-transfer
to the large and continuous density of empty states in the
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metal at energy below the semiconductor conduction band or
the molecular LUMO, further reducing the efficiency of
utilizing the hot carriers under steady-state conditions
(Scheme 1a).

Significant efforts have been devoted to improving the
efficiency of hot electron transfer. It has been reported that
indirect PHET QEs can be improved by reducing the metal
nanoparticle size in Au-tipped CdS nanorods and Ag/TiO, by
increasing the surface damping contribution to plasmon
decay.'”"® Previously, some of us reported plasmon-induced
interfacial charge transfer transition (PICTT) in Au-tipped
CdSe nanorods (NRs) with a high QE (>24%)."” Mixing of
the semiconductor (or adsorbate) and metal orbitals at the
interface leads to the formation of a direct interfacial charge
transfer transition (DICTT), and plasmons can decay by
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Scheme 1. (a) In a Schottky Junction, the Transferred
Electron Can Rapidly Transfer Back to Empty Bands in the
Metal; (b) in a Heterojunction System, the Transferred
Electron Can Only Recombine with the Hole in the VB of
the Plasmonic Semiconductor
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exciting these transitions, directly promoting electrons from
metallic nanocrystals (NCs) to the adjacent semiconductor or
chemisorbed molecules.'”™*' In this direct PICTT pathway,
competition with hot electron relaxation is avoided; hence, a
higher QE can be achieved. Recently, the PICTT pathway has
also been observed in Ag-sensitized TiO, nanoporous films,"®
epitaxial Ag/CdS icosapods,”* and Au/TiO, core—shell NRs.*

In addition to increasing the HET QE, another major
challenge in the utilization of plasmonic hot carriers is the
rapid back electron transfer to empty band states in the metal,
often on the few ps time scale."®™"” Because of the slow rates
of typical chemical reaction kinetics (microseconds to
seconds),””**® it is necessary to elongate the extracted
electrons’ lifetime by slowing down back electron transfer. One

doped semiconductors with a plasmon band. Recently, a class
of self-doped plasmonic semiconductors has been developed
(e.g, n-WO;_,, n-MoO;_,, p-Cu,_,S, p-Cu,_,Se).”””*® In the
case of well-developed Cu, ,E (E =S, Se; 0 < x < 1), the
plasmon band in the near-IR region originates from the large
free carrier concentrations caused by the Cu” vacancy and can
be adjusted by changing the size, geometry, Cu stoichiom-
etry,”* % crystal structure,””** and dielectric properties of the
surrounding environment. Besides being more cost-effective
than noble metals and versatile for controlling LSPR, the
semiconductor nature of these self-doped plasmonic materials
offers opportunities to develop novel plasmonic heterojunc-
tions by interfacial engineering.(”7’35_37 In a plasmonic
semiconductor/semiconductor heterojunction, such as
Cu,_,Se/CdSe, transferred electrons in the accepting semi-
conductor CB can recombine only with the VB holes in the
plasmonic semiconductor due to the presence of a bandgap in
a plasmonic semiconductor (Scheme 1b), and the large excess
energy is expected to slow down the back electron transfer rate.
This notion is supported by a recent report of ~130 ps back
electron transfer time in Cu, ,Se/CdSe NCs,° which is
considerably longer than that of Au/CdSe and Au/CdS
NRs.'”"? Even a longer lifetime of transferred hot electrons in
plasmonic Cu,S,/CdS nanoplates (NPLs) has also been
reported.”

In this work, we study plasmon-induced hot electron transfer
in p-Cu,S,/CdS barbell heterostructures, with Cu,S, NCs
acting as p-doped plasmonic semiconductor materials and CdS
(NRs) acting as the accepting semiconductor. Using transient
absorption spectroscopy, we show that the excitation of the
plasmon band at 1400 nm leads to hot electron transfer from
Cu,S, to the CdS domain and heating of the nanorod. We also
investigate the electron transfer process resulting from a direct
excitation of Cu,S, to the CdS domain interfacial charge
transfer transition at ~600 nm.
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Figure 1. Transmission electron microscopy (TEM) images of (a) CdS NRs, (b) Cu,S, NCs, and (c) Cu,S,/CdS NRs. Inset scale bar: 100
nm. (d) UV—vis-NIR absorption spectra of CdS NRs, Cu,S, NCs, and Cu,S,/CdS NRs (colored solid lines). Also shown is the fit to the
Cu,S,/CdS spectra (green dotted line) by using a linear combination of the absorption spectra of bare CdS NRs (solid gray line) and bare
Cu,S, NCs (solid red line). The deposition of Cu,S, greatly changes the electronic structure of CdS. (e) Schematic representation of Cu,S,/

CdS NRs. (f) Energy alignment of the Cu,S,/CdS heterostructure.
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Figure 2. Transient absorption spectra (TAs) of (a) Cu,S, NCs and (b) Cu,S,/CdS NRs after 1400 nm excitation (1.33 mJ/cm?). (c) The
extracted spectra of the CdS domain in Cu,S,/CdS NRs obtained by subtracting the scaled Cu,S, spectra in panel (a) from the Cu,S,/CdS
spectra in panel (b). (d) The dependence of the extracted XB signal amplitude at 473 nm as a function of excitation power at 1400 nm,
representing the extent of hot electron transfer from Cu,S, to CdS in Cu,S,/CdS NRs. Also shown for comparison are the signals in CdS
NR-only samples, showing a much smaller signal size and different power dependence.

RESULTS AND DISCUSSION

Structural Characterization. The Cu;S,/CdS hetero-
structure used in the present study is prepared by a heat
decomposition method, the details of which are provided in
Note S1. We first prepared CdS NRs through a well-developed
seeded-growth method,*® then decorated both tips with Cu.S,
NCs. The TEM image of CdS NRs (Figure la) shows a
uniform 1D morphology with an average length and diameter
of 53.89 + 0.58 nm and 4.32 + 0.06 nm, respectively, and the
length and diameter distributions are shown in Figure Sla—c.
The growth of Cu,S, NCs on the tips of the CdS NRs is
confirmed by TEM images shown in Figures Ic and Sld.
Analysis of the TEM images shows that the percentages of NRs
with zero, one, or two tips are 6.4%, 9.5%, and 84.1%,
respectively, as shown in Figure Sle. Thus, most Cu,S,/CdS
heterostructures have Cu,S, tips and can be represented by a
barbell-like structure shown in Figure le. The average size of
the Cu,S, domain is determined to be 1220 + 0.31 nm
(Figure S1f). As a control sample, we have also prepared bare
Cu,S, NCs with a similar diameter (11.40 + 0.37 nm)
(Figures 1b and S1h).

The UV—vis-near-IR absorption spectra of CdS NRs, Cu,S,
NCs, and Cu,S,/CdS NRs are shown in Figure 1d. CdS
nanorods show a distinct band edge exciton transition at 463
nm and Cu,S, NCs show a clear near-IR plasmon band
centered at 1265 nm and a higher energy band at <600 nm that
is attributable to interband transition in Cu,S,, consistent with
the reported bandgap of Cu,_,S.” The spectra of Cu,S,/CdS
NRs show the Cu,S, near-IR plasmon band, the CdS band-
edge absorption peak at ~470 nm, and a new absorption
feature at 500 to 800 nm. This can be clearly seen by a
comparison of the Cu,S,/CdS NR spectrum and the sum of
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the absorption spectra of Cu,S, and CdS NRs (green line in
Figure 1d). We attribute this new feature to the interfacial
charge transfer transition between the Cu,S, and CdS domains
due to the mixing of their electronic levels at the interface.
Similar charge transfer transitions have been observed in other
semiconductor heterostructures.**™** Compared to Cu,S,
NCs, the near-IR plasmon band of Cu,S, in the Cu,S,/CdS
heterostructure is red-shifted from 1265 to 1343 nm (Figure
1d), which may be caused by the change of dopant density,
size, shape, or dielectric environment.

To examine the origin of the change in the near-IR plasmon
band, we prepared another set of Cu,S, NCs and Cu,S,/CdS
NCs in which the Cu,S, doping levels are controlled by
varying the oxygen exposure time in the synthesis process,’’ as
shown in Figure S2a. This result shows that the difference in
plasmon bands in Cu,S, NCs and Cu,S,/CdS NCs can be
attributed mainly to different doping levels in the Cu,S,
domain. It has been reported that plasmons could be strongly
damped by coupling to the interfacial charge transfer transition
of a plasmonic heterostructure through the PICTT mecha-
nism.'”** However, this phenomenon is not observed in the
Cu,S,/CdS NRs studied in the current work. The similar
plasmon bands in this new set of Cu,S, NCs and Cu,S,/CdS
NCs also enable the subtraction of the Cu,S, contribution
from the total absorption of the Cu,S,/CdS NC, as shown in
Figure S2b. Fitting of the subtracted spectrum reveals clearly
the interfacial charge transfer transition with an onset energy of
~1.5 eV. Moreover, according to the estimated energy levels
(shown in Note S2), the Cu,S,/CdS heterojunction shows a
type Il energy alignment (Figure 1f), consistent with previous
reports.7’36’37

https://doi.org/10.1021/acsnano.4c14556
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Figure 3. Heat-induced difference absorption spectra of (a) CdS NRs, (b) Cu,S, NCs, and (c) Cu,S,/CdS NRs calculated by using the
absorption spectra at 15 °C subtracted from those at higher temperatures. (d) Extracted heat-induced difference absorption spectra of the
CdS domain in Cu,S,/CdS NRs calculated by subtracting the spectra in (b) from those in (c). The difference absorption spectra of Cu,S,

NCs are scaled for ease of subtraction.

Plasmon-Induced Electron and Heat Transfer in
Cu,S,/CdS Heterojunctions. We employed transient
absorption (TA) spectroscopy to investigate the excited state
dynamics of Cu,S, NCs and Cu,S,/CdS NRs. Figure 2a shows
the TA spectra of Cu,S, at the indicated delay times after the
photoexcitation of the plasmon band at 1400 nm. At short
delay times, a broad absorption feature centered at ~550 nm
appears instantaneously, as shown in the average spectrum at a
delay time of 0.4—0.7 ps, which decreases in amplitude and
shifts to a shorter wavelength on the picosecond time scale.
This spectral signature is consistent with the broadening of the
LSPR band upon photoexcitation.***** Interestingly, begin-
ning at 0.2 ns, a long-lived ground state bleach (GSB) signal is
observed at a wavelength shorter than 500 nm, similar to the
difference spectra from directly heated Cu,S, NCs (Figure 3b).
Thus, we attribute the GSB to the increased lattice
temperature resulting from the plasmon-induced heating of
the Cu,S, NC.*" Burda et al. reported similar spectral features
at 550 nm upon excitation of Cu; ¢S NCs by a visible pump
and attributed this feature to trapped carrier-induced
absorption in the Cu, 3S NCs.*”” A similar feature was observed
in the present system, and a contribution of carrier trapping
processes to the early time spectra cannot be excluded.

For Cu,S,/CdS NCs, in addition to the spectral features in
the Cu,S, domain discussed above, a negative feature (bleach)
at ~473 nm can be observed (Figure 2b). This corresponds to
the decrease of the CdS excitonic absorption caused by the
conduction band edge electron-induced state filling effect,
which confirms electron injection from Cu,S, to the CdS
domain in the heterostructure. The extracted bleach
amplitudes at 473 nm (Figure 2d) reveal a superlinear
dependence on the excitation fluences. Under the same

excitation fluence, a negligible signal is observed for bare
CdS NRs (Figure S3). At much higher fluence, the CdS NRs
show a bleach of the exciton band that exhibits a cubic
dependence on the fluence (Figure 2d), indicating that the
signal is caused by three-photon absorption. The comparison
of CdS and Cu,S,/CdS NCs suggests that the bleach feature
for Cu,S,/CdS NCs is not caused by multiphoton absorption
of the CdS NRs.

In order to obtain the pure spectral features corresponding
to the CdS domain, we subtract the contribution of Cu,S,
from the spectrum of Cu,S,/CdS. To do this, we first compare
the TA spectra (Figure S4a) and kinetics (Figure S4b) of
Cu,S, and Cu,S,/CdS. The comparison shows that the spectra
of Cu,S,/CdS match well with the scaled spectra of bare Cu,S,
except for the region around 473 nm, in which an additional
derivative-like feature is observed in Cu,S,/CdS. Similarly, the
kinetics of Cu,S,/CdS match well with the scaled kinetics of
Cu,S, at 425, 500, and 550 nm, and the only mismatch is
observed at 473 nm. The scaling of the signal amplitude of the
bare Cu,S, sample is needed in the comparison because of its
lower optical density at the excitation wavelength (1400 nm).
These comparisons confirm that the TA spectra of Cu,S,/CdS
NRs can be considered a sum of the Cu,S, and CdS domains.
The contribution of the Cu,S, signal can be subtracted by
comparing it with the TA spectra of bare Cu,S, The
subtracted TA spectra of the CdS domain upon 1400 nm
photoexcitation are shown in Figure 2c. As will be discussed
further, these features contain the contribution of plasmon-
induced hot electron and heat transfer from the Cu,S, to CdS
domains.

To investigate the effect of heating on the TA spectra of
Cu,S,/CdS NRs, we measured the temperature-dependent

1550 https://doi.org/10.1021/acsnano.4c14556
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Figure 4. (a) Schematic of the generation of the CdS band edge exciton. TA spectra of Cu,S,/CdS NRs (b) and bare CdS NRs (c) at the

indicated delay time windows after 400 nm photoexcitation.
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Figure 5. (a) Extracted spectra at early delay times showing the hot electron feature (XA1) and band edge electrons (XB and XA2). (b)
Extracted spectra at later delay times showing band edge electrons (XB and XA2) and the heat-induced signal (XA3). A two-component
fitting is applied. (c) Red open squares: kinetics for transferred hot electrons; black open circles: kinetics for band edge electrons; green
open diamonds: kinetics for heat-induced signals; purple solid lines: fitting results according to the equations in the main text. The kinetics
of hot electrons and band edge electrons are measured and normalized from the extracted spectra at 485 and 474 nm, respectively. The
kinetics for the heat effect is obtained from scaled f(t). (d) Schematic of plasmon-induced hot electron transfer and a heat transfer process.
In the right panel, the red tip represents the heated Cu,S, domain, while the orange part and the yellow part represent the heated and

unheated parts in CdS NRs, respectively.

absorption spectra of bare Cu,S, and bare CdS separately. For
bare CdS NRs, a heating-induced red-shift of the absorption
spectra (Varshni effect)™® is observed (Figure SSa), thus
resulting in a derivative feature at the band edge in the
difference spectra (Figure 3a). For bare Cu,S, NCs, with the
increase in temperature, the absorption intensity is reduced in
the probe range, causing a broad bleach signal (Figure 3b).
The spectral features from both of these components exist in
Cu,S,/CdS NRs (Figure 3c). Moreover, the heating-induced
signal amplitude is linearly dependent on temperature
differences (Figure S6a—c). To obtain the derivative feature
in the CdS domain, the broad bleach signal of the Cu,S,

1551

domain is subtracted from the spectra of Cu,S,/CdS NRs
(Figure S7). As shown in Figure 3d, the shape of the extracted
spectra is similar to that of the bare CdS NRs. The amplitude
also follows the linear relationship with temperature change
(Figure S6d) and can be used to probe the temperature change
in the CdS domain. Moreover, the extracted spectra are red-
shifted, and the ratio of positive absorption and the bleach
signal is increased, which may be attributed to the perturbed
electronic structure in the CdS domain in the heterostructure.

To understand the spectral signature of electron transfer to
the CdS domain, we measured the TA spectra of Cu,S,/CdS
NRs under 400 nm excitation. For this measurement, the

https://doi.org/10.1021/acsnano.4c14556
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Table 1. Fitting Parameters for the Band Edge Electrons of Cu,S,/CdS Heterostructures after 1400 and 600 nm Excitation
According to Eq 3

Excitation Wavelength (nm) Trxs (PS) Tp1xp (PS) Tpoxs (PS) Tpaxp (s) A, A, A,

1400 (PHET) 0.23 + 0.04 S0+ 13 249 + 145.0 47 £ 1.1 43. 8% + 4.1% 17.9% + 3.9% 38.3% + 3.8%

600 (DICTT) IRF limited 53+ 11 102 + 17.4 5.6+ 1.1 31.3% + 2.2% 30.4% + 2.2% 38.3% + 1.9%
excitation fluence was adjusted to ensure that the average Moreover, the contribution of band edge electrons (>2 ps)
absorbed photons per Cu,S,/CdS nanobarbell is <«1. As agrees well with the kinetics collected at 474 nm (Figure S13).
shown in Figure 4b, the TA spectra of Cu,S,/CdS NRs display The injected hot electron kinetics at 485 nm (Figure Sc) can
a red-shifted absorption feature (XAl) at early delay times, be fitted with a single exponential rise and single decay
attributed to the red-shifted band edge exciton transition function convoluted with the IRF according to eq 2,

caused by hot electrons in CdS NRs.*” The XA1 feature decays
rapidly as hot electrons cool on the 100 fs time scale, forming a
bleach of the first excitonic band in CdS (XB), which has been Stex) = IRF @ 1A
shown to be caused by the state filling effect of electrons at the
conduction band edge.*” The positive feature at higher energy
than the band edge exciton (XA2) is attributed to the shifting
of higher energy transitions in CdS caused by the photo-
generated exciton.” Similar spectral features are observed for
bare CdS NRs (Figure 4c), while no signal is observed from
bare Cu,S, under the same conditions (Figure S8). Moreover,
the spectra of Cu,S,/CdS NRs can overlap very well with those
of CdS NRs after accounting for their slight difference in
exciton band positions (Figure S9). Hence, the TA spectra of S¢xp) = IRF @
Cu,S,/CdS NRs with 400 nm excitation are caused by the

—t —t
o)A
D,e* Ryek (2)

The hot electron rising time constant (g ) is faster than
our instrument response time ~150 fs, and the hot electron
decay time constant (7p ) is determined to be 0.19 + 0.07 ps.

The kinetics of XB can be fitted with a single exponential
rise and triexponential decay function convoluted with the IRF

(eq 3).

—t —t
A;-exp + A,-exp
Tp1,XB Tp2,XB

presence of conduction band edge electrons in the CdS
domain. + A3'eXp[ ] — (A + A, + Ay
With the separately obtained spectra for the heat effect and TD3,XB
CdS conduction band edge electrons, the evolution of the
extracted CdS spectra of Cu,S,/CdS NRs (Figure 2c) can be ex —t
fully understood. At early delay times (Figure Sa), the P Tp X3 (3)
plasmon-induced hot electron rapidly transfers to CdS, giving
rise to the XAl feature, which cools to the band edge and As shown in Figure Sc, the measured XB kinetics can be well
generates the XB feature. At later delay times (Figure 5b), the fitted by eq 3, and the fitting parameters are listed in Table 1.
heating-induced feature (XA3) forms and then disappears, According to the fit, the XB rising constant (7gxp) is 0.23 +
which can be attributed to heat transfer from Cu,S, to CdS 0.04 ps, which is close to the hot electron decay constant of
and subsequent dissipation into the surroundings. 0.19 + 0.07 ps, reflecting the cooling process for the injected
The kinetics for transferred hot electrons and band edge hot electron to the conduction band edge, as indicated in
electrons can be obtained through XAl at 485 nm and XB at Figure 5d. The XB decay is well described by a three-
474 nm, respectively. Note that the heating-induced signal has exponential decay with the decay time constants of (7p,;xp, i =
a negligible contribution at 474 nm (Figure 3d), making it 1-3 of 5.0 + 1.3 ps, 249 + 145.0 ps, and 4.7 + 1.1 ns. This XB
suitable for representing the band edge electrons. Additionally, decay is attributed to back electron transfer from the CdS CB
a two-component global fitting is performed to determine the to Cu,S, VB and trapping of the electron by defect states.”
time-dependent contribution of the heating-induced signal Interestingly, the amplitude-weighted average lifetime of the
after 2 ps, by when the hot electrons have completely relaxed. transferred electron is 1.9 + 0.5 ns, which is longer than the
The spectra after 2 ps are fitted to a linear combination of the previously reported lifetime of ~130 ps in Cu2_,Se/CdSe
spectral changes caused by the band edge electrons (AA,.(4)) NRs.’ Both these lifetimes in plasmonic semiconductor/
and heat transfer (AAy,,(4)), as described in eq 1. semiconductor junctions are much longer than the ~1.5 ps
lifetime of transferred electrons in plasmonic metal/semi-
AA(t, A) = a(t) X AA(4) + B(t) X AA..(4) (1) conductor junctions of Au/CdS and Au/CdSe nanorods.'”"”
We attribute the longer lived charge separated states in the
Herein, a(t) and f(t) represent the amplitudes of band edge former to the presence of the band gap in the plasmonic
electron and heat transfer spectral components, respectively. semiconductor, for which back electron transfer is slowed by
All heat-induced spectra (Figure 3d) and band edge electron- the need to dissipate much larger excess energy, as shown in
induced spectra (Figure 4b) can separately overlap very well Figure 5d.
after scaling (Figures S10 and S9b). Therefore, we selected the For the heat or vibrational energy transfer (VT) process, the
spectra from 40 to 15 °C in Figure 3d and the spectra from 0.6 kinetics could be fitted by a single exponential rise and a single
to 1.5 ps in Figure 4b to represent the heat transfer and exponential decay function, according to eq 4.

electron transfer in our fitting analysis, respectively. The
spectra at later delay times are well-fitted by eq 1, as shown in
Figures 5b, S11, and S12. Hence, the heat transfer process that
occurs can be well described by f(t) obtained from the fit.

o)l
D,VT RVT (4)
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Figure 6. Transient absorption spectra and kinetics measured with 600 nm photoexcitation of DICTT. (a) TA spectra of Cu,S,/CdS NRs at
indicated delay times, (b) schematic of the DICTT process in Cu,S,/CdS NRs, (c) global fitting for XB kinetics at 473 nm measured with
various excitation powers. (d) Comparison of XB kinetics for CdS band edge electrons measured at excitation wavelengths of 1400 nm (red

open circles) and 600 nm (blue open circles).

In eq 4, the phonon—phonon scattering raises the lattice
temperature with a time constant 7 vy, and heat dissipation to
the surrounding cools down the NRs with a time constant of
Tpyr- According to the fitting result shown in Figure Sc, the
heating and cooling time constants are 22.6 + 2.6 and 972.7 +
87.2 ps, respectively. Moreover, the CdS domain reaches the
highest lattice temperature increase of 0.38 K at ~92 ps
(shown in Note S4).

From the amplitude of the CdS exciton bleach, we can also
estimate the QE of plasmon-induced hot electron transfer with
1400 nm excitation. The details of the calculation are shown in
Note S3. Under our experimental conditions, the HET QE can
be estimated to be ~0.054%. This result is similar to the
previous report of the HET QE from Cu,_,Se to CdSe in
Cu,_,Se/CdSe heterostructures,” in which hot electron
transfer occurs through a thermionic photoemission process.
We speculate that a similar mechanism is responsible for HET
in Cu,S,/CdS. This hypothesis is supported by the high
nonlinear dependence of the HET signal on the excitation
fluence shown in Figure 2d. Because of the large band gap in
Cu,S, (~2.14 eV), it requires the absorption of multiple near-
IR photons to reach a high enough electronic temperature to
generate an electron population in the Cu,S, conduction band.
For this reason, the HET QE for this pathway is low. The HET
QE is significantly lower than that in the Au-tipped CdS NRs
(~1-18%),"*"7 Au/TiO,>* or Ag/TiO,'® in which one
absorbed photon can generate hot electrons with sufficient
energy to overcome the lower Schottky barrier between the
metal Fermi level and the semiconductor conduction band.
Thus, in comparison with plasmonic metal NPs, the band gap
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in the plasmonic semiconductor can lengthen the lifetime of
transferred hot carriers but also lowers the HET QE.

Direct Interfacial Charge-Transfer Transition (DICTT)
in the Cu,S,/CdS Heterojunction. The absorption spec-
trum of Cu,S,/CdS NRs (Figures 1 and S2) also shows a new
absorption feature at ~500—800 nm that is attributed to a
direct interfacial charge transfer transition (DICTT) from the
Cu,S, valence band to the CdS conduction band. We also
measured the transient absorption spectra with excitation of
this DICTT band at 600 and 800 nm. The TA spectra with
600 nm excitation (Figure 6a) show pronounced XB at the
lowest energy exciton band and derivative features of higher
energy transitions, which closely align with those observed in
400 nm-excited CdS NRs (Figure S14). At the same excitation
fluence, negligible TA signals are observed for control samples
of bare Cu,S, NCs and bare CdS NRs (Figure S15). These
results suggest the TA spectral features in Cu,S,/CdS NRs are
caused by the interfacial transition from Cu,S, VB to CdS CB
instead of the plasmon-induced signal of the Cu,S, domain or
multiphoton absorption of CdS NRs. Similar TA spectra are
also observed with 800 nm excitation (Figure S16), near the
onset of interfacial charge transfer transition (~1.5 eV, Figure
S2b). Furthermore, the TA signal amplitude measured with
600 nm excitation increases linearly with the excitation fluence
(Figure S17). These results indicate the photoexcitation at 600
and 800 nm directly transfers an electron from the Cu,S, VB
into the CB of CdS through DICTT (Figure 6b). We also
fitted the XB kinetics at 473 nm for Cu,S,/CdS NRs under
different pump fluences with a triexponential decay function
according to eq 3. The fitting results are shown in Figure 6c¢. As
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shown in Table 1, 7p; xp, Tpyxp, and 7p;xp are determined to
be 5.3 + 1.1 ps, 102 & 17.4 ps, and 5.6 + 1.1 ns, respectively.
These decay constants are very close to those from plasmon-
induced indirect charge transfer (1400 nm pump), represent-
ing the same decay pathways for both directly transferred
electrons and indirectly transferred electrons. This agreement
can be seen in the comparison of the kinetics traces measured
at 600 and 1400 nm, as shown in Figure 6d.

The comparison in Figure 6d also shows that the rise time of
the exciton bleach measured at 600 nm excitation is instrument
response time limited and is noticeably faster than that
measured at 1400 nm excitation. This result is consistent with
the direct charge transfer nature of the transition at 600 nm
and suggests that the final state of the transition is at the CdS
conduction band edge. The slower rise time of the XB kinetics
measured by 1400 nm excitation of the plasmon band indicates
negligible plasmon-induced hot electron transfer through the
direct PICTT pathway, i.e., the coupling of the plasmon decay
to the DICTT transition. This is consistent with a low hot
electron QE at 1400 nm excitation. The lack of the PICTT
pathway, despite the presence of the interfacial charge transfer
transition, may be attributed to the energy mismatch of the
DICTT band and plasmon band. Thus, reducing the energy
mismatch between the plasmon and charge transfer transitions
may present a fruitful direction for improving the plasmon-
induced hot electron transfer efficiency.

CONCLUSIONS

In summary, the present work investigates indirect and direct
electron transfer in a Cu,S,/CdS heterojunction. Our results
indicate that near-IR (1400 nm) excitation of the plasmon
band in the Cu,S, domain leads to indirect transfer of hot
electrons to the CdS domain with an instrument response
limited rise time of <150s fs and an estimated QE of ~0.054%.
The amplitude-weighted average lifetime of the transferred
electrons in the Cu,S,/CdS heterostructure is 1.9 + 0.5 ns,
which is significantly longer than the ~1.5 ps lifetime measured
in Au/CdS nanoheterostructures. We attributed the much
slower recombination time in the former to the presence of a
band gap in Cu,S,, which slows the charge recombination
process. Strong coupling between the Cu,S, and CdS domains
leads to the formation of direct interfacial charge transfer
transition in the visible-near-IR region, and optical excitation of
the DICTT at 600 and 800 nm can directly transfer an electron
from the Cu,S, VB to the CdS CB. Despite the presence of
DICTT, the excitation of the plasmon band at 1400 nm does
not lead to direct hot electron transfer through the PICTT
pathway, likely due to the mismatch in the plasmon and
DICTT energies. Achieving PICTT in plasmonic hetero-
junctions requires further material optimization, such as
decreasing the DICTT transition energy and increasing the
plasmon frequency to bring them closer resonance.

METHODS

CdS NRs were synthesized by following procedures reported in the
literature with slight modifications.>®*" Both tips were then decorated
with Cu,S; NCs through the thermal decomposition of a Cu
precursor, copper(II) dibutyldithiocarbamate. Details can be found in
Note S1.

Instruments used for the structural and optical characterization of
the NRs are also described in the Supporting Information.
Femtosecond transient absorption (TA) measurements were
conducted using a regeneratively amplified Ti:sapphire laser system
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(Coherent Legend, 800 nm, 150 fs, 3 mJ/pulse, and 1 kHz repetition
rate). The TA signals were detected by Helios spectrometers and
analyzed by using Surface Xplorer software (Ultrafast Systems LLC).
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