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ultrafast charge transfer in
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nanoheterostructures†

Xueyi Guo,ac Sheng Liu,ac Weijia Wang, *bc Chongyao Li,ac Ying Yang,ac

Qinghua Tianac and Yong Liubc

Recombination centers generated from structural and interfacial defects in nanoheterostructures (NHs)

prevent effective photo-induced charge transfer and have blocked the advance of many

photoresponsive applications. Strategies to construct high-quality interfaces in NHs are emerging but are

limited in the release of interfacial strain and the integrality of the sublattice. Herein, we synthesize

single-particulate Cu1.94S–ZnS NHs with a continuous sublattice using a nanoscale cation exchange

reaction (CE). Under near-infrared (NIR) radiation (l ¼ 1500 nm), femtosecond open-aperture (OA) Z-

scan measurements are applied to investigate the nonlinear optical features of samples and verify the

existence of plasma-induced charge transfer in the Cu1.94S–ZnS NHs system. The resulting charge

transfer time (sCT) of �0.091 picoseconds (ps) was confirmed by the femtosecond time-resolved pump–

probe technique. Such an ultrafast charge transfer process has been rarely reported in semiconductor–

semiconductor NHs. The results suggest that CE can be used as a promising tool to construct well-

ordered interfacial structures, which are significant for the performance enhancement of NHs for photon

utilization.
1. Introduction

Hot charge carriers generated from the surface plasmon decay
in nanoscale metals or semiconductors can be transferred to
adjacent semiconductors.1 In recent decades, this plasmon-
induced charge transfer (PICT) has attracted extensive atten-
tion due to its great application potential in the elds of pho-
tocatalysis, sensitive photodetectors, photovoltaics and
biomedicine.2 Exciting localized surface plasmon resonances
(LSPR) can further enhance the light absorption, resulting in
efficient improvement of hot carrier generation.2,3 Therefore,
numerous kinds of nanoheterostructures with the character-
istic of plasmon-induced charge transfer (PICT-NHs) have been
developed by incorporating LSPR nanomaterials into
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semiconductor substrates, such as in Au–TiO2,4 Au–MoS2,5 Au–
CdS,6 CuS–CdS7 and Ag–TiO2.8 Previous reports demonstrated
that combining LSPR Cu2�xS nanocrystals (NCs) with ZnS
nanostructures enhances light absorption and further improves
their photocatalytic properties.9–11 Nevertheless, plasmon-
induced hot electron injection in PICT-NHs is still insufficient
because the hot electron transfer competes with ultrafast elec-
tron relaxation, which usually occurs within hundreds of
femtoseconds (fs) through electron–electron scattering.1,6

Hence, faster carrier transfer is crucial for effective plasmon
utilization.

To facilitate the hot electron injection, three fundamental
factors are required: (i) sufficient initial energy of hot electrons
to overcome the interfacial Schottky barrier, (ii) direct contact of
the LSPR metal (or semiconductor) and the substrate semi-
conductor and (iii) minimal lattice defects and impurities at
interfaces.2,12,13 This implies that the interfacial and structural
characteristics of PICT-NHs are determinants for effective
charge transfer. For metal–semiconductor PICT-NHs, LSPR
metal NCs are commonly connected with substrate semi-
conductors through insulating layers or molecule connectors14

which impede the hot electron injection process. Moreover,
a large lattice mismatch (>20%) is usually introduced to the
metal–semiconductor interface during the epitaxial growth
process15 and is responsible for the high recombination of
electrons and holes.16 For semiconductor–semiconductor PICT-
NHs synthesized via seed-mediated growth method, poor
Nanoscale Adv., 2021, 3, 3481–3490 | 3481
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interfacial quality resulting from lattice mismatch and defects
suppresses the transfer and utilization of plasmon-induced
charge carriers.17 Thus, precisely constructing interfaces in
PICT-NHs with smaller lattice mismatch and fewer interface
defects is benecial to the realization of charge transfer on
a faster time scale.

The nanoscale cation exchange reaction (CE) has been
recently brought to fore as a new approach for creating single-
particulate nanoheterostructures (NHs) with ne architec-
tures.18–20 As a post-synthetic strategy, CE has been employed to
synthesize complex NHs with immiscible phases and predict-
able morphologies since the rst paradigm was created by Ali-
visatos and co-workers.21–24 Through the efforts of scientists,
a variety of single-particulate NHs, such as metal chalcogen-
ides25–36 and perovskite semiconductors,37 have been created via
CE. Recently, Schaak and co-workers developed a universal CE
strategy to synthesize single-particulate NHs.38–40 Compared to
traditional epitaxial growth methods, CE allows the heteroge-
nous cations to replace the host cations under mild conditions
(below 120 �C) while the anion skeleton remains intact.19

Moreover, the exchange reaction is kinetically driven and the
nucleation-growth process can be avoided, resulting in reduced
introduction of impurities.20 These features of CE offer neces-
sary prerequisites that allow the formation of high-quality
interfaces among the immiscible phases in the NHs. For
instance, recent literature indicated that the lattice mismatch in
the a–a, c–c, and angled lattice orientations ranges from 0.7% to
8.2% in Cu1.8S–MexSyNHs (Me¼ Zn, In, Ga, Co, Cd) synthesized
via CE.39 Due to the different cations sharing the same anion
skeleton, that is, the cations being located on a continuous
sublattice,18 the interfaces in the heterostructures should be
neat in theory. A uniform interfacial structure provides the
possibility to enhance hot electron injection, which is of great
signicance for applications in catalysis, biomedicine, and
energy conversion. However, at present, PICT in single-
particulate NHs has not been investigated and the effect of
the interfacial structure on PICT (i.e. structure–function rela-
tionship) in NHs is still unknown.

Herein, we synthesized single-particulate Cu1.94S–ZnS NHs
using the cation exchange reaction. Femtosecond open-
aperture (OA) Z-scan measurements were carried out to verify
the existence of plasma-induced charge transfer in the Cu1.94S–
ZnS NHs system. The femtosecond time-resolved pump–probe
technique was employed to explore the dynamic decay of excited
carriers in the as-synthesized single-particulate NHs under
near-infrared (NIR) radiation (l ¼ 1500 nm) and an ultrafast
PICT from Cu1.94S to ZnS was observed. Due to fewer lattice
defects and reduced lattice mismatch at the interface, the
charge transfer time in Cu1.94S–ZnS NHs was �0.091 ps, a time
rarely reported in traditional semiconductor–semiconductor
NHs. Our results point to enhancement of the hot electron
injection from the neat interfacial structure in Cu1.94S–ZnS
NHs. These ndings also reveal that nanoscale CE can be
a promising tool for creating novel PICT-NHs with high-quality
interfacial structures.
3482 | Nanoscale Adv., 2021, 3, 3481–3490
2. Results and discussion
2.1 Characterizations of Cu1.94S NCs and Cu1.94S–ZnS NHs

The Cu1.94S NCs were synthesized via directly decomposing
copper(II) acetylacetonate (Cu(acac)2) in the presence of 1-
dodecanethiol (1-DDT) at 205 �C with the protection of inert gas.
Fig. 1a and d show the transmission electron microscopy (TEM)
image and size distribution histogram, respectively, of the
Cu1.94S NCs, revealing that the uniform spherical particles have
average diameters of �14 nm. The high-resolution TEM
(HRTEM) image shows that the lattice spacing of 0.196 nm (1.96
�A) is characteristic of the (080) plane of Cu1.94S (Fig. 1b). The
lattice fringes in the HRTEM image are arranged uniformly and
regularly, indicating that the nature of the as-synthesized
nanoparticles is single crystalline. Fig. 1c shows the high
angle annular dark-eld scanning TEM (HAADF-STEM) image
of the Cu1.94S NCs with the corresponding element maps
generated using scanning transmission electron microscopy
with energy-dispersive spectroscopy (STEM-EDS). The shapes of
the element maps for Cu and S match well with those of the
Cu1.94S particles in the HAADF-STEM image. As expected, in the
element map for Zn, only a weak, chaotic signal can be observed
and is ascribed to background noise. These uniform spherical
Cu1.94S nanoparticles were further used as templates to
synthesize single-particulate Cu1.94S–ZnS NHs via stoichiomet-
rically limited CE.

The TEM image of the nanoparticles aer CE is shown in
Fig. 1e. Quasi-symmetric bright and dark phases can be
observed in a single particle, suggesting the formation of two
distinct crystalline phases. The morphology of the resulting
particles is still spherical and there is no signicant difference
in their size distributions before and aer CE (Fig. 1h). A rela-
tively low-magnication TEM image that better displays the
Cu1.94S–ZnS NHs is shown in Fig. S1.† In contrast to the parent
Cu1.94S NCs, an explicit grain boundary can be observed in the
particle aer CE under HRTEM (Fig. 1f). The lattice spacing of
0.314 nm (3.14 �A) corresponds to the (002) plane of ZnS while
the lattice spacing of 0.196 nm (1.96�A) is still attributed to the
(080) plane of Cu1.94S. The HRTEM image also indicates the
neat alignment of the parental and heterogeneous atoms
located at the interfacial lattice and lattice defects are barely
observed, revealing the high-quality interfaces in the Cu1.94S–
ZnS NHs (see Fig. S2†). The HAADF-STEM image of the as-
synthesized NHs also shows quasi-symmetric bright and dark
phases in a single particle (Fig. 1g). When combined with the
analysis of STEM-EDS element maps, it appears that the bright
phase consists of Cu while the dark phase is composed of Zn.
The sulfur element evenly distributes throughout the whole
particle. The TEM analysis indicates that the resulting single-
particulate NHs retain the overall spherical morphology and
size of the parent Cu1.94S NCs with continuous S sublattices and
regular interfacial structures. Noteworthily, the obtained
Cu1.94S–ZnS NHs is Janus-like (single-tip structure), different
from the reported sandwich-like Cu1.8S–ZnS NHs.40 This can be
attributed to the lower Zn2+ concentration and higher exchange
temperature in our reaction system. Similar exchange patterns
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Key characterization data for Cu1.94S NCs and Cu1.94S–ZnS NHs. (a and e) Bright-field TEM images of Cu1.94S NCs and Cu1.94S–ZnS NHs. (b
and f) High-resolution TEM images of Cu1.94S NCs and Cu1.94S–ZnS NHs. (c and g) HAADF-STEM images and STEM-EDS elements maps of
Cu1.94S NCs and Cu1.94S–ZnS NHs. (d and h) Size distribution histograms of Cu1.94S NCs and Cu1.94S–ZnS NHs. (i) Powder XRD patterns of Cu1.94S
NCs and Cu1.94S–ZnS NHs. (j) UV-vis-NIR absorption spectra and digital photographs (inset) of Cu1.94S NCs and Cu1.94S–ZnS NHs dispersed inN-
methyl pyrrolidone (NMP).
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have also been observed in the synthesis of Cu1.8S–ZnS heter-
ostructured nanorods when using a low concentration Zn2+

solution at 120 �C.38,39

The structural transformations of the nanoparticles before
and aer CE were investigated by powder X-ray diffraction
(XRD). The XRD pattern (Fig. 1i) of the Cu1.94S NCs is dominated
by monoclinic djurleite peaks which correspond to the reec-
tions of bulk djurleite Cu1.94S (pdf no. 23-0959). The charac-
teristic peaks at 37.62�, 46.31� and 48.65� are attributed to the
(804), (080) and (1204) planes of djurleite Cu1.94S, respectively.
The XRD pattern of the nanoparticles aer partial CE evidences
the presence of a second majority phase, which can be indexed
to hexagonal wurtzite ZnS (pdf no. 36-1450). The peaks at
26.91�, 30.53� and 47.56� correspond to the (100), (101), and
(110) planes of wurtzite ZnS, respectively. Previous work has
indicated that the lattice structure of parent NCs dominates the
crystallographic forms of the nal products.32 For example,
using roxbyite Cu1,8S NCs as the template results in wurtzite
© 2021 The Author(s). Published by the Royal Society of Chemistry
ZnS, while employing digenite Cu1.8S NCs as the parent crystal
leads to zincblende ZnS.32 However, in our work, the wurtzite
ZnS phase can be also obtained when using djurleite Cu1.94S
NCs as the host lattice template. That is because the lattice
parameters of djurleite Cu1.94S are similar to those of roxbyite
Cu1.8S (see Table S1†). It should be noted that the diffraction
peaks of djurleite Cu1.94S slightly shi to higher 2q aer CE,
increasing by �0.5�. This change can be ascribed to the inter-
facial strain-induced lattice spacing shrinking when intro-
ducing the ZnS to the incipient lattice.31

To calculate the lattice mismatch of Cu1.94S–ZnS NHs, the
standard crystalline structure data of djurleite Cu1.94S and
wurtzite ZnS were employed. The lattice constants for the S2�

sublattice in monoclinic Cu1.94S have average values of a ¼
3.877 �A and c ¼ 6.716 �A. The lattice constants for the S2� sub-
lattice in hexagonal ZnS are 3.811 �A and 6.234 �A for a and c,
respectively. The c/a ratio of Cu1.94S is �1.732, which is close to
that of ZnS (�1.636). The values of lattice mismatch in Cu1.94S–
Nanoscale Adv., 2021, 3, 3481–3490 | 3483
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ZnS NHs are �1.70%, �7.17%, and �3.39% in the a–a, c–c, and
angled (�40.8�) directions, respectively (see Table S2 and
Fig. S3†). This suggests that such small values of lattice
mismatch are favorable to the formation of high-quality inter-
faces with reduced interfacial strain. A previous work has also
reported similar lattice mismatch values in Cu1.8S–ZnS hetero-
structured nanorods synthesized via CE.39

As nanosized ZnS is a wide bandgap semiconductor (Eg¼ 3.7
eV), its peak absorption is concentrated at �340 nm and
absorption from 400 nm to the near-infrared region is barely
observed, as shown in Fig. S4.† 41 Meanwhile, due to their
narrow bandgap and LSPR effect, the linear absorption range of
Cu2�xS NCs is from ultraviolet (UV) to near-infrared (NIR) with
a signicant attenuation at �900 nm.42 When combining the
ZnS with LSPR Cu2�xS NCs, in theory, two possible behaviors of
linear absorption are expected: the attenuation of absorption in
the NIR region and the blueshi of the absorption peak in the
short wavelength range. Fig. 1j exhibits the UV-vis-NIR spectra
of Cu1.94S NCs and Cu1.94S–ZnS NHs which show linear
absorption behaviors accordant to the theoretical expectations.
The inset of Fig. 1j shows digital photographs of Cu1.94S NCs
and Cu1.94S–ZnS NHs dispersed in N-methyl pyrrolidone (NMP).
The color of the suspended solution changes from dark brown
to light brown aer CE, which is consistent with the results of
the UV-vis-NIR spectra and is attributed to the attenuated
absorption of visible light.

The changes in the chemical states of the elements in the
nanoparticles before and aer CE were examined by X-ray
photoelectron spectroscopy (XPS). Fig. 2 shows the survey
spectra and high-resolution spectra of the nanoparticles before
and aer CE. The peak identications are summarized in Table
Fig. 2 Chemical states of the elements in Cu1.94S NCs and Cu1.94S–
ZnS NHs. (a) XPS survey spectra of Cu1.94S NCs and Cu1.94S–ZnS NHs.
(b–d) High-resolution XPS spectra (HR-XPS) of Cu 2p, Zn 2p, and S 2p.

3484 | Nanoscale Adv., 2021, 3, 3481–3490
S3.† For the samples both before and aer CE, distinct peaks
can be observed in the XPS spectra of the Cu 2p region. The
peaks at�932 eV and�951 eV correspond to Cu 2p3/2 and 2p1/2,
respectively. Copper is present solely in the cuprous state (Cu(I))
in both samples as no Cu(ii) satellite peaks are observed.29 A
slight chemical shi (�0.15 eV) for Cu 2p3/2 was observed aer
CE (Fig. 2b). This is attributed to a change in interfacial
chemical bonds in which partial Cu–S–Cu bonds in Cu1.94S NCs
transform into Cu–S–Zn bonds aer CE. In the region of Zn 2p,
characteristic peaks are only observed in the sample of Cu1.94S–
ZnS NHs, suggesting the existence of Zn only aer CE. The
peaks of Zn 2p3/2 and 2p1/2 located at �1021 eV and �1044 eV
(Fig. 2c), respectively, are consistent with those of Zn(ii).43 In the
S 2p region, the peaks at 161.59 eV and 162.74 eV can be
assigned to S 2p3/2 and S 2p1/2, respectively. As it is hard to tell
the difference between S 2p before and aer CE from the orig-
inal spectra, Gaussian tting was employed to process the
pristine S 2p data (Fig. 2d). Empirically, the binding energy of S
2p3/2 in suldes with low valency (S2�) is lower than that in
sulfur (S0) or suldes with high valency (S2

2�), although the
valency of S in copper sulde is still an ongoing debate.29 For
example, the binding energies of 2p3/2 in S8 and FeS2 are
164.00 eV and 162.90 eV, respectively.44,45 Thus, it is reasonable
to infer that the valency of S in Cu1.94S NCs and Cu1.94S–ZnS
NHs is equal to�2. Moreover, the tting curves indicate that the
S 2p3/2 peak at 161.59 eV splits from the middle to both sides
aer CE. The chemical shi of S 2p3/2 is extremely small (0.2–0.3
eV), suggesting that the valency of S is unchanged. The split
peaks of S 2p3/2 around 161.59 eV reveal two different chemical
states of the S element (i.e. Cu–S and Zn–S) in Cu1.94S–ZnS NHs.
2.2 Nonlinear optical (NLO) response of Cu1.94S NCs and
Cu1.94S–ZnS NHs

To conrm the existence of plasma-induced charge transfer in
the Cu1.94S–ZnS NHs, OA Z-scan experiments were carried out at
a wavelength of 1500 nm as this technique has been widely
applied for the investigation of energy transfer in hybrid
systems.46–48 The samples were spin-coated onto a quartz plate
for the measurements. The incident laser beam was focused by
a lens with a focal distance of 150 mm. Fig. 3 shows the OA Z-
scan results of Cu1.94S NCs and Cu1.94S–ZnS NHs with various
excitation intensities. The sharp, narrow peaks show the char-
acteristics of saturable absorption, which is similar to the
previous observations in Cu1.8S NCs and Cu2S nanosheets at
1560 nm.49,50

Given that the excitation energy at 1500 nm (�0.83 eV) is
much lower than the bandgap of Cu1.94S (�1.51 eV, Fig. S5†), it
seems impossible for electrons in the valence band (VB) to be
excited directly into the conduction band (CB) and further result
in the bleaching effect. However, the intrinsic hole region
resulting from the Cu-deciency can form trap states within the
bandgap.51,52 Under irradiation, these trap states bridge elec-
trons jumping from VB to CB by absorbing multi-photons with
low energy, which makes the photobleaching effect possible.53 A
schematic diagram of the saturable absorption is exhibited in
Scheme 1a. In Cu1.94S NCs, with the increase of the laser
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Open-aperture (OA) Z-scan measurements of Cu1.94S NCs (a) and Cu1.94S–ZnS NHs (b) under 1500 nm radiation with different input
intensities. Nonlinear optical (NLO) absorption coefficients with various excitation intensities (c).

Scheme 1 Schematic diagrams of optical saturable absorption in
Cu1.94S NCs (a) and Cu1.94S–ZnS NHs (b). CB: conduction band, VB:
valence band and Ef: Fermi level.
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intensity, the excitation and re-excitation of electrons from
lower levels (VB or trap states) to higher energy levels (trap states
or CB) are very fast, while the reverse relaxation process is quite
slow. Therefore, the key mechanism responsible for the
observed phenomenon is the different rates of excitation and
relaxation. Only when the excitation rate is faster than the
relaxation rate can net electron increase be generated in the
excited levels. When the excitation light intensity is strong
enough, according to the Pauli blocking principle, all available
states in the higher energy level are lled with photo-generated
carriers, which prevents further excitation of electrons in the
VB, resulting in a photo-bleaching effect.

Although both Cu1.94S NCs and Cu1.94S–ZnS NHs exhibit the
characteristic of saturable absorption, the transmittance peak
intensity of Cu1.94S NCs is much stronger than that of Cu1.94S–
ZnS NHs under the same irradiation intensity, indicating that
the photobleaching effect of Cu1.94S–ZnS NHs is weaker than
© 2021 The Author(s). Published by the Royal Society of Chemistry
that of Cu1.94S NCs. The lower transmittance intensity of
Cu1.94S–ZnS NHs may result from two possible reasons: more
photon absorption near the focal point created by charge
transfer and reduced content of Cu1.94S in the NHs aer CE.

To conrm the above hypothesis, an NLO response experi-
ment was carried out on Cu1.94S–ZnS NHs with lower ZnS
content (Cu1.94S–(LZ)ZnS NHs) under the same conditions as
outlined above. The Cu1.94S–(LZ)ZnS NHs were synthesized via
CE using an exchange solution with a lower Zn2+ concentration.
The TEM images of Cu1.94S–ZnS NHs and Cu1.94S–(LZ)ZnS NHs
are shown in Fig. S6b.† Theoretically, if the transmittance
intensity correlates closely with the content of Cu1.94S, the
transmittance intensity of the newly prepared sample should be
strong and close to that of pure Cu1.94S NCs. Otherwise, if the
absorption behavior is associated with the charge transfer from
Cu1.94S to ZnS, the transmittance intensity should remain
relatively low, showing a similar pattern to that of Cu1.94S–ZnS
NHs. Fig. S6c† presents the OA Z-scan results of pure Cu1.94S
NCs, Cu1.94S–ZnS NHs, and Cu1.94S–(LZ)ZnS NHs. It indicates
that the charge transfer from Cu1.94S to ZnS is the dominant
cause of the weaker saturable absorption behavior of Cu1.94S–
ZnS NHs.

For a better understanding of the weaker saturable absorp-
tion phenomenon in Cu1.94S–ZnS NHs, a charge transfer
mechanism based on the donor–acceptor model is proposed, as
shown in Scheme 1b. Copper sulde (Cu2�xS) is a p-type semi-
conductor with a Fermi level located near its VB, while zinc
sulde (ZnS) is an n-type semiconductor whose Fermi level lies
close to its CB.54,55 In Cu1.94S–ZnS NHs, a p–n heterojunction is
formed during the CE. Due to the existence of the internal
electrostatic eld in the p–n junction region, the equilibrium of
Fermi energy in the NHs makes the CB of Cu1.94S locate above
the CB of ZnS. Due to the existence of the ZnS phase in Cu1.94S–
ZnS NHs, more orbitals in the CB that can be occupied by photo-
generated carriers are provided. Electrons in the VB of ZnS are
unable to be directly excited by low energy incident light (i.e.
Nanoscale Adv., 2021, 3, 3481–3490 | 3485
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NIR); as a result, the CB of ZnS is unlled. Therefore, the excited
electrons in the higher energy level CB of Cu1.94S can easily
transfer to the CB of ZnS, leading tomore absorption of incident
photons and weaker saturable absorption. It should be noted
that the electron transfer route from the trap states of Cu1.94S to
the CB of ZnS cannot be excluded as the energy level is unclear.
In addition, electrons in the VB of ZnS are unable to be trans-
ferred to the VB of Cu1.94S under NIR irradiation because the
energy barrier is larger than the incident light energy.56

To quantitatively evaluate the NLO absorption coefficients
and saturable intensity of the samples, the normalized OA Z-
scan data were tted using the following equations57–59

TOAðzÞ ¼ 1ffiffiffiffi
p

p
q0

ðN
�N

ln
�
1þ q0exp

��x2
��
dx (1)

aNL(I) ¼ a0NL/(1 + I/IS) (2)

where q0 ¼ aNLI0Leff, aNL is the nonlinear optical absorption
coefficient, Leff¼ [1� exp(�aL)]/a, I0 is the input beam intensity
at the focus position, a is the linear absorption coefficient, L is
the thickness of the sample, IS is the saturable intensity, and
aNL(I) and a0NL are the intensity-dependent and low-intensity
coefficients, respectively.

The NLO absorption coefficients of Cu1.94S NCs and Cu1.94S–
ZnS NHs were extracted by tting eqn (1) to the experimental OA
Z-scan data. As shown in Fig. 3c, the solid curves represent the
tting results based on the NLO absorption model, which
agrees well with the experimental data. For Cu1.94S NCs, the
NLO absorption coefficient aNL increases from �7.6 � 103 cm
GW�1 to �1.15 � 103 cm GW�1 when the excitation intensity
increases from 4.9 GW cm�2 to 31.6 GW cm�2. It was found that
the aNL initially increases rapidly and then gradually stabilizes
as the excitation intensity continues to increase. A similar trend
is also observed in the Cu1.94S–ZnS NHs. The Is values of Cu1.94S
NCs and Cu1.94S–ZnS NHs are 1.1 GW cm�2 and 0.59 GW cm�2,
respectively. Moreover, the peak intensity only slightly changes
with increasing incident intensity, suggesting that the NLO
absorption is insensitive to the excitation intensity. Similar
saturable absorption phenomena were observed in previously
reported Bi2TexSe3�x nanosheets.60 Our results indicate that the
Cu1.94S–ZnS NHs possess a fascinating NLO response in the NIR
band.

2.3 Carrier dynamics of Cu1.94S NCs and Cu1.94S–ZnS NHs

As mentioned in recent literature, the interfacial structure is
one of the essential factors that dominate interdomain charge
communications in NHs.17,61 It is worth exploring the carrier
dynamics in the as-synthesized Cu1.94S–ZnS NHs on account of
their neat interfacial structures, as the existence of charge
transfer was conrmed by the OA Z-scan experiments. To
investigate the plasmon-induced carrier dynamics in Cu1.94S–
ZnS NHs, femtosecond time-resolved pump–probe experiments
were carried out at a wavelength of 1500 nm, which is in the
LSPR-induced NIR absorption region of Cu1.94S NCs. The
average power of the pump light was from 0.3–0.6 mW, which is
below the excitation intensity of the NMP solvent. The excitation
3486 | Nanoscale Adv., 2021, 3, 3481–3490
intensity of the probe light was less than 10% that of the pump
light. To reduce the experimental uncertainty of pump–probe
measurements, the light path was well-calibrated with a stan-
dard sample before testing (see Fig. S7†).

Once the pump beam is injected into the sample, a carrier
relaxation process can be observed aer the initial response.
Fig. 4a and b depict the transient transmission intensity as
a function of the delay time for the samples at different exci-
tation intensities. All the transient signals clearly show expo-
nential decay. A biexponential decay model, y ¼ A1exp(�t/s1) +
A2exp(�t/s2), is employed to t these recorded signals. For
Cu1.94S NCs, two identical delay times are obtained from the
tted pump–probe data, approximately 0.46–0.53 ps (average
0.50� 0.03 ps) at different excitation intensities, indicating that
only one decay process is observed in Cu1.94S NCs (Fig. 4a). This
process can be assigned to the intra-band relaxation of the hot
electrons according to previous reports.52,62 Fig. 4b presents the
carrier dynamics relaxation process for the Cu1.94S–ZnS NHs.
The average values of s1 and s2 are 0.091 � 0.010 ps and 1.01 �
0.05 ps, respectively. Fig. 4c demonstrates the carrier relaxation
time as a function of the input power, indicating that the carrier
relaxation time is independent of the excitation intensity.
Compared to Cu1.94S NCs, two distinct relaxation processes
were observed in the Cu1.94S–ZnS NHs. In line with that of the
standard sample (see Fig. S8†), the relaxation time of 1.01 �
0.05 ps (s2) can be ascribed to the intra-band relaxation process
of ZnS. The relaxation time of 0.091 � 0.010 ps (s1) corresponds
to the charge transfer process in Cu1.94S–ZnS NHs according to
the donor–acceptor model proposed in the Z-scan. Upon NIR
irradiation, electrons in the VB are excited into a higher energy
level (trap states or CB) of Cu1.94S and the photo-induced elec-
trons in the excited states of Cu1.94S can intensively inject into
the lower CB of ZnS. Subsequently, the photoexcited electrons
in the CB of ZnS relax to the bottom of the CB through electron–
electron scattering. Therefore, the ultrafast relaxation time of s1
can be attributed to plasmon-induced hot electron transfer
from Cu1.94S to ZnS. However, it is difficult to distinguish the
transfer routes (CB / CB or trap states / CB) and we can only
determine that the charge transfer time from Cu1.94S to ZnS is
�0.091 ps. To avoid mixing up the intra-band relaxation
kinetics with the charge transfer component, we tried to t the
ratio curve of Cu1.94S–ZnS to Cu1.94S.70,71 However, as the signal
intensities of Cu1.94S NCs and Cu1.94S–ZnS NHs are very close
and given the existence of laser noise, it is difficult to analyze
the ratio curve of Cu1.94S–ZnS to Cu1.94S to obtain the charge
transfer dynamics characteristics.

Table 1 summarizes the carrier transfer times in different
NHs synthesized via CE and traditional epitaxial growth,
including metal–semiconductor hybrid NCs and semi-
conductor–semiconductor NHs. It reveals that the PICT time of
the as-synthesized Cu1.94S–ZnS NHs is faster than those of
conventional NHs, suggesting an ultrafast PICT response in
Cu1.94S–ZnS NHs under NIR irradiation. This ultrafast PICT
process is attributed to the well-ordered interfacial structure in
the Cu1.94S–ZnS NHs synthesized by CE. Because of the
continuous anion sublattice, the dangling bonds are saturated
and the lattice mismatch between the heterogeneous crystalline
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pump–probe signals at 1500 nm under different excitation intensities for Cu1.94S NCs (a) and Cu1.94S–ZnS NHs (b). Photoexcited carrier
relaxation time as a function of the input energy (c).
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phases is relatively small (1.7%), resulting in decreased inter-
facial strain and fewer defects.39,63,64 These help to reduce the
recombination centers at the interfaces and facilitate charge
communications among the domains of the particles. Our
results indicate that the Cu1.94S–ZnS NHs possess an excellent
NLO response in the NIR band, revealing their great potential
for applications in ultrafast photonics and biomedicine.65–67

As the Cu1.94S–ZnS NHs possess remarkable saturable
absorption properties and exhibit a fascinating dynamic
response, we anticipate that the Cu1.94S–ZnS NHs may have
potential for signicant applications in pulse lasers and optical
switching. The obtained NLO absorption coefficient of Cu1.94S–
ZnS NHs at 1500 nm is very close to that of TiS2, indicating that
the Cu1.94S–ZnS NHs may possess wider application prospects
in advanced devices like other emerging types of nonlinear
optical materials, such as MOF, MXene, graphdiyne, and anti-
monene.72–75 Therefore, it is necessary to study the NLO
response characteristics of Cu1.94S–ZnS NHs at various wave-
lengths and its application in mode-locking in subsequent
works to promote its further development for a wider range of
applications in photonics devices such as sensors, optical
information converters, and detectors.76–78

3. Conclusions

In summary, the femtosecond OA Z-scan measurements and
femtosecond time-resolved pump–probe technique were
employed to investigate plasmon-induced charge transfer in
Table 1 Charge transfer time (sCT) in different nanoheterostructures

Wavelength (nm)

Samples Synthesis methoPump Probe

1500 1500 Cu1.94S–ZnS CE
550 3500 Au–TiO2 Annealing
400 650 Au–MoS2 Template CVD
400 532 Ag–graphene CVD/wet transfe
420 420 ZnSe–CdS–ZnSe SG
400 500 ZnTe–CdSe SG
470 470 CdZnS–ZnSe SG

a CE: cation exchange reaction, CVD: chemical vapor deposition, SG: seed

© 2021 The Author(s). Published by the Royal Society of Chemistry
single-particulate Cu1.94S–ZnS NHs. Our experimental data
provide assertive evidence for plasmon-induced charge transfer
between the Cu1.94S and ZnS domains in the single-particulate
Cu1.94S–ZnS NHs. The unique interfacial structures of Cu1.94S–
ZnS NHs lead to ultrafast electron injection (sCT ¼ 0.091 � 0.01
ps) from Cu1.94S to ZnS, which, to our knowledge, is rarely
observed in semiconductor–semiconductor NHs. These nd-
ings suggest that constructing neat interfacial structures is one
of the most important approaches to improving the utilization
of photons. Our results can be also referenced to understand
how to design the interface to control hot electron injection.
Moreover, in addition to creating high-ordered complex nano-
heterostructures and metastable crystalline structures, CE can
be also used as an efficient method to build ne interfacial
structures in nanocrystals, which is signicant for engineering
plasmon-induced charge transfer-based materials and devices
with high efficiency.

4. Experimental section
4.1 Materials

Cupric(II) acetylacetonate (Cu(acac)2, 97%), octadecene (ODE,
90%) and 1-dodecanethiol (1-DDT, 98%) were purchased from
Aladdin (China). High-purity oleylamine (OLAM, 97%) was
purchased from Sigma Aldrich (United States). Zinc chloride
(ZnCl2, 98%) and trioctylphosphine (TOP, 90%) were from
Macklin (China). Other analytical grade solvents, including
ethanol, N-methyl pyrrolidone (NMP) and hexanes, were
dsa Shapes sCT (ps) Ref.

Particles (Janus) �0.091 This work
Film �0.240 4
Film �0.200 5

r Nanowires/lm �0.500 68
Rods (Barbell) �0.350 64
Particles (core–shell) �0.670 69
Particles (core–shell) �50.000 7

-mediated growth.

Nanoscale Adv., 2021, 3, 3481–3490 | 3487
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purchased from Sinopharm (China). All reagents were used as
received without further purication.
4.2 Synthesis of djurleite Cu1.94S NCs

Spherical Cu1.94S NCs were synthesized by a high-temperature
thermal decomposition method. Typically, at room tempera-
ture, 4.00 mmol of Cu(acac)2 and 60.00 mmol of 1-DDT were
loaded in a 100 mL 3-neck round-bottom ask equipped with
a condenser, thermocouple, gas ow adapter, and magnetic stir
bar. This mixture was gently stirred for 10 minutes and placed
under a blanket of Ar aer cycling with vacuum and Ar three
times. Under the protection of the Ar blanket, the ask was
placed into a pre-heated oil-bath. The reaction temperature was
increased to 205 �C within 5 minutes. During the heating
period, the mixture changed from milky white to transparent
light yellow, indicating the formation of the Cu–thiol complex.
Upon reaching 205 �C, the solution changed from transparent
light yellow to dark brown over �4 minutes, revealing the
beginning of nucleation in the reaction system. The reaction
was allowed to proceed at this temperature for 120 minutes
before being cooled rapidly by an ice water bath and the
resulting mixture was turbid brown. The product was precipi-
tated by adding 40 mL of ethanol and isolated by centrifugation
at 8000 rpm for 10 minutes. The obtained Cu1.94S NCs were
redispersed in 10 mL of hexane, and the precipitation/isolation
process was repeated three times. Finally, the nanoparticles
were dispersed in 10 mL of hexane or dried in a vacuum for
storage and further use.
4.3 Synthesis of Cu1.94S–ZnS NHs via cation exchange
reaction

Cu1.94S–ZnS NHs were synthesized using a stoichiometrically
limited cation exchange reaction as described in a previous
report with slight modications.38,39 The exchange solution was
prepared by dissolving 0.25 mmol of ZnCl2 in 24.00 mmol of
OLAM and 30.00 mmol of ODE. Then, the exchange solution
was heated to 180 �C under an Ar blanket and allowed to react
for 30 minutes to form a homogeneous Zn-OLAM precursor
before cooling to the exchange temperature (�105 �C). In
a separate glass vial, 0.50 mmol of Cu1.94S NCs was mixed with
4.00 mmol of TOP and 15.63 mmol of ODE. The mixture was
sealed in the glass vial under Ar protection and sonicated at
room temperature for 10 minutes to form a colloidal suspen-
sion. The Cu1.94S NCs suspension was swily injected into the
exchange solution at 105 �C and the cation exchange reaction
was allowed to proceed for 15 minutes before being quenched
by the ice water bath. The precipitation/centrifugation proce-
dure was as described above. The resulting Cu1.94S–ZnS NHs
were dried and stored under the vacuum. The dried Cu1.94S–ZnS
NHs powder was suspended in hexane or NMP for character-
ization and further use. The synthesis procedure of Cu1.94S–(LZ)
ZnS NHs was similar to that outlined above except that the dose
of ZnCl2 was decreased to 0.12 mmol.
3488 | Nanoscale Adv., 2021, 3, 3481–3490
4.4 Nonlinear optical (NLO) response and carrier dynamics
measurements

Femtosecond open-aperture (OA) Z-scan measurements and the
femtosecond time-resolved pump–probe technique were
employed to investigate the NLO response and the photoexcited
carrier dynamics of the samples, respectively. The laser pulse
was delivered by an optical parametric amplier (TOPAS, USF-
UV2), pumped by a Ti:sapphire regenerative amplier system
(Spectra-Physics, Spitre ACE-35F-2KXP, Maitai SP and
Empower 30) with a pulse duration of 35 fs and repetition rate
of 2 kHz. The focal distance of the lens is 150 mm and the
minimum beam waist was approximately 38 mm. The samples
were spin-coated onto quartz plates for Z-scan measurements
and dispersed in NMP for the pump–probe tests. The experi-
mental setups are shown in Scheme S1.†

4.5 Characterizations

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were collected on an FEI Titan G2 60-
300 TEM operating at 300 kV. High angle annular dark-eld
scanning TEM (HAADF-STEM) images and STEM energy-
dispersive spectroscopy (STEM-EDS) maps were collected on
an FEI Talos F200X S/TEM at an accelerating voltage of 200 kV.
All the samples for TEM analysis were drop-cast from a nano-
particle/hexane suspension onto 400-mesh molybdenum (Mo)
grids with carbon/formvar lm. Before the TEMmeasurements,
all samples were treated with a plasma cleaner. A Bruker D8
Advance X-ray diffractometer using Cu Ka radiation (l ¼
0.15418 nm) was employed to record the powder X-ray diffrac-
tion patterns of the samples. The chemical compositions of the
samples were analyzed on a Thermo Scientic ESCALAB Xi X-ray
photoelectron spectrometer (XPS). The absorption spectra of
the samples from the ultraviolet (UV) to near-infrared (NIR)
region were recorded on a Hitachi U-4100 UV-vis-NIR
spectrophotometer.
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