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Plasmonic and Photonic Modes in Colloidal CuS

Nanocrystals
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Marko Burghard, Peter A. van Aken, Christian Klinke,* Nahid Talebi,*

and Rostyslav Lesyuk*

Copper monosulfide (CuS), also known as covellite, displays

exceptional optoelectronic characteristics, exhibiting both plasmonic

and photonic absorption in its monolithic nanomaterial form. It is classified
as a hybrid metallic-semiconducting material and a natural hyperbolic
material with a distinctive crystal structure. Nanostructured CuS has been
demonstrated to support localized surface plasmon resonances (LSPR) in

the near-infrared spectral range. Here, the phenomenon of near-infrared (NIR)
to visible electromagnetic field localization in ultrathin crystalline quasi-2D
CuS nanocrystals is revealed. This is achieved by mapping LSPRs in a range
of Cus structures using high-resolution electron energy-loss spectroscopy in
combination with cathodoluminescence spectroscopy. In addition to LSPRs, a
range of photonic modes in the visible and ultraviolet spectral ranges is iden-
tified in colloidally defined single-crystalline nanostructures, with numerical
simulations providing supporting evidence. Finally, CuS nanocrystals exhibit
visible NIR light emission within the range of 600-900 nm when excited by
an electron beam. Altogether, these properties make CuS nanocrystals highly
suitable for applications in telecommunications, sensing, and nanophotonics.

1. Introduction

A variety of low-dimensional semiconduc-
tor nanomaterials exhibit prominent exci-
tonic spectral features at room temperature
due to stronger binding energy compared
to their bulk counterparts as a consequence
of modified environmental screening.!!
Moreover, they exhibit size-dependent and
thus tunable properties promoted by elec-
tronic quantum confinement, including
increased effective band gaps and an en-
hanced density of states at the band edges
due to their low dimensionality, which sub-
sequently results in increased absorption.
Additionally, in thin films of such materi-
als, the excitons can strongly interact with
photonic modes, leading to the formation
of self-hybridized exciton-polaritons.[>”]

Although various van der Waals materi-
als sustain excitonic responses in the vis-
ible range, their plasmonic and photonic
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excitations have not been widely studied. This is due to their
rather low carrier mobility and density, which limits the plasma
frequency of these materials to the far-infrared range, such as
in graphene.®1] In contrast, borophene has been theoretically
proposed,[?! and recently experimentally reported, to support
hyperbolic plasmonic responses in the visible range.'3] In
addition to van der Waals and synthesized true 2D materials,
quasi-2D materials such as ultrathin layers of several mate-
rials also exhibit plasmonic responses. Copper sulfide (CuS)
nanocrystals are a prominent example of the latter class as a
monolithic material.[*18] CuS exhibits strong metallic-like prop-
erties including superconductivity due to its unique electronic
configuration and the presence of delocalized free holes arising
from its mixed-valence nature.['>23] Recently, CuS has been
shown to be a material with naturally occurring hyperbolicity in
the NIR range due to its highly anisotropic crystal structure.?*
Nanocrystals of CuS exhibit very strong and highly tunable
plasmonic bands in the near-infrared (NIR) region below the
energy of 1.8 eV (telecom window). Moreover, the crystalline
structure of this material leads to a highly anisotropic response,
and, as we will show, even thin nanosheets of this material with
thicknesses below 10 nm support confined photonic modes in
a broad energy range between 1.8 and 4 eV. A recent study has
shown that the optical bandgap of CuS can be tuned via pressure
modulation.!®] CuS used in the Al/Au/CuS heterostructures
also plays a critical role in enhancing high-order harmonic
generation through its plasmonic properties.[¢]

Many potential applications rely on the high plasmonic activ-
ity of copper sulfides in the NIR spectral region between 900
and 2500+ nm.[?72816] LSPRs similar to those of noble metals
are highly dependent on the size, shape, and surface conditions
of the materials and, are therefore highly tunable. In addition,
stoichiometry plays an important role: the number of quasi-free
holes in Cu,,S increases with x = {0,1}, leading to the highest
plasmon frequency in the covellite phase with x ranging from
0.97 to 1 in the large family of possible copper sulfide phases.
Although various studies simulating the electric field distribu-
tion in terms of dipolar, quadrupolar, in-plane, and out-of-plane
modes of covellite nanocrystals have been reported, 7l experi-
mental evidence is still lacking.

Spatially resolved electron energy loss spectroscopy (EELS) im-
plemented in a transmission electron microscope in the focused
scanning mode (STEM), offers the possibility to spectroscopi-
cally identify plasmonic absorption and to image the plasmonic
and photonic modes with a spatial resolution below the optical
diffraction limit down to the nanometer scale.[?%3% A variety of
plasmonic resonances of different material systems have been
studied by EELS, such as in thin metallic flakes,[*'*?] in toroidal
modes of oligomer nanocavities, 34 in conical tapers,353¢ and
in nanorods.[*”3238 Cathodoluminescence spectroscopy (CLS)
is a complementary method that provides access to radiation
modes. Whereas EELS maps the full projected photonic local
density of states, CLS is analogous to resolving the radiative lo-
cal density of states.[*>*] Combining CLS with optical detection
schemes, including angle-resolved mapping and polarimetry, can
reveal the nature of the near-field excitations, such as whether
they are dipolar, quadrupolar, vortex beams, or chiral.[*1#2]

Despite the extensive study of excitonic responses, plasmonic
and photonic properties in low-dimensional or 2D materials re-
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main relatively underexplored, presenting a missed opportunity
in the fields of optoelectronics and photonics. Here we address
this gap by focusing on copper monosulfide nanocrystals, which
offer both plasmonic and photonic responses, potentially unlock-
ing new applications in these domains. We present a comprehen-
sive study of the plasmonic and photonic modes of CuS nanocrys-
tals measured by EELS and CLS and perform simulations to aid
in the interpretation of the experimental data. Our analysis re-
veals highly confined plasmonic modes in faceted CuS quasi-2D
nanostructures as thin as 1.7 to 10 nm. Our investigations re-
solve deep-subwavelength plasmonic modes with polariton wave-
lengths as short as 30 nm at photon energies of 1.6 eV, leading to
an extremely high local density of states supported by CuS NCs
as small as only a few tens of nanometers in diameter. In addi-
tion, polarimetry CLS resolves the dipolar nature of the dominant
plasmonic modes in small NCs and coherent CL illumination
due to plasmonic excitations. Our studies demonstrate the high-
quality plasmonic responses of CuS NCs, the shape sensitivity
of the plasmonic resonances, and the versatility of our synthesis
method to fabricate CuS NCs with predefined shapes.

2. Results and Discussion

2.1. Structural and Optical Properties of CuS NCs

The detailed synthesis method and shape tuning are de-
scribed elsewhere and are based on the oleylamine-based hot-
injection protocol.1¥] In the present work, triangular and round
nanoprisms (quasi-2D nanocrystals) were used. The morpholo-
gies of the structures were characterized by TEM and PXRD.
In Figure la—c, TEM images of differently shaped nanocrystals
(NC) are shown along with their corresponding XRD patterns.
The disk-like NCs have a lateral dimension of ~20 nm (stan-
dard deviation ¢ = 2.2 nm), whereas the average edge length of
the triangular NCs is #34 nm (¢ = 3 nm). Due to the face-to-
face stacking with the edges facing the electron beam, the aver-
age thickness of the triangles can be measured directly and is
~4.0 nm (6 = 0.4 nm). The hexagonal nanoprisms have identi-
cal thicknesses and average edge lengths of 47 nm (6 = 3 nm).
Interestingly, the distance between NCs in a stack is #1-1.2 nm
(estimated from TEM images of edge-standing particles, Figure
S1gh, Supporting Information), which could correspond to dif-
ferent isometric configurations of the oleylamine ligands. Ac-
cording to ref., [44] the cis-isomer predominates in the 70% oley-
lamine with a fraction of #78%. Assuming a lateral arrangement
on the NCs surface with a double layer of ligands, a minimum
distance of ~0.7 nm can be expected between NCs, which is
slightly less than what is observed in the TEM images. The atomic
structure of covellite CuS is examined from its HRTEM image
and its corresponding image simulation (Figure 1d,e). The ma-
jority of the CuS NCs were aligned along the (001) orientation.
The representative XRD pattern shown in Figure 1f confirms
the previous general observations from TEM and HRTEM imag-
ing: thin crystallites show a strong texture effect with distinct
stacking. One can observe broadened reflections of the (00I)
planes which dominate over other crystallographic directions
(texture effect due to preferential orientation along the (001)
plane). The strongest peak at 20 = 38.9° corresponds well to
the (006) reference plane. At low angles, sharp reflections are
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Figure 1. Crystal structure and optical absorption of CuS NCs. a—c) TEM images of colloidal disk, triangular, and hexagonal copper sulfide nanocrystals.
d) HRTEM image of a CuS NC and corresponding simulated HRTEM image. e) Line profile recorded along the dashed yellow lines on the experimental
and simulated HRTEM images. f) XRD pattern of CuS NCs (triangles) with reference data.[*’] The reflections marked with * are due to the periodic
structure of stacked NCs. g) Absorption spectra of CuS NCs. Scale bars are 50 nm (a—c) and 1 nm (d).

detected at 5, 7.5, 10, and 12.5°, which are equidistant from each
other (marked with *). We attribute these reflections to common
d-spacing of 35 A with diffraction order n = 1, 2, 3, 4 in accor-
dance with Bragg’s condition arising from the lateral stacking
of nanocrystals in the sample on the silicon XRD substrate. The
lateral stacking on the substrate obviously differs slightly from
the edge stacking in the TEM images, as the peaks correspond
to a stacking periodicity of exactly 3.5 nm which in turn corre-
sponds to two crystal units within the CuS nanoprisms. Thus,
TEM-based thickness assessment may give a slightly overesti-
mated thickness. The powder XRD pattern of hexagonal NCs is
shown in Figure S1 (Supporting Information). The alignment
of NCs on the substrate and stacking effect are much less pro-
nounced which can be deduced from vanishing of texture effect
and sharp equidistant low-angle reflections.

In Figure 1g, the optical absorption spectra show broad band
peaks in the NIR region between 700 and 1800+ nm,—identified
as excitation of first-order LSPRs, while the onset of absorption
in the visible region below 500 nm, with a shoulder at 390 nm—
identified as fundamental absorption.

In order to better identify the characteristics of optical exci-
tations in CuS§ thin films, we first numerically study the propa-
gating modes supported by thin films. The permittivity of bulk
CusS along the in-plane and out-of-plane directions, denoted as
€, and e, |, respectively, shows that this material exhibits di-
electric behavior above 1.8 eV, while it exhibits metallic behavior
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below 1.8 eV (Figure 2a). Therefore, we expect the excitation of
plasmon polaritons in thin films and nanocrystals of CuS at en-
ergies below 1.8 eV. Notably, the material also supports guided
thin film excitations at energies above 1.8 eV, as shown below,
where the latter will be referred to as a photonic mode. The cal-
culated dispersions of photonic and plasmonic modes in 4 and
6.4 nm thick CusS films show that both modes can be supported
in thin films (Figure 2b,c). A photonic mode of transverse electric
(TE) nature is identified, forming guided waves confined within
the boundaries of the thin film and propagating along the z-axis
in the energy range of 1.8 to 4.2 eV. At higher energies, the pho-
tonic mode has a strongly radiative nature, with its dispersion dia-
gram positioned inside the light cone (Figure 2b). The plasmonic
mode, on the other hand, has a transverse magnetic (TM) nature,
with its dispersion positioned outside the light cone throughout
the energy range below 1.8 eV. For d = 6.4 nm, the ratio of the
phase constant of the plasmon polariton waves to the free space
wavenumber is between 6 and 40 in the energy range from 1.45
to 1.8 eV. This fact leads to a large confinement of the plasmon
polariton waves and to the effective polariton wavelengths being
smaller than the free space wavelengths, by the same ratio. Thus,
wavelengths as short as 30 nm can be found at a photon energy
of 1.6 eV. The 30 nm polariton wavelength in nanoscaled CuS
demonstrates extreme spatial confinement, far below the free-
space excitation wavelength, enabling enhanced electromagnetic
field intensities for nanoscale light-matter interactions, including

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA11E81D) 3ot (dde 8y} Aq peuIsnob ae sl VO ‘85N JO S9N Joj Akeld1 8UIIUO AB]1M UO (SUONIPUCO-PUE-SLUIBY/WOY A8 | 1M Aked U Uo//:Sty) SUORIPUOD pue WIS | 81 89S *[5202/50/20] U0 Akelqi8uliuo A8]Im IewiuA0D) Alquisssy UsPM AQ S9620202 WOPe/ZO0T 0T/10p/wod" A3 1M Ale1qijeuluo"peouenpe//sdiy Woiy pepeojumoq ‘2T ‘520z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

+10 -

Permittivity
)

&, |

&L

20 30 40 50 60 7.0
Photon energy (eV)

i E,

=5

100 nm

500 nm

www.advopticalmat.de

b -~ }
71 «l e
= Su
5 5
5 5 ‘a‘l
5 rs
c 4t )
] 1
g 3 '
o ]
29 | 1
I !
10 0
a(um™)
c
1.8
Ay
< 16 5
() 1
+1 14 1
5 1
S [l
121 1
L 1
2 I
o 1.0 :
1
- 0.8 . 1 i L
200 0 200 400
a (um™) B (rm™)

Figure 2. Optical and plasmonic responses of thin Cus films. a) CuS permittivity along the in-plane (€, ) and out-of-plane (e, ;) directions. Solid thick
and thin lines show the real part and imaginary parts of the permittivity, respectively. Calculated propagation constants of the €, €, ;. b) photonic and
c) plasmonic modes propagating along the x-axis for the thin film thicknesses shown. The symmetric configuration is the dominant optical mode. Both
the phase constant (8) and the attenuation constant (a) are shown. d) Calculated field profiles of the in-plane electric-field components at two photon
energies, associated with (i) plasmonic (E = 1.55 eV) and (ii) photonic modes (E = 4.3 eV), where the former is in the form of TM and the latter is in

the form of TE modes.

single-molecule detection, nonlinear optics, and quantum cou-
pling. The electric field profiles tangential to the surface of both
the plasmonic and photonic modes in CusS at energies of 1.55 and
4.3 eV, respectively, are shown in Figure 2d. It is noteworthy that
the material exhibits a hyperbolic response in the energy range
of 1.11 to 1.79 eV, as the in-plane permittivity is negative, while
the out-of-plane component is positive.[?* Despite the hyperbolic
response, one does not observe a drastic change in the response
of the propagating polaritons (Figure 2c), mainly due to the dom-
inant effect of the in-plane permittivity on the optical response of
the propagating waves in the thin film. In summary, the in-plane
(er,]|) and out-of-plane (er, L) permittivity reveal metallic behavior
(negative real permittivity) below 1.8 eV and dielectric behavior
(positive real permittivity) above this threshold. This transition
defines two distinct optical regimes in CuS thin films: a metal-
lic regime supporting confined plasmon polaritons below 1.8 eV
and a dielectric regime supporting guided photonic modes above
1.8 eV. These regimes are fundamental to understanding the op-
tical properties and potential applications of CuS in plasmonic
and photonic technologies.

2.2. Detecting Plasmonic and Photonic Modes in 2D NCs

To evaluate the plasmonic and photonic modes in the CuS nano-
materials, we positioned 2D NCs on monolayer graphene mem-
branes (Figure 3). This method effectively mitigates substrate-
induced effects by minimizing mode mixing and redshift in plas-
mon resonances.[***’] Notably, the CuS NC stacks with thick-
nesses ranging from 1.7 to 39 nm (t/4 mapping,'*®) where 1 is the
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mean free path of the inelastic scattering and t is the thickness)
were used in our experiments maintained their pristine (non-
oxidized) state (Figures S1and S2, Supporting Information). The
thickness of the CuS NC shown in Figure 3a is measured to be
~4 nm (Figure 3b,c). Figure 3d shows a model mimicking the
experimental structure.

In Figure 3e, f, we present the electron energy loss (EEL) spec-
tra obtained from the center and edge of ~4 nm-thick CuS disk.
The EEL spectra show multiple resonances below 2 eV. Due to the
energy resolution of 0.17 eV and the instrumental broadening,
the identification of low-energy plasmonic modes in the experi-
mental EEL spectra is impossible. However, the decomposition
of the EEL spectra allows the identification of the energies of the
plasmonic modes. Here, the decomposition is performed by fit-
ting the EEL spectra to multiple Gaussians. Each Gaussian peak
in the decomposed EEL spectra corresponds to a plasmon mode.
Although the CuS has a hybrid metallic-semiconducting nature,
its excitation efficiency is not as high as that of noble metals (e.g.,
Au, Ag) with higher electron density. Since the cross-section of
dipolar modes is larger than that of high energy modes, the ex-
citation efficiency of dipolar modes is higher. To elucidate these
resonances, we performed EEL simulations using the finite ele-
ment method (FEM), as shown in Figure 3g,h. Both experimen-
tal and simulated EEL spectra show congruent resonance peaks.
Further analysis involved the extraction of spatially resolved ex-
perimental EEL maps and computationally obtained normalized
electric field maps, showing the absolute values of the electric
fields for the computed eigenmodes, at the energies identified
from the EEL spectra in Figure 3e-h. Although EEL maps and
simulated normalized electric field maps effectively demonstrate
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Figure 3. Plasmonic modes of CuS NCs on graphene. a) HAADF image of a CuS disk on graphene. b) Thickness mapping for the flake shown in (a). c)
Line profile recorded on the semitransparent white line on the thickness mapping. d) A model corresponding to the experimental structure in (a). e,f)
EEL spectra obtained at the marked positions on the HAADF image in (a). The spectra in (e,f) are deconvoluted by curve fitting. g,h) Comparison of
experimental and simulated EEL spectra obtained at the positions marked in a and d. i,j) Spatially resolved EELS maps and simulated normalized electric
field maps obtained at the energies identified from the EEL spectra in (e-h). k) Electric field distributions along z-axis are calculated at the energies that

electric field maps generated. Scale bars are 50 nm (a,b,d,i,j,k).

the excitation of plasmon resonances below 2 eV, the accurate
identification of these modes by EELS mapping is difficult.

To identify the nature of these plasmon resonances, we show
the EELS maps, simulated normalized electric field maps as well
as the electric field distributions along the z-axis in Figure 3i-k
(the magnetic field distributions along the z-axis are shown in
Figure S3, Supporting Information). Our results identify the
0.54 eV mode as an in-plane dipole (D;,) LSPR, alongside ad-
ditional modes including a whispering-gallery (WG) mode at
0.65 eV, a Fabry-Pérot-like resonance or a localized surface plas-
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mon polariton (LSPP) at 0.85 eV, where the plasmonic field is
confined within the disk leading to an oscillation pattern along
the radial direction, and another dipole mode in the z-direction
(Do) at 1.16 eV. The nature of the latter mode (dipolar out-of-
plane) can be inferred from the pattern of the electric field com-
ponents and the doughnut-like distribution of the magnetic field
norm |H| shown in Figure S4 (Supporting Information). In our
simulations, we identified a number of other modes, shown in
Figure S5 (Supporting Information), which are not visible in
the EELS signal. Several reasons may explain this discrepancy.

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA11E81D) 3ot (dde 8y} Aq peuIsnob ae sl VO ‘85N JO S9N Joj Akeld1 8UIIUO AB]1M UO (SUONIPUCO-PUE-SLUIBY/WOY A8 | 1M Aked U Uo//:Sty) SUORIPUOD pue WIS | 81 89S *[5202/50/20] U0 Akelqi8uliuo A8]Im IewiuA0D) Alquisssy UsPM AQ S9620202 WOPe/ZO0T 0T/10p/wod" A3 1M Ale1qijeuluo"peouenpe//sdiy Woiy pepeojumoq ‘2T ‘520z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

4 d .51 g
° 82
S
AR
—
0o 2 4 6
Energy loss (eV)
b e s h

I(a. u)

|
/

2 3 4 5 6 7
Energy loss (eV)

° .

f [s2 Pata i

=—We

= T-plasmon
HE

p—Fit

r(a. u)

2 3 4 5 6 7
Energy loss (eV)

0o 2 4 6
Energy loss (eV)

www.advopticalmat.de

Figure 4. Photonic modes of CuS flakes on graphene. a) HAADF image of the CuS disk on graphene. b) A model corresponding to the experimental
structure in (a). ¢,d) EEL spectra acquired at the marked positions in the HAADF image in a and the model in (b). e,f) Curve-fitting deconvoluted EEL
spectra. g,h) Spatially resolved EELS maps and simulated normalized electric field maps obtained at energies identified from the EEL spectra in (c—f). i)
Electric field distributions along z-axis are computed at the energies generated by the electric field maps. Scale bars are 50 nm (a,b,g,h,i).

Although EELS is a powerful method capable of detecting a wide
range of plasmon modes, its effectiveness depends on factors
such as the nature of the plasmon modes, the interacting geome-
try, and the aforementioned energy resolution.[**->!] For example,
the LSPRs with very high damping or loss may not produce dis-
tinct peaks in the EEL spectrum. In addition, the plasmon modes
with components that do not couple well with the electric field of
the incident electron beam may be less detectable. In addition,
the energy resolution of the EELS setup also limits the ability to
distinguish closely spaced plasmon modes. Since the LSPRs in
CuS NPs are closely spaced and the energy resolution is 0.17 eV,
we cannot detect all the LSPRs below 2 eV in the experiment.

In addition to the CuS disks, we have also demonstrated
the plasmonic nature of the CusS triangles (truncated triangular
prism) (Figure S6, Supporting Information). As shown for the
CuS disks, the truncated triangles also exhibit in-plane dipolar
and edge LSPRs as well as an additional out-of-plane dipole mode
below 2 eV. The electromagnetic confinement in CuS nanocrys-
tals is strongly influenced by their geometry. The CuS trian-
gles exhibit highly anisotropic field confinement, while disks
display more isotropic modes but with weaker spatial confine-
ment. In addition, we investigated the plasmonic nature of CuS
NCs after annealing at 400 °C (Figure S7, Supporting Informa-
tion). Interestingly, CuS disks subjected to annealing at 400 °C
no longer exhibit LSPRs below 2 eV, suggesting changes in
their plasmonic behavior. Changes in the plasmonic response
are attributed to a phase transformation of covellite CuS to
Cu-rich phases upon heating (253 and the disappearance of
intense plasmon resonances in the NIR, which we observed
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in experiments at ambient conditions (Figure S8, Supporting
Information).

Next, we investigated the photonic modes of the CuS nanocrys-
tals using EELS analysis, as shown in Figure 4. EEL spectra ac-
quired from the same CuS disk and the corresponding simu-
lated EEL spectra reveal photonic modes excited at energies above
2 eV (Figure 4a—d). Using similar experimental protocols, we ex-
cited both the center and the edge of the CusS disk with a focused
electron beam and acquired the EEL spectra from these regions
(Figure 4a—f). In particular, the energy loss at 4.46 eV is attributed
to the z-plasmon of graphene, as shown in Figure S9 (Support-
ing Information). Subsequent comparison of the experimental
and simulated EEL spectrum revealed multiple excitations above
2 eV (Figure 4c,d).

To identify the photonic modes within the CuS disk, we ana-
lyzed EELS maps and simulated normalized electric field maps
in Figure 4gh. Both maps show similar patterns at the ener-
gies identified from the EEL spectra in Figure 4c—f. The elec-
tric and magnetic field distributions along the z-axis (Figure 4i;
Figure S10, Supporting Information) clarify the photonic trans-
verse electric (TE) mode, the photonic WG mode, and the hy-
brid WG (HE) photonic mode within the CuS disk. The HE
mode has a hybrid nature with both magnetic and electric field
z-components having similar profiles and a strong contribution
due to retardation, while the WG resonance at an energy of
3.48 eV exhibits a uniform z-component of the magnetic field
within the disc. In contrast to the plasmonic modes, the photonic
modes of CuS nanocrystals remain unaffected after annealing at
400 °C (Figure S11, Supporting Information).

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Light emission from electron-beam irradiated CuS NCs. a) SEM image of a CuS triangle. The electron beam is located at the position marked by
a black dot in the CL measurements. b-d) E,, E4, and S, components captured by hyperspectral CL imaging, respectively. e) Experimental and simulated
CL spectra obtained from a CuS triangle excited from its tip. f) Simulated surface charge distribution obtained at 1.6 eV. The arrows indicate the field
vectors. g,h) Simulated far-field pattern of E, and Eg. i Simulated S, Stokes parameter.

The plasmonic and photonic properties of confined structures
are highly dependent on their geometry. In CuS NCs with sim-
ilar lateral sizes, increasing the sample thickness results in a
blueshift in the energies of plasmonic modes, including D, , WG,
LSPP, and D, (Figure S11, Supporting Information). However,
the energy shift becomes less pronounced when the thickness ex-
ceeds ~6 nm. Similarly, photonic modes in CuS NCs also exhibit
a blueshift with increasing thickness (Figure S12, Supporting In-
formation). Notably, while the TE mode’s energy shift saturates
at thicknesses greater than ~3 nm, the energies of WG and HE
photonic modes show an exponential increase with increasing
thickness. In contrast to the effects of thickness, previous stud-
ies have demonstrated that an increase in the lateral flake size in-
duces a redshift in the plasmon energies of CuS NCs.['?*] This
highlights the distinct roles of thickness and lateral size in mod-
ulating the optical properties of CuS nanostructures.

2.3. Visible and NIR Light Emission from Electron-Beam
Irradiated CuS NCs

The radiative and non-radiative decay of photonic modes is mod-
ulated by changing the photonic mode density (PMD).5*55] Far-
field light emission is established by radiative decay of plasmonic
or photonic modes in CuS NCs. Here, we perform CL measure-
ments to verify the light emission of the CuS NCs (Figure 5). The
SEM image in Figure 5a shows one of the triangular CuS NCs.
CLS and polarimetry, combined with far-field simulation using
the finite element method (FEM), are used to determine the elec-
tric field along the z-axis (E,), the azimuthal component of the
electric field (E ), and the S, Stokes parameter (Figure 5b—d).
The CL spectra obtained from the CusS triangle excited from its
tip show two distinct peaks at ~1.55 and ~1.94 eV (Figure Se).
The simulated CL spectra are in good agreement with the exper-
imental data. The slight differences in the emission energies in
the experimental and simulated CL data are due to the variations
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in the dimensions of the experimental structure. These results
suggest that CuS NCs emit in the visible and NIR regions of the
electromagnetic spectrum.

Based on the charge distribution and the components of E
and E,, the dominant excited mode in the CuS§ triangle is likely to
be the dipolar mode (Figure 5f) with mixed (plasmonic and pho-
tonic) character. The higher-energy peak (1.94 eV) is obviously
due to a photonic mode as it shows higher intensity in the spec-
trum (less damping) while the lower energy peak (1.55 eV) is at-
tributed to the plasmonic mode. It should be noted that the dipo-
lar radiation cross-section is the dominant component in the far-
field. Therefore, although EELS reveals the existence of higher-
order resonances, the radiation efficiency of the higher-order res-
onances decreases significantly in intensity, making the dipole
contribution the dominant radiation pattern in CL. This conclu-
sion is drawn from several observations: i. The charge distribu-
tion shows a distinct dipole pattern, with regions of positive and
negative charges separated across the triangle. This is character-
istic of a dipolar mode, where charges oscillate between two op-
posite poles. ii. The E, component in both the hyperspectral CL
image and the simulated far-field pattern shows a strong central
peak with a symmetric distribution. This is typical of a dipolar
mode, where the electric field is concentrated along the polariza-
tion axis. iii. The E, component shows a lobed structure, indicat-
ing an angular variation that supports the dipole-like oscillation
in the plane of the triangle. iv. The S, parameter, derived from the
far-field electric field components, shows regions of alternating
positive and negative values. This pattern is consistent with the
expected distribution for a dipole mode.

3. Conclusion

In summary, we have investigated the plasmonic and pho-
tonic properties of individual CuS NCs with high energy res-
olution using a monochromated EELS in combination with
cathodoluminescence spectroscopy. For the first time, we present
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experimental evidence for shape-dependent NIR EM-field local-
ization in NCs and confirm the ability of the metallic nature of
the studied material to host a variety of plasmonic modes in this
spectral region. Furthermore, we demonstrate the outcoupling of
Vis-NIR light in the 600-900 nm range to the far field by the CuS
NCs due to the in-plane dipolar resonances. In addition, a num-
ber of photonic modes in the visible and ultraviolet range have
been demonstrated by EELS in individual colloidal CuS NCs for
the first time. The non-plasmonic nature of these features was
confirmed by EELS mapping of samples with different thermal
pre-treatments and by simulations of electromagnetic field maps.
These findings open the possibility of confining nanoscale polari-
tons in the covellite phase of copper sulfide over a broad spectral
range.

4. Experimental Section

Material Synthesis: CuS NCs were synthesized according to proce-
dures described elsewhere.['7:43] Briefly, 0.1 mmol of Cul was mixed with
oleylamine (70% grade, Sigma-Aldrich) in a 50 mL three-necked flask in
a Schlenk-line setup, stirred vigorously, degassed, transferred to a nitro-
gen atmosphere, and heated up. Later, 2 mL of sulfur/oleylamine solution
(0.5 m), degassed and purged with nitrogen, was injected at 120 °C. Af-
ter 10 min of synthesis, the reaction solution was cooled down to room
temperature by injecting cold toluene into the flask. The nanodisks were
prepared by reducing the synthesis time to 5 min. Nanotriangles were pre-
pared by changing the Cu:S ratio to 1:20 and prompt quenching of the reac-
tion by a cold bath. Hexagons were prepared by the main route described in
the experimental section. All details of the synthesis of differently shaped
CusS covellite NCs can be found in ref.[17] NCs were precipitated by adding
a methanol/acetone mixture (1:1 wv) followed by centrifugation. The su-
pernatant was discarded, the precipitate was diluted in hexane and the
procedure was repeated.

Transfer of CuS NCs on Graphene:  Prior to the transfer of CuS nanocrys-
tals, CVD-grown monolayer graphene was attached to the TEM grids with
a holey support film (quantifoil). First, a 10 nm Pt layer was deposited
on the quantifoil of the TEM grid. Then, an Au TEM grid was precisely
positioned onto the surface of the graphene, grown by chemical vapor de-
position (CVD) on a Cu foil purchased from Graphenea Inc. A drop of iso-
propanol was then used to establish adhesion between the flake and the
quantifoil of the TEM grid. The Cu foil was then dissolved with an ammo-
nium persulfate solution (10%), resulting in the free-standing monolayer
graphene membrane on the TEM grids. To eliminate any residual hydrocar-
bon contamination on the graphene surface, the TEM grids were annealed
at 300 °C for 15 min. Finally, CuS nanocrystals dispersed in hexane were
subjected to a sonication process for 2 h before being drop-cast onto the
graphene membrane attached to the TEM grid.

TEM and HRTEM Measurements: The basic characterization of NCs
was performed on a Talos—L120C TEM with a thermal emitter operated at
an acceleration voltage of 120 kV. Samples were prepared by diluting the
batch solution of NCs with toluene and drop-casting 10 uL of the solution
onto a copper grid coated with a carbon film.

HRTEM Image Simulations: HRTEM image simulations were per-
formed using QSTEM software.[¢] The following parameters were used
in the HRTEM simulations: a spherical aberration coefficient of 1 um,
acceleration voltage of 120 kV, and defocus of 2.5 nm. The crystal struc-
ture of CuS used in the image simulations was obtained from the Amer-
ican Mineralogist Crystal Structure Database (database code: amcsd
0000065).

PXRD Measurement: X-ray powder diffraction measurements were
performed on a Panalytical Aeris diffractometer using reflection (Bragg-
Brentano) geometry. The instrument was equipped with a copper anode
with an X-ray wavelength of 1.5406 A from the Cu-Ka 1 line. NCs were drop-
casted from the batch solution onto a low background silicon substrate
and measured in the dried state.
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Optical Measurements: UV-vis absorption spectra were recorded us-
ing a PerkinElmer Lambda 1050+ spectrophotometer equipped with an
integrating sphere. NCs batch solution was diluted with toluene or trans-
ferred to TCE and placed in 10 mm optical length quartz cuvettes from
Hellma Analytics.

EELS and EDS Measurements: STEM and EELS measurements were
performed with the sub-electron-volt-sub-angstrom microscope (Zeiss
SESAM). This microscope includes a Schottky field-emission gun, an
OMEGA-type electrostatic monochromator, and the MANDOLINE filter,
allowing experiments with an energy resolution of ~0.1 eV. The micro-
scope was operated with an acceleration voltage of 200 kV, an energy
resolution of 0.17 eV, an energy dispersion of 0.015 eV px~', and an
EELS collection semi-angle of 0.7 mrad. EELS maps were acquired with
a pixel dwell time of 0.5 s and integrated over an energy window of 0.2 eV.
After data acquisition, our analytical approach included a multivariate
weighted principal component analysis (PCA) routine.[>”] For energy dis-
persive X-ray spectroscopy (EDS) measurements, a JEOL ARM200F FEG-
STEM/TEM instrument, equipped with a cold field-emission gun, a post-
specimen spherical aberration corrector (Cs), and a Gatan GIF Quantum
ERS electron energy loss spectrometer, was used. EDS experiments were
performed under identical conditions with an acceleration voltage of 80 kV.
First, EELS maps were acquired, which provided 4D data, on CuS NCs.
For each CuS NC, EELS spectrum images were recorded, which consist of
spatially resolved EELS data collected pixel by pixel over the particle. Then
specific areas on the spectrum image of CuS NCs were selected and the
EEL spectra were deduced. From the EELS data, spectra corresponding to
the center and edge of the NCs were extracted by selecting specific regions
of interest on the spectrum image. The exact placement of these regions
was guided by the high spatial resolution of the spectrum image, ensuring
accurate localization of the EEL signals.

CL Measurements: For CLS and polarization studies, a Zeiss SIGMA
optical field emission microscope equipped with a CL compartment pro-
vided by Delmic B.V was used. A focused electron beam with an acceler-
ation voltage of 30 kV and a beam current of 9 nA was used to scan the
sample and excite its surface. The radiated light was collected by an off-
axis aluminum parabolic mirror positioned above the sample. This mirror
had a focal length of 0.5 mm and an acceptance angle of 1.46x sr. The ex-
posure time was set to 30 s. The collected light was directed to a detector
and an additional polarizer module was used to generate angle-resolved
maps and to determine the Stokes parameters, respectively.

CL and EELS Simulations: Numerical simulations of CL emission and
electron energy-loss spectra were performed using the COMSOL Multi-
physics software package with its Radiofrequency (RF) Toolbox. Maxwell’s
equations were solved in the frequency domain by using the finite-element
method and in real space in a 3D simulation domain, based on the experi-
mentally determined geometries of the structures. To simulate the electron
beam, an oscillating “edge current” along a straight line was used as the
source of the electromagnetic field in the system. The current is expressed
by I = Iy exp (iwz/v,), where v, is the velocity of the moving electron along
the z-axis. CL spectra were obtained by integrating the Poynting vector of
the three coordination components of the emitted light over the entire top
surface of the simulation domain. The electron energy loss (EELS) proba-
bility I" of an electron losing energy hw is calculated from the integration of
the induced electric field along the entire electron trajectory.l’8] For the S,
parameter, the transverse components of the electric field and their vector
distribution at each spatial point were used. In this calculation, the for-
mula S, = (EE;* + ELE*) was applied at the far-field components of
the electric field projected on the upper and lower hemispheres.[4?]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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