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ABSTRACT: Copper sulfide nanocrystals have recently been studied due to their
metal-like behavior and strong plasmonic response, which make them an attractive
material for nanophotonic applications in the near-infrared spectral range; however,
the nature of the plasmonic response remains unclear. We have performed a
combined experimental and theoretical study of the optical properties of copper
sulfide colloidal nanocrystals and show that bulk CuS resembles a heavily doped p-
type semiconductor with a very anisotropic energy band structure. As a consequence,
CuS$ nanoparticles possess key properties of relevance to nanophotonics applications:
they exhibit anisotropic plasmonic behavior in the infrared and support optical modes
with hyperbolic dispersion in the 670—1050 nm spectral range. We also predict that
the ohmic loss is low compared to conventional plasmonic materials such as noble
metals in the NIR. The plasmonic resonances can be tuned by controlling the size and
shape of the nanocrystals, providing a playground for future nanophotonic applications in the near-infrared.
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he electromagnetic response of materials is defined by materials with hyperbolic optical dispersion are sparse in the

their dielectric permittivity. In metals, the real part of visible spectral range.

the permittivity is negative below the plasma On the other hand, the optical response of plasmonic
frequency because of the polarization response of free nanoparticles is significantly restricted by the range of available
electrons, which makes them good reflectors. When it is plasmonic materials and particularly their losses.” "> The
positive, as it is in dielectric and semiconductor materials, the optical response of a plasmonic nanoparticle is determined by
medium supports propagating electromagnetic waves. If an the localized surface plasmon (LSP) modes it supports, and it
anisotropic material has “metallic” permittivity for one is of utmost importance for sensing, imaging, and nonlinear
polarization and “dielectric” for another, the electromagnetic optical applications. Dielectric coatings and shape effects help
dispersion has hyperbolic isofrequency surfaces and is often to alleviate material restrictions on the LSP WaV@length,lz’13
called “hyperbolic”.'~* This property means that hyperbolic and hyperbolic metaparticles have recently been demonstrated
materials may also exhibit the so-called epsilon-near-zero as a zero-dimensional realization of a hyperbolic metamaterial
(ENZ) behavior in the spectral range when the negative with a rich and tunable spectrum of the plasmonic
component of the permittivity tensor crosses zero (at the ENZ resonances.'” However, ohmic losses in traditional materials
frequency).*® Such anisotropic materials can be found in remain a critical issue. The search for alternative plasmonic
nature in the far-infrared spectral range where these optical materials has recently resulted in a plethora of plasmonic
properties are governed by phonon-polariton contributions.”” media with different plasma frequencies and losses based on
In the near-infrared and visible spectral ranges, hyperbolic oxide and( nitride compounds and semiconductor nano-
optical dispersion can be achieved with metamaterials, based particles.”””
on plasmonic-dielectric multilayers, plasmonic nanorod arrays, Copper chalcogenides have attracted interest in nonlinear
or resonant semiconductor heterostructures.'”* Hyperbolic photonics and plasmonics for their ability to sustain several
metamaterials have demonstrated numerous unusual proper- levels of doping, as different metastable phases give rise to a
ties associated with the nature of the supported modes, such as
negative refraction, enhanced refractive index sensitivity, and Received: January 11, 2019
nonlinear optical properties, as well as a strong Purcell effect Accepted: May 21, 2019
for the control of spontaneous emission.'~'° However, natural Published: May 22, 2019
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distinctive plasmonic response.”” In colloidal synthesis routes,
the stoichiometry and chalcogen composition can be tuned by
modulating the Cu and chalcogen precursor ratio in solution,
or postsynthesis, by reversible redox reactions, ultimately
producing tunable LSP resonances in the near and mid-
IR**7** Among different copper chalcogenide combinations,
stoichiometric CuS is a particularly attractive plasmonic
material for its exceptionally high carrier density, ease of
preparation, low toxicity, and high stability."*"® In contrast,
while Cu,_,S" (and similar chalcogenides such as Cu,_,Se
and Cu,_,Te) can sustain different amounts of doping and be
metastable in several crystallographic structures (for different
«x) and are also relatively easy to convert from one to another
by performing redox reactions, they can also change over time
simply by oxidation in air. With the development of methods
to grow CuS nanocrystals (NCs) with a strong plasmonic
response in the near-infrared, several applications have been
proposed in biomedicine, photovoltaics, chemical sensing, and
electronics.'®™**

Stoichiometric copper sulfide in the covellite phase, CuS,
adopts a complex hexagonal crystal structure in bulk.”> Despite
significant advances in achieving complex structures with
tunable characteristics, the intrinsic properties of CuS, such as
the band structure and the nature of plasmonic resonances, are
still not well understood. In order to describe the optical
properties of CuS nanocrystals, the approaches to model the
LSP resonances and their dependence on size and refractive
index of surroundings have mostly relied on the use of the
scattering theory in the quasi-static limit within the framework
of the Drude—Sommerfeld model of the isotropic electron
gas.'”*”** While such an approach is reasonably adequate for
metal particles, it has to be taken with due reservation when
applied to doped semiconductors with an anisotropic crystal
lattice. Some of the features of the plasmonic spectra have been
reproduced in specific cases with a simple Drude model using
multiple fitting parameters, but its applicability to an
anisotropic material is difficult to justify.

In this paper, we show that CuS has the optical properties of
a natural hyperbolic material in the 670—1050 nm spectral
range and an anisotropic plasmonic material at longer
wavelengths, where its optical losses are lower than in noble
metals. To this end, ab initio calculations within the
quasiparticle self-consistent GW approximation*”*' (QSGW,
where GW is the single particle Green’s function G with the
screened Coulomb interaction W) were performed to
determine the electronic band structure of CuS and the
macroscopic dielectric function. QSGW is perhaps the most
universally applicable, true ab initio theory for electronic states
in extended systems that exists today. It has a proven ability to
reliably predict quasiparticle levels for a wide range of
materials, e.g, graphene,”” Fe-based superconductors,™ pyr-
ite,"* and NH;CH,PbI, " in a consistent and parameter-free
manner that cannot be achieved by other theories. The
QSGW-calculated electronic band structure and permittivity
reveal the existence of the hyperbolic optical properties of CuS
in the visible and anisotropic plasmonic response in the near-
infrared spectral range. These properties have been confirmed
by studying the experimental optical response of CuS
nanocrystals with different geometries (shape and aspect
ratio) and refractive index dependencies. The experimentally
observed LSP resonances and their size and refractive index
dependences have been reproduced in the simulations without
any fitting parameters. The observed optical properties of CuS,
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with ohmic losses lower than those of conventional plasmonic
metals such as Au and Ag, are important for typical application
of hyperbolic and plasmonic materials in sensing, nonlinear
optical devices, Purcell factor enhancement, and hot-carrier
generation in the visible and near-infrared spectral ranges.

RESULTS AND DISCUSSION

Electronic Band Structure from ab Initio Calculations.
The electronic band structure of CuS in the ideal covellite
phase was calculated within the QSGW approximation (Figure
1, see details of the calculations in Materials and Methods),
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Figure 1. (a) Electron band structure of covellite CuS$ calculated in
the QSGW approximation. Fermi level is set to 0. Colors depict the
orbital character: red, green, and blue indicate projections onto Cu
s +8Ss, Cud, and S p states, respectively. All other orbitals are
black. (b) CuS crystal structure in the reciprocal space. (c)
Permittivity tensor of CusS.

from which CuS may be considered to be a heavily doped p-
type semiconductor with a direct gap calculated to be 0.36 eV
at the I' point. The alternative local density approximation
(LDA) predicts the gap to be negative, in line with the LDA
tendency to underestimate bandgaps. In the QSGW band
structure, the valence band maximum (VBM) and the Fermi
level (Eg) are separated by 0.93 eV, with the states between Eg
and the valence band maximum containing two electrons;
therefore, stoichiometric CuS is hole-doped by 1/3 electron
per (Cu,S) pair, leading to the free-carrier concentration of 2.9
X 10*' cm™. This makes an interesting contrast to
stoichiometric Cu,S, which forms in the chalcocite structure
and is thought to be a narrow-gap insulator.”’

As can be seen by inspecting the color weighting of the
bands (Figure 1a), the Cu d-bands are centered at Ep = —2 eV
and they hybridize with the S p-states. Thus, the valence bands
between Ep and the VBM consist of an approximately equal
mix of S p- and Cu d-orbitals. The conduction band consists of
a mixture mostly of Cu + S s-states. If the band structure is
calculated at the Perdew—Burke—Ernzerhof (PBE) equilibrium
crystallographic geometry instead of the experimentally
measured one” used in Figure 1, the gap changes by only
—0.02 eV, which is smaller than the precision to which QSGW
can predict the gap. QSGW tends to slightly overestimate gaps,
so we can expect that the true gap of stoichiometric CuS is
close to, but slightly smaller than 0.36 eV.

Dielectric Function Calculation. The longitudinal part of
the dielectric function was calculated within the random phase
approximation (RPA), starting from the QSGW Hamiltonian,
as
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Figure 2. Real (a) and imaginary (b) parts of the permittivity calculated for CuS within the QSGW-RPA approximation. The shading marks
the dielectric, hyperbolic, and plasmonic optical dispersion regimes. For comparison, the permittivities of Au and Ag, taken from the
Drude—Lorentz fit,> and CuS, estimated by fitting the experimental LSP resonances using the Drude—Sommerfeld method (see the
Supporting Information), are also plotted (indicated by D in the legend). (c—e) Isofrequency curves for (blue) [Re{k. (@)}, Re{k,(@)} = 0,
Re{k (@)}], refractive index related, and (red) [Im{k (@)}, Im{k (@)} = 0, Im{k (@)}], absorption related, parts of the wavevector for the
transverse magnetic (TM) electromagnetic waves with the electric field component in the z-direction in bulk anisotropic Cu$ for the vacuum
wavelengths A = 277/ in different dispersion regimes: (c) elliptic (anisotropic dielectric), (d) hyperbolic, and (e) anisotropic plasmonic.
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both with and without local fields (neglecting the off-diagonal
G components of £). The RPA can be extended by including
ladder diagrams, as was done for CuZO.51 However, because
the system is metallic, the effects of ladders are expected to be
relatively small. The anisotropic dielectric function calculated
in the 0.5—7 eV range shows that the effect of local fields is
relatively modest (Figure S1). Nevertheless, in the following, a
more precise permittivity is used, that has been obtained with
local field corrections included (Figures 2 and S1).

The real part of each permittivity component is negative at
low frequencies, increasing with @ and passing through zero at
a corresponding ENZ frequency, which is characteristic of a
metallic material with significant free carrier concentration
(Figure 2a). Clearly, there is a strong anisotropy, with Re{e,}
crossing zero at fiwgyy, = 1.18 eV (1047 nm), while Re{e,}
presents a higher ENZ frequency at fiwgy,, = 1.84 eV (673
nm) (Figures 2 and S1). By symmetry, &, = &, so the
permittivity tensor has only two independent elements &,(w)
and ¢,(w). Note also that these components tend to approach
zero near S eV (Figure S1). Between wgyy, and wpyy,, the real
parts of €,(w) and ¢,(w) have opposite signs. In this region,
then, CuS behaves as a bulk material with naturally occurring
hyperbolic dispersion of optical modes. This structure of the
permittivity tensor (Figure lc) with two negative and one
positive components corresponds to Type II hyperbolic
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dispersion, characteristic, e.g, for plasmonic/dielectric multi-
layer metamaterials.”* The imaginary parts of &, and &, show
that CuS has lower losses than conventional plasmonic metals
in the NIR spectral range (Figure 2b).

Figures 2c—e and S2 present the isofrequency contours of
the electromagnetic waves in bulk CuS at selected wavelengths
in the elliptic (anisotropic dielectric), hyperbolic, and
anisotropic plasmonic dispersion regions. The curves for the
real components reflect the wavelength of the supported
modes in various propagation directions, while the imaginary
components represent the corresponding mode attenuation.
The evolution of the dispersion from the elliptical to
hyperbolic regime is seen as a drastic change in the
isofreqeuncy curves and the appearance of the modes with
large wavevectors in the latter case. The ideal hyperbola and
very large wavevectors are however truncated due to the
presence of the losses. It is important to note that because of
this, the supported wavelengths are large enough compared to
the size of the studied nanostructures even in the hyperbolic
dispersion regime so that the modeling of the nanoparticle
resonances can be performed in the quasistatic approximation.
There is also a clear difference in the propagation loss of the
modes propagating mostly in z- direction with the modes
propagating mostly in x (and y) directions in the hyperbolic
regime. Conventional dichroism of the uniaxial dielectric is
observed in the elliptic regime. Finally, at longer wavelengths,
for which plasmonic behavior is observed, modes do not
propagate in any direction (Figure 2e).
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Figure 3. TEM micrographs of CuS NCs with a similar thickness of 5 + 0.5 nm and a lateral size of (a,c) 16 + 3 nm, (d,f) 19 + 3 nm, (g,i) 24
+ 3 nm, and (j,1) 127 + 10 nm. The NC size is defined as a diameter of a circle circumscribed around the NC shape. The scale bar is 100 nm
for (a,d,g,j) and 50 nm for (cf)il). (b,e,hk) Size distribution histograms for samples (a,d,g,j) were obtained from several TEM micrographs

by measuring the size of 200 NCs.

Optical Properties of CuS Nanocrystals. CuS colloidal
nanocrystals were synthesized by the hot injection of a sulfur
precursor in oleylamine into a solution of copper(I) chloride,
oleylamine, oleic acid, and octadecene under inert atmosphere
(see Materials and Methods for the details of the syn-
thesis).'”>*~*° Due to the intrinsic hexagonal crystallographic
structure of covellite, the NCs had a tendency to grow with a
platelet-like morphology and a mixture of shapes, either
hexagonal, triangular, hexatriangular or circular; the prefer-
ential growth in the longitudinal direction of hexagonal
covellite is possibly explained by the combination of kinetically
driven conditions and in light of the preferential absorption of
surfactants on the (001) crystallographic facets. Figure 3 shows
the example of the transmission electron microscopy (TEM)
micrographs of NCs with thicknesses in the 5 + 0.5 nm range
and increasing aspect ratio (see Materials and Methods and
Figures S3 and S4 for the details of the structural character-
ization). NCs with a lateral size of 16, 19, and 24 nm were
synthesized by changing the concentration and ratio of
surfactants, while lower temperatures allowed for the formation
of platelets in the 50—200 nm lateral size range.

Using the geometrical parameters found from the TEM
images (Figure 3) and the dielectric permittivities from the ab
initio calculations (Figure 2), the extinction spectra of the NCs
have been simulated with the discrete dipole approximation
(DDA) numerical method. Figure 4 shows the calculated
spectra of the normalized absorption cross section for isolated
CuS NCs with different shapes with a thickness of $ nm and a
19 nm lateral size surrounded by a medium with a refractive
index of 1.45, illuminated with light having in-plane or out-of-
plane polarizations with respect to the NC orientation. Since x
and y in-plane polarizations (the wave vector is normal to the
NC plane) result in similar curves, only the x-polarized case is
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plotted. For these nanoparticle dimensions, significantly below
the wavelength of light, the extinction is dominated by
absorption while scattering is almost zero, therefore, only
absorption cross sections are shown. Figure 4a shows that the
main peaks in the absorption for the in-plane polarization
appear below the RNZ frequency (approximately 670 nm) and
are in the NIR spectral range, where NCs behave as anisotropic
plasmonic nanoparticles, supporting LSPs. For comparison, the
extinction of a spheroidal nanoparticle of the same dimensions
is shown. One can see that the LSP is progressively red-shifted
for different shapes, with the spheroidal particle showing the
resonance at 1085 nm, the circular NC at 1111 nm, and the
hexagonal NC at 1136 nm. Lower symmetry NCs exhibit a
richer spectrum with two LSP modes, with a triangular NC
having most strongly separted modes: one LSP at 943 nm (in
the hyperbolic spectral range) and a dominant mode at 1346
nm, which is strongly red-shifted compared to the other
shapes.

For the out-of plane polarization (the wave vector is along
the NC plane), the ENZ frequency corresponds to a
wavelength of 1050 nm. The spectra in this case overlap for
all the shapes of the NCs, apart from the reference spheroidal
shape with three main peaks observed at around 328, 665, and
1077 nm wavelengths (Figure 4b). The first two peaks in the
absorption spectra originate from material losses due to
interband transitions (cf. Figure 2b) where CuS does not have
plasmonic behavior. The observed absorption is dominant for
CuS nanocrystals for the in-plane light polarization for the
studied range of NC dimensions, which is in agreement with
previous studies.'”>**” Interestingly, for both in- and out-plane
directions, the imaginary part of the permittivity is lower than
in the convetional plasmonic materials in the wavelength range
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Figure 4. (a,b) Calculated spectra of a normalized absorption cross section for isolated CuS NCs of a 19 nm lateral size and a § nm thickness
with various shapes (circular, hexagonal, hexa-triangular, and triangular plates and an oblate spheroid) surrounded by a medium with a
refractive index of 1.45, upon illumination with a plane wave along the crystal axes for (a) in-plane polarization (the electric field along x axis
and the wavevector along z-axis) and (b) out-of-plane polarization (the electric field along the z-axis with the wavevector directed along x
axis). (c) Near-field intensity maps for the CuS NCs with various shapes calculated at the resonant conditions for in-plane illumination. The

schematic of the illumination is also shown.

where CuS has metallic behavior and where the LSP peaks are
situated.

For the plasmonic modes, relatively high field enhancement
(up to S0) is observed in the near-field distributions at the
resonant frequencies (Figure 4c). Considering the shape effects
in triangular and hexagonal NCs, where the in-plane
orientation of the incident electric field is important, the
absorption spectra and near-field calculations for in-plane
polarization along the y-axis are presented in Figure S5 for the
same system as in Figure 4. The normalized absorption cross
section for the triangular NC (Figure SSa) has two resonant
peaks at the same frequencies as for x-polarization but the peak
for the mode at 943 nm is higher for the y-polarization, while
the peak for the mode at 1346 nm is higher for x-polarization.
For the hexagonal NC (Figure SSb), the spectral curves match
for both in-plane directions as a result of the higher order of
the spatial symmetry of hexagonal NCs (compared to those
with a triangular shape). Figure S6 shows the near-field
intensity maps for the out-of-plane polarization for the
hexagonal shape, as for this polarization all the other shapes
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present similar behavior in the near-field region. The peaks
around 328 and 665 nm occur above the ENZ frequency and
clearly have a nonplasmonic origin. For the LSP peak around
1077 nm, a very intense local field across the entire particle is
observed.

The experimentally studied CuS NCs were in a colloidal
form in a solvent, ie, the NCs are randomly oriented;
therefore, an averaged optical response from the two
orientations with respect to the light polarization was observed,
additionally averaged over a variety of shapes present in the
solution. The measured extinction spectra exhibit a dominant
resonance in the near-infrared spectral range, where Cu$ has
plasmonic behavior, with the indication of an additional
resonance at or below 400 nm, the short-wavelength cutoft of
the spectrometer (Figure 5). The position of the former
resonance depends on the refractive index of the surroundings,
which is a characteristic of a localized surface plasmon, while
the spectral form of the latter short-wavelength feature is
independent of surroundings and, hence, is related to intrinsic
absorption of CuS. The measured dependences indicate an
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average sensitivity (S = A4/An) to refractive index variations
of S ® 330 nm/RIU.

To simulate the effect of the surrounding medium and the
nanoparticle size on the LSP resonance, the prevailing
hexagonal shape of the NCs (Figure 3) was initially
considered: the numerical spectra correctly reproduce the
position, the LSP resonance shift and LSP absorption strength
for different refractive indices, also correctly predicting the
short-wavelength absorption resonance, related to interband
transitions, without any fitting parameters. The absorption
cross section obtained by averaging of the possible NC
orientations shows a progressive red-shift of the LSP resonance
with a refractive index sensitivity S & 250 nm/RIU, which is in
a good agreement with the experimental data (Figure Sb). The
sensitivity is also in agreement with other reports (S ~ 350
nm/RIU).”” At the same time, the spectral broadening of the
experimental peaks, compared with the numerical simulations,
can be attributed to the size and shape distribution in the
measured colloidal NCs. The consideration of other shapes of
the same size present in the solution leads to the broadening of
the dominant absorption line of the hexagonal crystals on both
short and long wavelength sides (Figure S8), so that the
resulting resonance has a full width at half maximum (FWHM)
~ 310 nm, compared to FWHM = 115 nm for only the
hexagonal shape, in the case of surroundings with a refractive
index n = 1.45. The distribution in the NC sizes leads to
additional broadening (Figure 6), resulting in FWHM = 335
nm for the 6 nm size distribution. This compares well with the
resonance width observed in the experiment (FWHM = 410
nm (Figure Sa)), where additional inhomogeneity factors may
contribute to broadening. Interestingly, the shape of the
resonant peak is determined by the LSPs of NCs of lower
symmetry shapes for both the long wavelength and short
wavelength sides of the dominant LSP of the hexagonal NCs.
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0.8
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Figure 6. Calculated spectra of normalized absorption cross
sections for CuS nanocrystals of hexagonal, triangular, and hexa-
triangular shapes for different lateral sizes: (dashed line) 12 nm,
(solid line) 19 nm, and (dash-dotted line) 30 nm. The thickness is
5 nm and the surrounding medium has n = 1.45 in all cases. The
illumination is linearly polarized with the electric field in a NC
plane. The spectra are averaged over random NC orientations with
respect to the linearly polarized incident light.

The contribution of a short-wavelength shoulder, which is
related to the LSPs for the light polarization normal to the NC
plane, increases for higher refractive indices of the surround-
ings (Figure S8). Thus, the shift of the maximum in the
extinction with the refractive index is determined primarily by
the shift of the LSP of dominant hexagonal NCs, while the
width of the resonance is determined by the presence of other
shapes and the NC size distribution.
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Figure 7. (a) Experimental absorption spectra of the NCs dispersed in tetrachloroethylene (n = 1.505) with the average size (determined
from TEM) increasing from 12 to 24 nm. (b) Calculated normalized absorption cross section averaged over the orientation of the hexagonal
nanoparticles with respect to light polarization, with the lateral size increasing from 12 to 56 nm. (c) Calculated near-field intensity maps for
the hexagonal NCs surrounded by the medium with a refractive index of 1.505 for various lateral sizes and a S nm thickness at the LSP

resonant conditions.

With the increase of the refractive index of the surrounding
medium, the width of the calculated CuS NC absorption peak
increases and the maximum decreases (Figure Sb), while the
field enhancement increases (Figure Sc). Figure S7 shows the
calculated absorption spectra for different light polarizations,
corresponding to the averaged spectra in Figure Sb. In the case
of the in-plane polarized illumination, the spectral red-shift is
higher than that in the case of the out-plane polarized
illumination. The maximum of the absorption peak increases
with the increase of the surrounding medium refractive index
in the case of the out-plane polarized illumination, with the
opposite behavior in the case of the in-plane polarized
illumination. It is interesting to note that the simulated spectra
for the nanocrystals in air (n = 1) exhibit the LSP resonance at
912 nm, in the spectral region where CuS has a natural
hyperbolic dispersion, and the plasmonic resonance comes
only from the NCs oriented along the in-plane direction with
respect to the linearly polarized incident beam (this resonance
has also the dominant response for longer wavelengths (Figure
Sa)b). A comparison of the refractive index sensitivity of the
LSP of CuS NCs to nanoparticles of the same size and shape of
Ay, in the visible spectral range (325 nm/RIU), and AZO and
ITO, in the near-infrared (232 nm/RIU), identifies CuS NCs
as a good alternative for sensing with the advantages of easy
fabrication and nontoxicity (Figure S9). At the same time, the
sensitivity of CuS NCs surpasses the sensitivity of standard
spherical and nanorod Au nanoparticles,”” while CuS$ provides
advantages of hyperbolic media in sensing.”*
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The measured extinction spectra of CuS NCs colloidal
solutions having different sizes and the same NC concentration
show a progressive shift of the LSP resonance toward higher
wavelengths with increasing NC aspect ratio (Figure 7). This
behavior is in good agreement with the calculations, also
showing that the increase of the NC lateral size from 12 to 24
nm produces a strong increase of the LSP absorption.
Experimentally, NCs with higher aspect ratios also showed
stronger broadening of the absorption peaks due to the
averaging over a larger range of different shapes and sizes
(Figure 6) of the colloidal NCs for these samples which are
less controlled. The calculated absorption at the LSP
resonance and the field enhancement also increase with the
increase of the NC lateral size; the mode character does not
depend on the size in this range (Figure 7c). In all studied
cases, the LSP resonances of anisotropic CuS nanocrystals may
occur for both orientations of light polarization with respect to
the crystal axis; however, the dominant LSP modes are mostly
defined by the in-plane charge oscillations due to the flat
geometry (NCs with sizes up to 100 nm still had a thickness
around S nm), determined by the nature of the Cu$
nanocrystal growth.

It is interesting to compare the spectral dependencies
observed and simulated above to the prior empirical models
used to evaluate the properties of LSP in Cu$ nanocrystals (see
the Supporting Information).'”*’ ™" By solving the inverse
problem which takes the experimental values of the position
and the line width of the measured absorption peak as the

DOI: 10.1021/acsnano.9b00282
ACS Nano 2019, 13, 6550—-6560


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00282/suppl_file/nn9b00282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00282/suppl_file/nn9b00282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00282/suppl_file/nn9b00282_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b00282

ACS Nano

input parameters, the Drude-Sommerfeld model can be used to
determine an isotropic permittivity of CuS, using the plasma
frequency and damping as fitting parameters, as is explained in
detail in Methods (Figure 2a,b). This approach has been
followed in all the previous works'”**** on the evaluation of
plasmonic behavior of CuS and Cu,S. Although the calculated
extinction spectra correlate well with the experimental
absorption curves upon fitting (Figure S10), this method has
limitations due to important restrictions made by imposing the
resonance position and damping values taken from the
experimental curves, and fails in a broad spectral range if
fitting parameters are kept fixed. In particular, this model does
not describe the measured sensitivity of the CuS LSP on a
refractive index of surroundings and NC size. In this approach
it is also impossible to distinguish at which energies the
material, which is intrinsically a semiconductor, has metallic
behavior and the anisotropic and hyperbolic behavior is
completely missed. In contrast, the present approach uses the
bulk RPA dielectric function without free parameters.
Application of the model to nanocrystals is shown to be
similarly reliable, allowing us to distinguish plasmonic
resonances from pure interband absorption of the material
(Figure 2b).

It should be noted that the representation of the anisotropic
properties of CuS (Figure 2a,b) might be approximated using
two Drude—Lorentz models with two different sets of Drude
parameters for two optical directions and with an appropriate
set of Lorentz oscillators in each case. To implement such a
Drude—Lorentz representation for each optical axis, one would
require one Drude model and at least three Lorentz oscillators,
as can estimated from Figure 2ab (but this might be an
underestimation). Thus, altogether 12+ fitting parameters for
each optical axis will be required. While different plasma
frequencies can be related to different hole masses in different
directions, we do not see any plausible way to assign with any
certainty the Lorentz oscillators to the particular transitions in
the band structure in Figure 1 due to its complexity.

Finally, we note that the typical 5 nm thickness of the
studied CuS NCs with (001) facets corresponds to a thickness
of just 3 covellite unit cells. It is reasonable to expect that
quantum confinement of electronic states will occur for carrier
motion normal to the discs (along '—A direction, Figure 1).
To perform an ab initio calculation of the full dielectric
response of an isolated CuS NC is not possible at this point, as
the QSGW implementation requires periodic boundary
conditions. Nevertheless, the flat dispersion in I'—=A direction
of the relevant valence band states, both above and below the
Fermi level, means that quantum confinement effects are not
expected to affect the density of states and optical response of
this system at room temperature, such that an assumption of a
bulk permittivity is considered to be a good approximation.
Quantum confinement is not expected to play a role in the in-
plane band dispersions, given the high effective mass of bands
at the zone center along I'=K direction, a typical lateral size of
20 nm and the fact that the measurements are performed at
room temperature.

CONCLUSIONS

In general, CuS belongs to the realm of copper chalcogenides
(Cu,_,E with E = S, Se, Te) with well established synthesis
methods which allow for the exploitation of plasmonic
properties in the near and mid-IR, by changing their
composition in S, Se, Te, as well as metal-to-chalcogen ratio.
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These materials may provide a basis for a database of
nanocrystals with tunable plasmonic resonances for future
nanophotonic applications.

We demonstrated that CuS in the covellite phase has two of
the most interesting optical properties of relevance to
nanophotonic materials, plasmonic behavior, and hyperbolic
dispersion. Using first-principles calculations, we revealed that
CuS is a natural hyperbolic material in the visible spectral
range and anisotropic plasmonic material in the infrared. The
former underlines the presence of a rich LSP spectrum, with
in-plane LSP typically dominating for small particles. With the
availability of ordered assemblies of CuS NCs over relatively
large areas facilitated by the fact that the shape of NCs is
defined by their growth along certain crystallographic
directions and, therefore, the optical axes have a defined (in-
plane or out-of-plane) orientation in respect to NCs, the
investigation of anisotropic surface plasmon polaritons and
hyperbolic surface modes®® might become possible. More
complex stacking of NCs will also allow one to study and
develop applications of bulk hyperbolic modes, important for
super-resolution imaging.”’

The plasmonic resonances of CuS NCs can be tuned via the
control of the geometrical parameters (shape and size) in the
800—1600 nm spectral range. This ideally places CuS as an
alternative plasmonic material between conventional metals
and transition metal nitrides’® operating in visible and
conducting oxides operating above 1500 nm wavelength.”” In
addition to dominant LSPs in the near-infrared spectral range,
the CuS nanocrystals also support LSP at shorter wavelengths
for out-of-plane polarized light, so that plasmonic properties
can be exploited with the same NCs in a very broad spectral
range. Additionally, the absorption loss in CuS near the
frequency of the plasmonic resonances is lower than that in
conventional plasmonic materials. The field enhancement and
confinement associated with the CuS NCs plasmonic
resonances can be used to increase nonlinear phenomena
such as second-harmonic generation®® and optical Kerr-
nonlinearity,(’l enhanced Purcell effect, hot electron generation
and associated with it photocalalysis,”” as well as in sensing
applications, which can be engineered in a broad spectral
range.

We show that in CuS nanocrystals the width of the
plasmonic mode increases with decreasing refractive index of
the surrounding medium due to the anisotropy of the NCs, the
trend opposite to that of isotropic plasmonic materials. The
LSP resonances in CuS nanocrystals are also tunable with the
NC shape, size, and surroundings, offering significant and
controllable field enhancement. The measured averaged
refractive index sensitivity in the infrared spectral range is
approximately 330 nm/RIU which compares favorably with
the sensitivity of the LSPs of Au nanoparticles in the visible
spectral range and TiN, AZO, and ITO nanoparticles in the
near-infrared.

MATERIALS AND METHODS

Synthesis of CuS Nanocrystals. All chemicals were used as
purchased without further purification. Oleylamine (70% OLAM), 1-
octadecene (90% ODE), octylamine (99%), hexadecylamine (90%),
oleic acid (90% OLAC), sulfur (99.98%), hexane (95%), tertrachloro-
ethylene (anhydrous 99% TCE), chloroform (anhydrous 99%), and
1,2-dichlorobenzene (99%) were purchased from Sigma-Aldrich;
copper(I) chloride (99.9%) was purchased from Acros Organics;
methanol and acetone (HPLC grade) were purchased from Fisher
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Scientific. All syntheses were carried out in a three-neck flask
connected to a Schlenk line under nitrogen atmosphere.

CuS nanocrystals were synthesized according to the following
procedure. In a typical synthesis, 0.5 mmol of CuCl, 6 mmol of
oleylamine (or a mixture of amines with different C chain length), 1
mmol of oleic acid, and 10 mL of octadecene were loaded in a three-
neck flask and degassed under vacuum at 100 °C for 20 min. The
solution was then purged under nitrogen and heated to 180 °C. Once
the temperature was stabilized, the S-oleylamine solution, obtained by
dissolving 2 mmol of S in 2 mL of oleylamine under nitrogen flow,
was injected rapidly. The reaction was allowed to proceed for 3—10
min and then quenched by cooling down. The NCs were precipitated
in methanol by centrifugation and redispersed in chloroform, with the
procedure repeated three times. The final colloid was stored in
chloroform under an inert atmosphere. This general procedure
produced CuS NCs of 19 nm lateral size, while NCs with smaller
aspect ratio, i.e, 12 and 16 nm lateral size, were obtained by increasing
the amount of oleic acid cosurfactant to 6 and 12 mmol, respectively.
NCs with lateral size of 24 nm were obtained by using a mixture of
hexadecylamine and oleylamine 1:1. CuS NCs with a lateral size of
>50 nm were synthesized at lower temperatures of 140 °C and by the
“inverse” injection of Cu into an S precursor, allowing for a high S
concentration to be kept throughout all the synthesis, a prerequisite to
grow CusS in the covellite phase. For this synthesis, 0.5 mmol of CuCl,
3 mmol of OLAM, 3 mmol of octyalamine, and 1 mmol of OLAC
were dissolved in S mL of ODE and degassed at low pressure for 20
min; this solution was successively dropwise injected (0.5 mL/min)
into a previously degassed S/OLAM/ODE precursor, under N,
atmosphere, at 140 °C. The colloidal solution was then washed
three times with CHCl;/methanol by centrifuging at 3000 rpm for 5
min; this procedure allowed for size-selective precipitation, as the
slightly colored supernatant was discarded to eliminate smaller NCs
eventually formed as a byproduct.

X-ray diffraction patterns of the NCs with similar thickness and
different lateral sizes are in good agreement with the typical diffraction
pattern of bulk covellite (Figure S4). For smaller NC sizes, an increase
in the (110) signal intensity is observed with increasing the NC lateral
size, confirming the preferential growth of CuS NCs in this direction
perpendicular to the c-axis. On the other hand, by increasing the NC
size considerably to more than 50 nm, the intensity of the (110) peak
does not increase further, and the ratio between the (110) and the
(102) peak does not change significantly, while the signal due to the
overlapping (103) and (006) contributions increases considerably.
This effect could be due to the fact that such NCs with high aspect
ratio have a pronounced tendency to self-assemble into stacks upon
solvent evaporation. The preferential orientation of several NCs in the
c direction could be responsible for the enhancement of the
diffraction pattern in these specific crystallographic orientations.

Characterization Techniques. Transmission electron micros-
copy images were acquired on a Hitachi 7100 transmission electron
microscope with a filament electron source at 100 kV and with a FEI
Tecnai T12 instrument. Image analysis was performed with Image]
software. High resolution TEM micrographs were acquired with a
JEOL 2100F STEM instrument at 200 kV. The images were
processed with Image] and Gatan.

Inductively coupled plasma/Mass Spectrometry (ICP/MS) anal-
yses were carried out with a PerkinElmer NexION 350D ICP mass
spectrometer to determine the concentrations of each element
present. The parameters set as follows: sample flow 0.2 mL/min,
gas flow 0.94 mL/min, main plasma gas flow 18 mL/min, auxiliary gas
flow 1.2 mL/min, and dwell time 100 ms. SO, and Cu were measured
in a DRC mode (oxygen flow 0.6 mL/min). The composition of Cu$
NCs was determined by ICP/MS of several samples with different
aspect ratio, giving a Cu:S ratio of 1:1 with a 10% standard deviation
(i.e,, Cu:S values between 0.89 and 1.1), which is in agreement with
the experimental error for S, for which the instrument has a lower
sensitivity.

Optical absorption spectra were recorded at room temperature
with a UV Solutions U-4100 spectrophotometer. For the size-
dependent measurements, colloidal solutions of different samples and
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with the same NC concentration were prepared, CHCl; was allowed
to evaporate and the colloidal solution was finally dispersed in TCE.
For each sample the Cu/S concentration was determined by ICP-MS;
this was normalized to the number of atoms contained in each NC,
which was determined by the TEM size statistics measurements,
knowing the covellite elemental cell parameters.

Theoretical ab Initio Calculations of CuS Optical Properties.
The energy band structure of CuS$ in the ideal covellite phase was
calculated with the quasi-particle self-consistent GW (QSGW)
approximation. The covellite structure has 12 atoms/cell: the Cu
and S atoms each split into two classes of 2 and 4 atoms each,
respectively. The unit cell is hexagonal, consisting of alternating layers
of CuS and Cu—S,—Cu. Room temperature lattice constants and
internal displacement parameters a = 3.78813 A, ¢ = 16.33307 A, u =
0.10737, and v = 0.06329 were taken from ref 39. As a check, the total
energy and forces were calculated with density-functional theory
(DFT), using a local density approximation (LDA) and Perdew—
Burke—Ernzerhof (PBE), and for solids PBEsol functionals. The
calculated equilibrium structure was similar in all three cases, and also
similar to the measured data,® with the main difference that the bond
between pairs of equivalent S atoms on the z-axis is calculated to be
about 2% longer than the measured value.

Through quasiparticle self-consistency (QSGW) one determines
the noninteracting Green’s function (G,) which is minimally distant
from the true Green’s function G.***' QSGW is perhaps the most
universally applicable, true ab initio theory for electronic states in
extended systems that exists today. It has a proven ability to
consistently and reliably predict quasiparticle (QP) levels for a wide
range of materials such as graphene, % Fe-based superconductors,43
pyrite,** and NH;CH;PbL;** in a consistent and garameter—free
manner that cannot be achieved by other theories.”” Many other
properties, such as Dresselhaus coefficients,*® electric field gradients,47
transmission probability,"® and spin waves,”* can also be modeled.
The dielectric response of many materials’® are also in good
agreement, though there is a systematic blue shift in plasmon
frequencies in insulators because ladder diagrams are left out.
Discrepancies with experiment are highly systematic. Another key
property of QSGW is that, at self-consistency, the poles of Gy(k;w)
coincide with the peaks in G(k;w). Thus, in contrast to density-
functional approaches, the QSGW energy band structure has physical
meaning.

Modeling of Optical Response of CuS Nanocrystals. For this
study, all the scattering calculations were performed with the discrete
dipole approximation (DDA) method. The DDA approach enables
accurate modeling of electromagnetic scattering cross sections and
near-field calculations of isolated particles of any arbitrary shape, by
solving Maxwell’s equations through the replacement of a discretized
solid particle by an arrangement of N dipoles with a spacing small
compared to the wavelength of the incident light.>>*® It is assumed
that the CuS nanoparticles do not interact with each other; ie,
independent scattering is assumed.
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NOTE ADDED AFTER ASAP PUBLICATION

A correction was made to the version of this paper that was
published ASAP June 14, 2019. In the section Dielectric
Function Calculation, reference to the structure of the
permittivity tensor as Type I has been corrected to Type I
The corrected version was reposted June 17, 2019.
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