
Nanoscale

COMMUNICATION

Cite this: Nanoscale, 2023, 15, 3730

Received 9th January 2023,
Accepted 23rd January 2023

DOI: 10.1039/d3nr00139c

rsc.li/nanoscale

Carrier density tuning in CuS nanoparticles and
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Copper sulphide (covellite) nanoplatelets have recently emerged as

a plasmonic platform in the near-infrared with ultrafast nonlinear

optical properties. Here we demonstrate that the free-carrier

density in CuS, which is an order of magnitude lower than in tra-

ditional plasmonic metals, can be further tuned by chemical

doping. Using ion exchange to replace Cu with an increasing

content of Zn in the nanoparticles, the free-hole density can be

lowered, resulting in a long-wavelength shift of the localised

plasmon resonances from 1250 nm to 1750 nm. The proposed

approach provides new opportunities for tuning the plasmonic

response of covellite nanocrystals as well as the carrier relaxation

time which decreases for lower free-carrier densities.

Plasmonic nanoparticles and nanostructures are widely used
in bio- and chemical sensing, enhanced spectroscopies, non-
linear optics, as well as photochemistry and photocatalysis.1–7

These applications rely on pronounced localised surface
plasmon (LSP) resonances and associated field localisation
and enhancement effects, which depend on the free-carrier
concentration. For noble metals, tuning the LSP can be
achieved through size and shape control of the
nanoparticles.8,9 The free-electrons density is very high (n ≈ 6
× 1028 m−3) in these materials which makes them most suit-
able for plasmonic applications in the visible spectral range.
Nontraditional plasmonic materials have recently been exten-
sively studied, such as metal nitrides and oxides and strongly
doped semiconductors,10–13 in order to overcome the above
spectral limitations of typical plasmonic metals by shifting
their LSP towards the infrared range.

Dopant-induced tuning of the plasmon resonance has been
achieved in metal oxide nanoparticles, where the post addition
of p-type dopant metal ions resulted in varying the free-carrier

concentration and hence the plasma frequency.14 The control
over a dopant radial distribution in metal oxide nanoparticles
may also result in the variation of the plasmonic response
when a core–shell geometry is formed.15

Copper monosulfide (CuS) is a naturally occurring layered
chalcogenide with a free-carrier concentration of n ≈ 3 × 1027

m−3,16 which is an order of magnitude smaller than in noble
metals, such as Au or Ag, making CuSan excellent candidate
for plasmonic applications in the near-infrared. The aniso-
tropic nature of the crystal lattice means that CuS nanoplate-
lets support a variety of LSP resonances in and around the
second biological spectral window (1000 nm–1300 nm) and
close to the optical communication wavelength range.16 The
LSP wavelength of CuS nanocrystals can be tuned in the usual
way through their size and shape,17–20 as well as by controlling
crystal structure21 and chemical tuning.22 The low free-carrier
density in vacancy doped copper chalcogenides is favorable for
LSP control23 via electrochemical charging/dischaging or
chemical doping as has been shown for some other materials
like Cu2−xSe or indium oxide.24,25 CuS has a partially filled
valence band, making it p-type plasmonic material due to the
holes related to the 3p and 3s orbitals of S and 3d orbitals of
Cu.26 This opens up an opportunity to control the hole concen-
tration in CuS by exchanging Cu ions with other suitable
cations, thereby controlling the position of the LSP resonance.

Cation exchange in Cu2−xS nanoparticles occurs at high
reaction temperatures with the Cu cations being replaced by
another cation diffusing in the interstitial sites.27,28 This
process has been used to transform Cu4SnS4 to Cu2ZnSnS4
nanoparticles29 and also to transform Cu2S nanocrystals to
CuInS and CuInZnS nanocrystals by exchanging cations with
(In3+) and (Zn2+).30 The prime objective of these and similar
works was to create new nanoparticles with a required photo-
luminescence spectrum. However, there has been not much
attempt to control the plasmonic properties of chalcogenide
nanocrystals via cation exchange, focused on modifying the
resulting carrier density. The recent report described the
chemical doping of CuS nanoplatelets by the addition of Sb
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during synthesis, with the dopants located near the surface of
the particles. The obtained LSP was tuneable in the range
from ca. 650 nm to ca. 2100 nm by the addition of varying
amounts of Sb.31

In this work, we use the ion interchange mechanism to
modify the free-hole density in CuS nanocrystals replacing Cu-
cation with Zn, in order to enable a widely tuneable LSP plat-
form. The resulting Zn-doped CuS nanoparticles exhibit LSP
resonances that depend on the doping, shifting from 1250 nm
to 1750 nm with increasing Zn doping, as the hole concen-
tration decreases. Thin films of these nanoparticles exhibit
optical properties consistent with the observed plasma fre-
quency changes. The control over a free-carrier density was
also favorable for tuning the relaxation time of hot-carriers in
nanocrystals,32 required for optimisation of this nanomaterial
in photochemical and nonlinear optical applications.

Results and discussion
Synthesis of doped CuS nanoparticles

CuS nanocrystals were first synthesized using the well estab-
lished hot injection procedure.33 In brief, 0.5 mmol of CuCl
dissolved in 20 ml of octadecene, 6 mmol of oleylamine and
1 mmol of oleic acid was steadily heated while stirring under a
nitrogen atmosphere, to 190 °C and then brought down to
180 °C at which point 2 ml of 1 M of sulphur solution in oley-
lamine at 50 °C was injected and then maintained at 180 °C

for 10 min. The contents were then cooled down to room
temperature.

A Zn precursor solution (1 M) was prepared by dissolving
zinc diethylthiodicarbamate in 10 ml octadecene and main-
tained at 70 °C in nitrogen atmosphere under stirring. The pre-
cursor was injected into the CuS solution under stirring at
room temperature and under a nitrogen atmosphere. The con-
tents were then steadily heated and aliquots taken at defined
temperatures points (90 °C, 120 °C, 150 °C, 180 °C, and
230 °C). Ethanol was added to the samples and centrifuged at
4500 rpm for 5 min. The precipitates were washed with metha-
nol and dissolved in chloroform. Repetitive cycles of precipi-
tation (by adding an equal volume of ethanol and centrifuging
at 4500 rpm for 5 min) and washing were performed and then
finally the samples were dissolved in chloroform.

In this way, CuS : Zn nanoparticle samples with different
concentrations of Zn were obtained from the base CuS nano-
particles. For comparison, original CuS nanoparticles were
treated at the same temperatures and conditions but without
the Zn precursor present in order to evaluate potential modifi-
cations of the nanoparticles due to the temperature. For
detailed structural characterisation, we chose to examine the
samples obtained at 90 °C and 230 °C.

Structural characterization

Fig. 1 shows the scanning transmission electron microscopy
(STEM) images of the synthesized nanocrystals, performed

Fig. 1 (a) STEM image and (b) its zoomed area of pure single crystalline CuS nanoparticles with diameters of ∼50 nm and thickness of ∼5 nm. (c)
The side view of a nanopaticle in (a). (d and e) High-resolution images of a nanoparticle crystal lattice: (d) is a zoom in (e) as indicated by a red
square. Inset in (e) shows the HAADF-STEM simulations for a hexagonal lattice of CuS.
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using a Titan ChemiSTEM operated at 200 kV with a probe
convergence angle of 18 mrad and a high angle annular dark
field (HAADF) collection inner angle of 54 mrad. The hexag-
onal lattice structure is evident from both bright field (BF) and
HAADF STEM images and is characteristic of covellite lattice,34

which is further confirmed by matching HAADF-STEM simu-
lations performed with the QSTEM package.35

Energy dispersive X-ray spectroscopy (EDXS) was performed
on the Titan SREM using the Super-X EDXS system (collection
angle 0.7 srad) and quantified using the Cliff Lorimer analysis
without absorption correction (Fig. 2). STEM-EDXS elemental
quantification (Table 1) of the CuS : Zn samples obtained at
both the lowest (90 °C) and highest temperature (230 °C) all
showed Cu and Zn as well as the expected S content consistent
with the single crystal lattice structure (∼48 at% at 90 °C and

∼46 at% at 230 °C). The Cu : Zn content for individual particles
was ∼1 : 1 for samples obtained at 90 °C but showed large vari-
ation at 230 °C (from 1 : 4 to 3 : 2). The 230 °C particles appear
to have no nonuniform compositional variations, whereas the
90 °C particles have a Zn rich surface layer. High-angle
annular diffraction field (HAADF) STEM measurements (Fig. 2)
and the EDX quantifications for the CuS : Zn samples obtained
at both lowest (90 °C) and highest (230 °C) temperatures show
the presence of Cu, Zn and S, all in significant proportions. At
the same time, no shell structure around the nanoparticles is
observed. (Such an outer ZnS shell over the original CuS nano-
particles might influence the LSP resonance.) Although the
zinc dithiocarbamate was added to the reaction after the for-
mation of the CuS particles, the deposition of the precursor
did not result in a CuS/ZnS core/shell structure, rather cationic

Fig. 2 High-resolution STEM images of CuS : Zn nanoparticles obtained at (a–f ) 230 °C and (g–m) 90 °C: (a, c and k) HAADF STEM images, (g and
h) BF-STEM images, (b and i) composite EDXS elemental maps of relative distributions of Cu and Zn, (e and l) EDXS elemental maps for Zn, (f and j)
EDXS elemental maps for Cu, (d and m) EDXS elemental map for S. (c–f ) The zoomed in areas shown by the red square in (a). (h–m) The zoomed in
areas shown by the red rectangle in (g).
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exchange appears to have occurred, resulting in what we term
a CuS : Zn material. A Zn rich surface is observed for particle 6
(Fig. 1) – possibly resulting from faster ion exchange at a stack-
ing fault (Fig. 2(g–m) and Table 1).

Nanoparticles prepared at 90 °C displayed an almost homo-
geneous distribution of Cu and Zn, with a slight predomi-
nance of zinc at the surface as might be expected in a lower
temperature reaction (Fig. 2). The percentages of copper and
zinc highlight that both elements varied in differing particles,
both between 20% and 30% (Table 1), whilst the percentage of
sulfur was relatively stable at 48%, highlighting that this was
indeed cationic exchange and that the dithiocarbamate did
not add further sulfur to the particle. Nanoparticles prepared
at 230 °C displayed approximately similar elemental distri-
butions, although occasional particles displayed a predomi-
nance of zinc with percentages significantly exceeding those of
the parent copper (Fig. 2(a), particle 1, and Table 1). Again, the
percentage of sulfur remained approximately constant at 45%
to 48%; the higher synthesis temperature accounting for the
lower sulfur percentage. This is consistent with previous
reports on cation exchange in both CuS29,36 and Cu2−xSe

37

systems.
The accompanying X-ray diffraction (XRD) data for the

nanoparticles show a diffraction pattern consistent with the
previous reports of covellite structure of CuS nanoparticles,
with no apparent contribution from ZnS (Fig. 3). This suggests

that the overall material maintains the covellite crystalline
structure following cationic exchange with Zn. No discernible
differences were observed in the XRD patterns taken from the
nanoparticles prepared at different temperatures, confirming
that the particles did not grow significantly further in size at
the elevated temperature. A slight shift (≈1°) to a lower reflec-
tion angle was observed at the higher synthesis temperatures,
consistent with a slight increase in a lattice parameter.

Optical characterization of nanoparticles

The absorption spectra of the synthesized nanoparticles are
shown in Fig. 4(a). For absorption spectroscopy, the nano-
particles were placed in tetra-chloroethylene (TCE). The
absorption spectrum of the original CuS nanoparticle solution
hadan absorption peak at 1250 nm which was in the character-
istic range for CuS nanoparticles.33 At higher synthesis temp-
eratures, corresponding to increased Zn concentration, the
absorption exhibited a red shift of the LSP resonance in the
range of 1250 nm to 1750 nm (Fig. 4(a)): at synthesis tempera-
tures of 90 °C and 230 °C, the samples had the LSP peaks at
1420 nm and 1630 nm, respectively. The full width at half
maximum (FWHM) of the observed LSP peaks is approximately
the same ∼0.4 eV for all the nanoparticles with different Zn

Table 1 EDX quantification for CuS : Zn nanoparticles obtained at
230 °C and 90 °C marked in Fig. 2(a and g)

Nanoparticles Cu at% Zn at% S at%

1 – 230 °C 10.0 43.3 46.7
2 – 230 °C 25.8 26.3 47.9
3 – 230 °C 34.9 20.0 45.1
4 – 90 °C 30.3 21.8 47.9
5 – 90 °C 28.4 23.3 48.2
6 – 90 °C 25.1 27.0 47.9
7 – 90 °C 28.5 23.2 48.3
8 – 90 °C 18.9 33.3 47.8

Fig. 3 X-ray diffraction spectra for CuS : Zn nanoparticles prepared at
90 °C (red line) and 230 °C (blue line). Identical crystalline structures are
observed. Miller indices are assigned to prominent reflections.

Fig. 4 Absorption spectra of doped and undoped CuS nanoparticles
synthesized or treated at different temperatures indicated: (a) Zn-doped
CuS and (b) pure CuS. The nanoparticles are dispersed in tetrachloro-
ethylene (TCE) solvent with refractive index 1.5055.
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concentrations. The CuS : Zn nanoparticles synthesised at
different temperatures have similar average sizes with a size
dispersion similar across the range oftemperatures used
(Fig. 2). Therefore, the contribution of the inhomogeneous
broadening to the FWHM is expected to be the same for all the
spectra.

In the control experiments, in order to discount the possi-
bility of the shape or size modification of CuS nanoparticles
under treatment at increased temperatures, the Zn precursor
during heating was replaced with pure sulfur. No appreciable
LSP shift was observed under these conditions (Fig. 4(b)). A
very small reduction of the FWHM can be related to Ostwald
ripening inducing a smaller size dispersion for the annealed
nanoparticles.38

The dependence of the LSP position on the Zn concen-
tration in the nanoparticles is indicative of the changes in the
hole density in the nanoparticles upon Zn doping. The hole
concentration decreases when Zn substitutes Cu, resulting in
the lower plasma frequency and, therefore, the long-wave-
length shift of the LSP resonance which depends on the
plasma frequency.

The detailed modelling of the LSP in anisotropic nano-
particles requires numerical treatment of the plasmonic
response with the known permittivity of the material. In order
to obtain qualitative understanding of the LSP shift and esti-
mate the changes to the free-carrier concentration, we model
the nanoplatelets as oblate spheroids and neglect the an-
isotropy of the material. This shape approximation was shown
to provide a relatively good correspondence with the dominant
hexagonal shape of the nanoplatelets for the polarisation of
light parallel to the platelets.16 The approximation of materials
as isotropic can be justified by the dominant contribution of
εx, the in-plane component of the permittivity of nanoplatelets,
to the LSP response of CuS nanodisks.16

In this approximation, the polarisability of the subwave-
length spheroidal nanoparticle along the principal axis is
given by39

αx � εx � εs
εs þ Lx εx � εsð Þð Þ ; ð1Þ

where εx and εs are the relative permittivities of the nano-
particle and the surrounding medium, respectively, and Lx is
the shape factor, which depends on the nanoparticle aspect
ratio. The LSP resonance is observed at the frequency at which
the denominator in eqn (1) has a minimum: Re(εx) = εs(Lx − 1)/
Lx. For the oblate spheroid model, with an average long axis of
approximately 20 nm and thickness of approximately 5 nm for
all samples, the shape factor is approximately Lx ≈ 0.15. On
the other hand, the permittivity of the CuS in the spectral
range around the LSP resonance can be approximated using
the Drude model as Re(εx) = εb − ne2/ε0mω2, where εb is the
background permittivity of the nanoparticle which includes all
other contributions different from the free-carrier contri-
bution, ω is the frequency of light, n is the free carrier concen-
tration, e is the electron charge, m is the effective carrier mass
in a crystal, and ε0 is the vacuum permittivity. Further assum-

ing that the effective hole mass and background permittivity
does not change significantly with doping, we can relate the
hole concentration in the nanscrystals to the position of the
observed LSP resonance ωLSP:

n ¼ AωLSP
2 ð2Þ

with A = ε0m(εb − εs(Lx − 1)/Lx)/e
2. Taking into account the

known concentration of holes in pure CuS nanoparticles, we
can estimate the dependence of the hole concentration in
CuS : Zn nanoparticles on the temperature of synthesis (Fig. 5).

As can be seen from the observed LSP behaviour, the
carrier density for CuS : Zn nanoparticles decreases almost 2
fold with the increasing temperature of synthesis, when more
Zn substitutes Cu in the nanoparticles.

CuS : Zn thin nanoparticle films

Thin films of the doped CuS : Zn nanoparticles were fabricated
using the method of chemical functionalization of a glass sub-
strate.40 In brief, glass substrates were first thoroughly washed
with DI water multiple times followed by ultrasonication in
acetone and drying in nitrogen flow. The substrates were then
immersed in a 30 : 70 ratio of H2O2 : H2SO4 maintained at
50 °C for 30 min. They were ultrasonicated in DI water and
dried in a nitrogen flow and this was repeated multiple times.
The dried substrates were immediately immersed in 1 vol%
solution of mercaptopropyl triMethoxy silane (MPTMS) in
toluene and shaken for 12 hours. The substrates were taken
out, ultrasonicated in toluene, dried under nitrogen flow and
then immersed in the CuS : Zn nanoparticle solutions in
chloroform and shaken for 24 hours. Finally, the substrates
were washed in methanol and dried under nitrogen flow. The
resulting thin films of nanoparticles has uniform coverage
over large areas and a thickness of ∼6 nm as shown in the
inset in Fig. 6(a).

The near-infrared transmission spectra of the films of the
nanoparticles with different Zn concentration show similar
spectral behaviour with the absolute transmission strongly
dependent on the doping (Fig. 6). The transmission spectra
can be approximated considering the thin films of the nano-

Fig. 5 Hole density in CuS : Zn nanoparticles synthesised at different
temperatures calculated from the observed LSP frequency using eqn (2).
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particles as an effective medium. Assuming that the nanocrys-
tals in the films are oriented in the same way with the z-axis
normal to the interface, so that the same εx component of the
permittivity is responsible for the optical response at normal
incidence, the transfer matrix model41 for a thin film on a
thick glass substrate can be used to evaluate the transmission
spectra. Large number of free parameters (up to 10) is required
in order to account for both the Drude and Lorenz parts of the
permittivity due to a complex band structure of the material,
even if the thickness of the film is fixed and a plasma fre-
quency is taken from Fig. 5. This prevents reliable quantitative
fitting and determination of the effective parameters due to
overparametrisation. Nevertheless, the transmission spectra
obtained with this model indicate qualitative agreement with
the experimental spectra, when using relative differences in
the carrier concentration in eqn (2) for the Drude part of the
effective permittivity.

Conclusions

We showed a wide range tuning of the LSPs of CuS nanoplate-
lets using Zn doping. By performing ion-exchange, we were

able to control free-hole density in the nanoparticles resulting
in a tuneable LSP. This was achieved in a single synthesis pro-
cedure where the ratio of Zn to Cu in the nanocrystals can be
changed by adjusting the temperature of the reaction. The re-
placement of Cu by Zn resulted in the reduction of the hole
density and, therefore, significant red shift of the plasma fre-
quency of the material and localised surface plasmon reso-
nances. We also fabricated thin monolayered films of these
nanoparticles with optical properties consistent with the
reduction of the plasma frequency during doping. The
described approach is important for controlling both plasmo-
nic properties and carrier relaxation rate in nanocrystals32 as
both depend on the free-carrier concentration. The demon-
strated tuning of the free-carrier concentration and the associ-
ated plasmonic properties of CuS nanocrystals is important for
the development new plasmonic platforms with controllable
optical properties required for numerous applications in both
catalysis and nonlinear optics.
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