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A simple unprecedented microwave synthesis of size controllable
copper sufide (CuS) nanodiscs is reported. Experimental results and
density functional theory (DFT)-calculated results determine the
charge carriers densities on the order of 1021 cm-3 with an effective
mass of 0.3me, resulting in near-metallic properties.
Copper sulfide (CuxS, 1 ≤ x ≤ 2) nanoparticles have recently been
the focus of a variety of optical-based studies, including:
2
4
bioimaging/detection,1,
photothermal
therapy,3,
photovoltaics,11 and photocatalysis.12, 13 The majority of these
studies are based on the plasmonic near-infrared absorption
band, which has been explicitly studied both experimentally9, 14,
15 and theoretically.16-18 The plasmon absorption arises from
intrinsic p-doping that is dependent on the stoichiometric ratio of
Cu:S; increased sulfur content results in increased p-doping and
therefore a stronger and higher energy plasmon absorption.5, 6, 9,
19-24 This results in more controllability of the plasmon in
comparison to traditional noble metal nanoparticles, as the
charge carrier density can be modified in semiconductor
plasmons in addition to size and morphology.25 Stoichiometric
CuS (x=1, covellite) is the most heavily doped of the copper
sulfides, thus exhibiting the strongest plasmon absorption and of
the most interest for these potential applications.14, 15
Despite the myriad potential applications for CuS NPs, most
of the syntheses used are not ideal for wide-spread use. A
summary of some of the various synthetic methods used to
synthesize CuxS NPs of varying stoichiometry is gathered in
Table S1. Many of these reactions require temperatures on the
order of 150-200 °C and/or multistep preparation of precursors.
Some hydrothermal syntheses at lower temperature (90 °C) have
been performed, but the concentration used in these reactions
was 1 mM, making this prohibitive for commercial applications.
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Copper sulfide NPs have been synthesized using microwave
synthesis, however these works generally resulted in micronsized particles with nanoscale features. Kim et al. did synthesize
13 nm CuS nanodiscs, but the procedure required multiple steps
and the reaction was not explored in depth.20
Microwave synthesis is an emerging technique used in both
organic26 and inorganic27 synthesis that could potentially replace
conventional heating in many processes and allow for more
efficient synthesis. Microwave-assisted synthetic methods show
many advantages over traditional heating, including reduced
reaction times, faster/more uniform heating, increased
reproducibility, and simpler reaction setups. In a simple sense,
microwave heating functions by causing molecular rotations
which result in molecular friction and therefore heat. Further,
since the microwaves can penetrate through the solvent, heating
can occur in the entire reaction simultaneously, vs. conventional
heating which is dependent on external heating and stirring to
achieve thermal equilibrium.
Finally, traditional heating
methods can require high temperatures and techniques like hot
injection to achieve reproducible nanoparticle size, but the rapid
heating of microwave reactions eliminates the need for
complicated synthetic techniques.26, 27 For these reasons, we aim
to provide a more comprehensive study on the microwave
synthesis of plasmonic CuS nanoparticles.
Further, while many of the proposed applications for CuS
NPs are based on the electronic properties of the NPs, these
properties remain poorly treated. As mentioned above, copper
sulfides are intrinsically p-doped, meaning the charge carriers
are mainly holes. The density of charge carriers is of particular
interest, as it affects both the energy of the plasmon and the
conductivity. Calculation of the charge carrier density is often
performed using the Drude model (Eq. 1, 2, see discussion),
which has dependence on both the shape of the nanoparticle and
the effective mass of the charge carriers.7, 9, 15, 20, 23, 24 Often in
literature, the shape factor is assumed to be that of a spherical
particle (L = 1/3), regardless of the actual shape of the particle.
The effective mass of holes in Cu2S has been reported in
literature as 0.8me,18 however the effective mass for
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Figure 1. Representative TEM micrographs of CuS NPs
synthesized for 5 (A,D), 10 (B,E), or 15 (C,F) minutes either
parallel (A-C) or perpendicular (D-F) to the carbon support film.
The insets on the micrographs show the electron diffraction
pattern, and the scale bar on all images is 100 nm.
stoichiometric CuS has not been theoretically studied and rather
is assumed to be the same as Cu2S. This assumption is unlikely
valid based on the results of the computational study by
Lukashev et al., which shows that Cu2S is a traditional
semiconductor, while the introduction of additional sulfur atoms
introduces more metallic character.18 A review by Kriegel et al.
on plasmonic semiconductors presents an experimentally
reported CuS effective mass of 0.55me, however these
experiments were based on an experimental study of Ba1xKxCuSF, making it erroneous to attribute this value to pure
CuS.6, 19, 28 As such, the authors are unaware of any experimental
or theoretical studies that have determined the effective mass for
carriers in pure stoichiometric CuS. For these reasons, we have
combined experimental results with density functional theory
(DFT)-calculated results to better determine both an
experimental and theoretical charge carrier density in CuS
nanoparticles, along with an appropriate effective mass for the
charge carriers.
The synthesis procedure is provided in SI. TEM images of
the synthesized CuS NPs are given in Figure 1 both parallel (AC) and perpendicular (D-F) to the support film. As can be seen
from the images, there is an obvious increase in the diameter of
the particles with increasing reaction time, and multiple
morphologies including circles, triangles and hexagons are
present. The insets on Figure 1 show the electron diffraction
pattern, indicating the crystalline nature of the particles.
Specifically, the bright ring in all samples corresponds to the (21
0) plane, with a lattice spacing of 1.88 Å. From Figure 1D-F, it
can be seen that the particles are discs, which is consistent with
the expected hexagonal crystal structure. Size distributions for
both the diameter and height of the particles are given in Fig S1,
and there is a clear increase in both dimensions with increasing
reaction time. The size data is also summarized in Table 1.
FTIR spectroscopy was used to confirm the presence of the
oleylamine capping agent (Fig S2A), and the agreement between
pure oleylamine and the CuS NPs can be clearly seen. TGA
between 100-800 °C shows similar structure between all reaction

Figure 2: UV-Vis-NIR absorption spectra of CuS synthesized with
reaction times of 5 (Red), 10 (Green), and 15 minutes (Blue). The
spectra have been normalized for comparison, and both the
entire spectra (top) and plasmon absorption (bottom) are
shown. The peak absorptions occur at 1176, 1197, and 1215 nm,
respectively.
times, with two main mass losses at ~250 and ~450 °C (Fig S2B).
The first of these losses corresponds to ~30% of the mass and is
due to the loss of sulfur and formation of higher copper
stoichiometries.29 The second loss is approximately 40% of the
initial mass and is attributed to the loss of the oleylamine capping
agent.
XPS was performed to verify the expected 1:1
stoichiometry for CuS (Fig S2C). From these experiments, the
major elements present are copper, sulfur, carbon, nitrogen, and
oxygen. The carbon and nitrogen are expected from the
oleylamine capping agent, while the oxygen may be due to
surface contamination. Table S2 lists the Cu and S content for
each sample, and the materials do present an approximate 1:1
relationship. The relatively low elemental content of each of
these elements (2-8% each) and deviations from 1:1
stoichiometry are due to a high carbon content (~75-80%) from
the capping agent and the relatively shallow probe depth of the
technique. High resolution scans of the Cu L-edge give a single
peak for the p3/2 signal at ~933.3 eV and a single peak for the
p1/2 signal at ~953.1 eV (Fig. S3D). For the S L-edge, a single
peak at ~163.5 eV is observed (Fig. S3E).
X-Ray Diffraction was performed to verify that the crystal
structure of the synthesized nanodiscs matches the expected
structure for stoichiometric CuS (Fig S3). As can be seen, the
experimental data for all synthesized samples show good
agreement with the predicted diffraction pattern shown in black.
Taken together the FTIR, TGA, XRD and XPS data confirm the
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synthesis of stoichiometric CuS capped with oleylamine, with no
major differences between different reaction times, excepting
size/aspect ratio.
UV-Vis-NIR spectra were measured (Figure 2), and it can be
seen that there is a red shift of the NIR plasmon peak with
increasing reaction time. Based on this plasmon peak, it is
possible to calculate the density of charge carriers (holes), nh,
according to the Drude model and Eqs. 1-2. 7, 9, 15, 20, 23, 24 In these
equations, 𝜔𝑠𝑝 is the surface plasmon frequency, 𝜔𝑝 is the bulk
plasmon frequency, 𝜀𝑚 is the dielectric constant of the media
(CHCl3, 4.81), 𝛾 is the plasmon linewidth, 𝐿 is the shape factor,
𝑒 is the charge of an electron, 𝑚ℎ is the effective mass of the
holes, and 𝜀0 is the free space permittivity. In the calculations
that follow, 𝜔𝑠𝑝 and 𝛾 are taken from the position and FWHM of
the plasmon resonance, respectively. The shape factor for an
oblate ellipsoid can be found using Eq. 3, and for disc-like
particles it is assumed that Lx = Ly < Lz (r1 = r2 < r3).30 Finally,
an effective hole mass of 0.8me was used, based on previous
literature.9, 24 These calculations result in hole densities of 1.25,
1.24, and 1.41 × 1022 cm-3 for 5, 10 and 15 minute reactions,
respectively. For comparison, gold and copper have electron
densities of 5.9 and 8.4 × 1022 cm-3, respectively, so the
synthesized CuS NPs are approaching near-metallic levels of
charge carriers. All of the data used in these calculations is
summarized in Table 1.
𝜔𝑝2

𝜔𝑠𝑝 =
𝜔𝑝 =
𝐿𝑖 =

1

1 + (𝐿 ― 1)𝜀𝑚

― 𝛾2

(1)

𝑛ℎ𝑒2

(2)

𝑚ℎ𝜀0

𝑟1𝑟2𝑟3 ∞
𝑑𝑠
∫0
2
(𝑠 + 𝑟𝑖2) (𝑠 + 𝑟12)(𝑠 + 𝑟22)(𝑠 + 𝑟32)

(3)

Density functional theory (DFT) calculations of the total
energy, density of states, and band structure were calculated
using Quantum Espresso,31 following the methodology of
Morales-Garcia et al.16 Specifically, the calculations were
performed using the generalized gradient approximation (GGA),
with a projector-augment wave (PAW) all-electron description32,
33 and Perdew, Burke, and Ernzerhof (PBE) exchangecorrelation functional.34 Calculations were performed using a
Monkhorst-Pack35 grid of k-points (10 x 10 x 2), with a planewave cutoff of 560 eV. For convergence, a consecutive total
energy difference of less than 10-4 eV was required. Since DFT
is known to underestimate the bandgap, the Dudarev simplified
rotationally invariant form of DFT+U was used.36 Values of U
(6 eV) and J (1 eV) were chosen based on the results from
Morales-Garcia et al, giving an effective U of 5 eV.16
A number of different copper sulfide stoichiometries have
been studied in terms of the carrier effective mass, charge carrier
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Figure 3. DFT-calculated band structure (left) and density of
states (right) using DFT+U (Ueff=5). Energies are relative to the
Fermi energy, and both figures share the same y-axis values.
density, and band gap; these data have been collected in Table 2.
Cu2S has been shown to be purely semiconducting, and therefore
has insufficient charge carriers to support a plasmon.9, 18
Increasing sulfur content results in increased charge carrier
densities, with the charger carrier density for CuS being
approximately one order of magnitude higher than the less
heavily doped stoichiometries. Specifically, previous literature
has reported CuS hole densities in the range of 0.5 – 1.6 × 1022
cm-3, of similar order to those report in this work.5, 6, 20-24 It
should be noted that most of these calculations are dependent on
the effective mass of the charge carriers (holes), but these values
have only been computationally reported for Cu2S, and other
studies assume that the mass does not change significantly. The
near-metallic nature of CuS23 suggests that the effective mass of
the carrier should be different from that of purely
semiconducting Cu2S. For this, values of 0.55, 0.8, and 1me have
been used, but the former of these comes from an experiment
using Ba1-xKxCuSF,19 while the latter values are assumptions.
In order to verify the experimental charge carrier density, a
density functional theory (DFT) calculation of the band structure
and density of states (DOS) was performed (Figure 3), following
the methodology of Morales-Garcia et al.16 Using DFT+U, the
band structure and DOS of bulk CuS were calculated (Figure 3)
and show good agreement with Morales-Garcia’s calculations.
From simple solid state physics, the number of charge carriers

Table 1. Summary of data used for charge carrier density calculation.
Time
(min)
5
10
15

Diameter
(nm)
6.5 ± 1.9
8.5 ± 2.3
11.6 ± 3.2

Height
(nm)
3.3 ± 0.5
4.2 ± 0.7
4.5 ± 0.7

Lx

λ (nm)

γ (eV)

0.239
0.235
0.202

1176 ± 2.6
1197 ± 7.6
1215 ± 27.5

0.461
0.454
0.411

This journal is © The Royal Society of Chemistry 20xx

ℏ𝝎𝒔𝒑
(eV)
1.05
1.04
1.02

ℏ𝝎𝒑
(eV)
4.65
4.62
4.92

𝒏𝒉
(1022 cm-3)
1.25
1.24
1.41
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Stoichiometry
Cu2S5, 14
Cu1.94S - Cu1.98S5-10
Cu1.94S - Cu1.8S (Theoretical)18
Cu1.8S5, 6, 10
Cu1.4S5, 21
CuS2, 5, 6, 10, 20-24
CuS (This work)

Carrier Effective Mass (me)
0.8
0.8
0.8
0.8
0.55-1
0.3

(N) is given by Eq. 4, where f(E) is the Fermi-Dirac distribution
and g(E) is the density of states.37 At 0 K, the Fermi-Dirac
distribution for holes would simplify to either 0 (E < Ef) or 1 (E
> Ef). While this assumption is only completely accurate at 0 K,
at higher temperatures the distribution of charge carriers will
change, but the total density should remain relatively unchanged.
Further, seeing as the Fermi energy is within the conduction
band, only the holes within that same band are likely to
contribute to charge carrying in the plasmon, as holes in higher
bands would be too high energy. Taking these assumptions
together, Eq. 4 can be simplified to Eq. 5, where Ec is the top of
the conduction band and V is the unit cell volume. Performing
this calculation results in a calculated ~2 holes per unit cell, or
nh = 9.81 × 1021 cm-3. This computationally derived result shows
good agreement both with previous literature and the present
results. Specifically, the value of two holes per unit cell is
consistent with the prediction of Conejeros et al., based on the
expected number of electrons and the number of states
available.38 Work by Mazin also shows similar results of 1/3 of
a hole per Cu, combined with the 6 copper atoms per unit cell
gives a total of two holes per unit cell.39
𝑁(𝐸) = ∫𝑓(𝐸)𝑔(𝐸)𝑑𝐸
𝑛ℎ𝑉 = 𝑁ℎ =

𝐸
∫𝐸𝑐 𝑔(𝐸)𝑑𝐸
𝑓

(4)
(5)

The DFT-calculated charge density is of similar order, but
slightly lower than the experimentally calculated value. One
likely source for this discrepancy is an over-estimation of the
value of γ, due to experimental broadening of the peak.
Additionally, the dielectric constant used was for chloroform,
while the oleylamine capping agent likely changes the effective
dielectric constant around the NPs. Finally, the largest source of
discrepancy between experiment and theory could come from the
choice of the effective hole mass as 0.8me. As previously
discussed, the prior reported values for the hole mass in CuS do
not come from pure samples, or is assumed to be the same as
Cu2S. For this reason, the effective hole mass was calculated in
the Γ-M direction around the Fermi energy using Eq. 6.
Performing this calculation results in an effective hole mass of
0.3me. The Γ-M direction was selected based both on the work
of Lukashev et al.18 and the fact that this represents the same
transverse direction the plasmon oscillates in. As a note; the ΓK direction was also tested, to ensure that there were no
significantly different effective masses. The calculated effective
mass is consistent with Lukashev’s calculated electron effective

Charge Carrier Density (cm-3)
0.7 - 1.3 x 1021
0.8 - 2.4 x 1021
3.0 - 4.6 x 1021
5.88 x 1021
0.5 - 1.6 x 1022
9.8 x 1021 (Theoretical)
4.7-5.27 x 1021 (Experimental)

Band Gap (eV)
0.6, 2.4
1.53
0.55
1.46, 2.55
2.5
1.48, 2.58
N/A

mass for Cu2S, a result that is not unexpected. For a metal at
reasonable temperatures, the narrow spread of the Fermi-Dirac
distribution should result in electrons and holes having similar
effective masses.
Using this effective mass results in
experimental charge carrier densities of 4.70, 4.64 and 5.27 ×
1021 cm-3, which are approximately half of the predicted value of
9.81 × 1021 cm-3. This effective mass can be considered as a
lateral effective mass; the transverse effective mass calculated at
the Γ point using the Γ-A direction is significantly larger with
mh*=3.7me and me*=0.83me. Combined with a calculated energy
gap of 1.45 eV in the z-direction, it is not expected that there will
be sufficient carriers with small enough effective mass to support
an out-of-plane plasmon. The band structures in the Γ-A and ΓM direction used for these calculations can be found in Fig. S4.
ℏ2𝑘2

(6)

𝐸 = 2𝑚ℎ

In conclusion, a new simple size-controlled microwave
synthesis method for oleylamine-capped CuS nanodiscs has been
developed. The particles have undergone multiple
characterization techniques to accurately determine the structure
and confirm that the only differences made by reaction time are
the size of the disc-like NPs and resulting plasmon absorption.
Further, using a conventional effective hole mass of 0.8me,
charge carrier densities 1.2-1.4 × 1022 cm-3 were obtained, while
density functional theory was used to determine a predicted
charge carrier density of 9.81 × 1021 cm-3. Using the calculated
band structure around the Fermi energy resulted in a lower
effective hole mass of 0.3me, closer to that predicted for electrons
in less heavily doped copper sulfides. Finally, using this
calculated effective mass, the experimental charge carrier
densities were recalculated as 4.7-5.3 × 1021 cm-3, approximately
half of the predicted value.
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