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We investigate the electromagnetic response of anisotropic (non-spherical) copper antimony disulfide
(CuSbS2) nanoparticles and layers embedded with them using computational methods. To this end we
calculate the scattering and absorption efficiencies of oblate spheroidal CuSbS2 nanoparticles using the
surface integral equation method. We find strong dependence of the response depending on the anisotropy
of the spheroids and their orientation with respect to the electric field polarization of the incoming radiation.
Thin spheroids display a sharp plasmonic resonance in the ultraviolet which is only observed for the
electric field polarization along the short axis. Fano resonances that appear in the near infrared (NIR)
blueshift when the short axis length is reduced and they can be either strongly suppressed or enhanced
depending on the relative orientation of the spheroid. We further investigate the optical response of thin
layers containing CuSbS2 spheroids at low volume fraction using a Monte Carlo method. We find that
response of these layers can be considerably modified by changing the short axis length and the orientation
of the particles within the layer with respect to the polarization. Our results demonstrate the potential of
anisotropic dielectric particles for polarization-dependent-response applications such as solar devices and
NIR sensors. © 2022 Optica Publishing Group

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION1

Copper antimony disulfide (CuSbS2) is a non-toxic, earth-2

abundant material that occurs naturally as the mineral chal-3

costibite [1, 2]. It is emerging as a promising photovoltaic4

material due to its optical band gap that falls within the op-5

timum range for solar cells [3, 4], varying between 1.4 − 1.526

eV (0.82 − 0.89 µm) [5–8]. The fundamental band gaps have7

been predicted to be indirect in nature; however, the difference8

between the lowest energy direct and indirect gaps is only of9

the order of 0.1 eV [9–12]. CuSbS2 has a layered crystal structure10

and the details of the electronic structure of bulk, monolayer11

and bilayer CuSbS2 were recently examined using quantum-12

mechanical Density Functional Theory and many-body pertur-13

bation theory [13]. Their results show that regardless of dimen-14

sionality the material has a strong absorption coefficient above15

1.7 to 1.9 eV and weak optical excitations below the band gap.16

These effects are attributed to the quantum confinement, elec-17

tron–hole interactions, and the formation of surface states.18

In recent years, CuSbS2 thin films have been prepared and19

synthesized using various deposition techniques such as sulfur-20

ization of an electrodeposited metal stack [14], sputtering [15],21

solvothermal [5], thermal evaporation [16, 17], chemical bath22

deposition [18] and hot injection method [5, 7, 8, 19–21]. Most23

recently, high-quality platelet-like CuSbS2 nanocrystals with a24

well-defined shape and narrow size distribution were experi-25

mentally prepared using an improved hot injection method [8].26

The particles are single orthorhombic crystals with space group27

Pnma and a large exposed (001) surface [22]. It is expected that28

these platelets will directionally scatter light depending on their29

size and orientation to incident light. Such directional scat-30

tering will aid in directing the propagation of light in near-IR31

applications. This opens up interesting possibilities to engineer32

nanoparticle shapes and sizes for a specific application.33

Interest in layered semiconductor materials has increased34

in recent years due to quantum-mechanical confinement ef-35

fects and unique anisotropic scattering. Directional scattering36

has been successfully used in applications as diverse as optical37

and biological sensors [23, 24], photocatalysis for solar energy38

storage [25], solar glazing [26], and thermal energy manage-39

http://dx.doi.org/10.1364/ao.XX.XXXXXX
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ment [27]. High aspect ratio morphologies, such as two di-40

mensional platelets, are known to exhibit sharp and directional41

scattering resonances [28]. The shape and composition of the42

material must be known to precisely predict the propagation of43

electromagnetic waves in heterophase media.44

In recent works we have studied the electromagnetic re-45

sponse of homogeneous, semiconductor@metallic [29], and46

metallic@semiconductor [30] (core@shell) spherical particles.47

Our findings have demonstrated that nanoparticles with a low48

band gap semiconductor core covered by a metallic shell can49

show pronounced effects of plasmon hybridization. There is50

a strong interaction between the resonances of the plasmonic51

metallic shell and the semiconducting core material which al-52

lows tuning of the electromagnetic response for near-IR appli-53

cations. We also calculated the spectral response of layers con-54

taining bare and oxide-coated particles under irradiation from55

solar and blackbody emitters in good agreement with experi-56

ments [31, 32]. Most recently we examined the optical response57

of small CuSbS2 spheres using Lorenz-Mie theory [33]. The ab-58

sorption and the total scattering efficiencies broaden and shift to59

longer wavelengths with increasing particle size [33].60

While the optical response of a homogeneous sphere in an61

external electromagnetic field has a closed-form analytic solu-62

tion as formulated by Lorenz and Mie [28, 34–36], particles with63

complex geometries must usually be treated with numerical64

methods, such as the finite difference time domain (FDTD), dis-65

crete (coupled) dipole approximation (DDA or CDA), and finite66

element methods (FEM) [37–39]. Here we adopt the surface67

integral equation (SIE) method [40–42] to extend our previous68

work on CuSbS2 spheres to anisotropic (non-spherical) particle69

shapes. A natural extension from the spherical shape are the70

superquadrics. From this class of shapes we have chosen to71

focus on nanoscale oblate spheroids, which have two identical72

long (major) axes and one short (minor) axis. The SIE method73

allows accurate calculations of the scattering and absorption74

efficiencies and scattering albedo of individual particles with75

different morphologies.76

In the present work we first examine in detail the electro-77

magnetic response of spheroids with different orientations with78

respect to the Poynting vector and polarization of the incom-79

ing wave. The properties of spheroidal CuSbS2 nanoparticles80

surrounded by a non-absorbing insulating medium with a con-81

stant refractive index of 1.0 are discussed in Section 3.A. The82

optical properties of layers embedded with spheroidal CuSbS283

particles of different sizes, orientations, and volume fractions84

are described in Section 3.B. Our main result is that the scat-85

tering and absorption efficiencies that are mainly determined86

by UV plasmonic and NIR Fano-type resonances are strongly87

influenced by both particle shape and their orientation with re-88

spect to the incoming radiation. This makes it possible to tune89

details of the wavelength-dependent efficiencies by varying the90

geometrical parameters and response based on the polarization91

of the radiation.92

2. METHODS93

A. Dielectric permittivity of CuSbS294

The frequency-dependent permittivity, ε(ω) = ε1(ω) + iε2(ω),95

of bulk and monolayer CuSbS2 was taken from a previous study96

using Density Functional Theory [13] with the Heyd-Scuseria-97

Ernzerhof (HSE06) hybrid functional [43]. The microscopic di-98

electric tensor was obtained using the Independent Particle Ap-99

proximation via a sum over empty Kohn-Sham states (ε2) and a100

Kramers-Kronig relation (ε1) [13]. Here the real and imaginary101

parts of the bulk and monolayer permittivities were averaged102

over three orthogonal directions. The monolayer permittivity103

was used for particles with a thickness or radius less than 5 nm;104

otherwise the permittivity of the bulk material was used. The105

averaged dielectric functions are shown in Figures 1 (a) and (b).106

A schematic of the atomic structure for the bulk of orthorhombic107

CuSbS2 is shown in Figure 1 (c). The layered structure can be108

separated into single (2D) and thin multilayer systems.109

Fig. 1. (a) The real and (b) imaginary parts of bulk (black lines)
and monolayer (red lines) CuSbS2 permittivity as a function of
wavelength (bottom) and energy (top). The inset shows how
ε1 = Re(ε) becomes negative in the UV region, indicating
the possibility of plasmonic resonance type of response. (c)
Schematic of the atomic structure of bulk CuSbS2 with Cu, Sb,
and S atoms shown as blue, brown, and yellow spheres. The
unit cell dimensions are shown.

B. Particle size and morphology110

We consider nanoscale CuSbS2 spheroidal particles that belong111

to the class of superquadrics [44]. The general equation for112

ellipsoidal particles is given by113

f (x, y, z) =
(

x
Rx

)2
+

(
y

Ry

)2
+

(
z

Rz

)2
, (1)

where Rx, Ry, and Rz are semi-axes along the Cartesian coordi-114

nate axes x, y, and z. We focus on oblate spheroids that have two115

identical long axes and one short axis. Unless specified other-116

wise, the incident electric field is x-polarized and propagates in117

the z direction. The spheroid is oriented with its short axis along118

either the x, y, or z direction. This gives rise to two possibilities119

that we call edge-on and face-on with respect to the propagation120

direction z. For the edge-on case there are two subclasses, since121

the short radius can be either along the x axis (edge-on-x) or the122

y axis (edge-on-y) as shown in Figures 2 (a) and (c), respectively.123

The face-on case has the short axis along the z direction (Figure 2124

(e)).125

In addition to the fixed particle orientations described above,126

we further consider the case where the electric field has an arbi-127

trary angle of incidence ϕ with respect to a spheroid. This angle128

refers to the angle between the propagation direction and the129

z axis of the coordinate system, and varies between 0 and 90130
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degrees as shown with red arrows in Figure 2 (g). The electric131

field of an incident wave can be either in the xz plane (shown132

with blue arrows in Figure 2 (g)) or parallel to the y direction.133

The electromagnetic response from individual spheroids can134

further be used to model the properties of compact layers con-135

taining embedded particles using a Monte Carlo method by136

tracing the path of single-photon packages inside the layer that137

launched perpendicularly into the layer. The schematics of the138

four cases considered in this work are in Figures 2 (b), (d), (f),139

and (h). The incoming radiation is shown by the black arrow in140

Figure 2 (b) and is perpendicular to the layer. The layers have141

thickness T equal to 200 µm.142

Fig. 2. Spheroid morphologies with their short axis along the
(a) x, (c) y, and (e) z direction. Panels (a) and (c) are denoted
edge-on-x and edge-on-y, respectively, and (e) is face-on. (g)
Red arrows denote the direction of an incoming wave for an
arbitrary angle of incidence ϕ with respect to the z axis. The
blue arrows indicate the polarization of the incident electric
field, which in this schematic is in the xz-plane. Panels (b), (d),
(f) and (h) are schematics of the radiative transport in a layer
of thickness T. The particles are oriented with their short axis
in (b) x, (d) y, (f) z, and (h) random directions. The black arrow
indicates the path of an incoming photon which consequently
is absorbed (red trajectory), reflected (blue trajectory), or trans-
mitted through the layer (green trajectory).

C. Numerical solutions for scattering and absorption cross143

sections144

The optical response of a spheroidal nanoparticle in an incident145

electromagnetic field is calculated using the SIE method. For146

a given incident field, E⃗inc, H⃗inc, the method finds equivalent147

electric and magnetic surface current densities on the surface of148

the particle. The field scattered by the particle, E⃗sca, H⃗sca, can149

then be computed using these currents. Once the scattered field150

is available, we may compute the scattering and absorption cross151

sections, given by152

σsca =
Psca

Sinc
, (2)

and153

σabs =
Pabs
Sinc

, (3)

where Psca and Pabs are the scattering and absorption powers,154

respectively, and Sinc is the power density of incident wave.155

The scattering (Psca) and extinction (Pext) power [28, 45] can be156

computed from157

Psca =
1
2

Re
∫

A
(E⃗sca × H⃗∗

sca) · n̂ dA; (4)

158

Pext = −1
2

Re
(∫

A
(E⃗sca × H⃗∗

inc) · n̂ dA +
∫

A
(E⃗inc × H⃗∗

sca) · n̂ dA
)

,

(5)
where A is a spherical surface in the far field, H⃗∗ denotes the159

complex conjugate of H⃗, and n̂ is the exterior unit normal vector160

of A. The absorbed power is then obtained as161

Pabs = Pext − Psca. (6)

For a plane wave, E⃗inc (⃗r) = E⃗0 exp(ikk̂ · r⃗), with E-field polar-162

ization E⃗0, propagation direction k̂ (|k̂| = 1) and wave number163

k = ω
√

εµ, the power density Sinc is given by164

Sinc =
|E⃗0|2

2η
, (7)

where η =
√

µ/ε is the wave impedance of vacuum. The scat-165

tering and absorption efficiencies are166

Qsca,abs =
σsca,abs

G
, (8)

where G is the particle cross-sectional area projected onto a plane167

perpendicular to the incident beam. The scattering or absorption168

cross sections per unit area, σsca,abs, characterize how efficiently169

a particle scatters or absorbs radiation.170

D. Multipole expansion coefficients for spheroids171

As mentioned in the Introduction, scattering by a sphere can be172

easily solved by Lorenz-Mie theory. In this theory, the incident,173

scattered, and transmitted fields are expanded with the vector174

spherical harmonic functions, known also as the multiple ex-175

pansion. The coefficients of these expansions are determined by176

enforcing the electromagnetic interface conditions on the surface177

of the sphere. Next we show how this expansion can be utilized178

in the scattering analysis of non-spherical particles.179

Let us expand the incident electric field using the following180

truncated multipole expansion181

E⃗inc
N =

N

∑
n=1

n

∑
m=−n

(
ain

nm M⃗in
nm + binc

nm N⃗in
nm

)
, (9)

where M⃗in
nm and N⃗in

nm are the incoming vector spherical harmonic182

functions. Similarly, the scattered electric has the following183

expansion184

E⃗sca
N =

N

∑
n=1

n

∑
m=−n

(
ãsca

nmain
nm︸ ︷︷ ︸

asca
nm

M⃗out
nm + b̃sca

nmbin
nm︸ ︷︷ ︸

bsca
nm

N⃗out
nm

)
, (10)
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with the outgoing vector spherical harmonic functions M⃗sca
nm and185

N⃗sca
nm . In the case of a sphere, ãsca

nm and b̃sca
nm are the usual "Mie186

coefficients" [28].187

Then let E⃗sca denote the field scattered by a non-spherical188

particle computed with the SIE method. Our aim is to expand189

this scattered field using the multipole expansion. By requiring190

that E⃗sca = E⃗sca
N on the surface of a sphere far enough from191

the particle, and by utilizing the orthogonality properties of the192

vector spherical harmonics [28], the multiple coefficients of the193

scattered field can be found as194

asca
mn =

∫
A
(M⃗out

mn )
∗ · E⃗sca dA∫

A
(M⃗out

mn )
∗ · M⃗out

mn dA
and bsca

mn =

∫
A
(N⃗out

mn )
∗ · E⃗sca dA∫

A
(N⃗out

mn )
∗ · N⃗out

mn dA
,

(11)
for all n = 1, . . . , N and m = −n, . . . , n. With these coefficients195

we may investigate how each multipole term contributes to the196

scattered field.197

E. Optical properties of layers containing particles198

Monte Carlo simulations provide an efficient method of deter-199

mining the optical properties of thin layers containing large200

numbers of particles. The transmittance, reflectance, and absorp-201

tion of the layer were simulated using a modified Monte Carlo202

method [46] originally developed by Wang et al. [47]. The path203

and termination result of 107 photons from an infinitesimally204

small beam normal to the surface of the layer are recorded. The205

particles are embedded in a non-absorbing medium with a re-206

fractive index of 1.0 and the layer is surrounded by air. The layer207

has a thickness T equal to 200 µm and contains nanoparticles208

at volume fraction f (equal to 0.01% in most cases). The grid209

resolution was dz = 2 µm and dr = 1 µm for the axial and radial210

directions, respectively.211

The scattering and absorption coefficients per unit length of212

a layer containing spheres, µsca and µabs, are given by [46]213

µsca,abs =
3
2

f Qsca,abs

2R
, (12)

where R is the radius of the sphere. Correspondingly, the scat-214

tering and absorption coefficients per unit length of a layer con-215

taining spheroids are given by216

µs
sca,abs =

f σsca,abs

V
, (13)

where V is the volume of the spheroid. The particle scattering217

asymmetry factor for a spheroid is given by218

g =
1

(σsca|E⃗0|2)

∫
A
|E⃗sca|2 cos(θ) dA. (14)

In the layer containing randomly oriented particles, we use the219

ensemble averaged particle asymmetry factor [48]220

ḡ =
∑i σsca,i gi

∑i σsca,i
. (15)

The optical constant of a layer containing spheroidal particles221

is obtained from the Maxwell-Garnett effective medium theory.222

For a low volume fraction, the effective dielectric permittivity of223

the layer containing randomly oriented spheroids, εeff, is given224

by [49]225

εeff = εm + εm
f
3 ∑

j=x,y,z

εp − εm

εm + Nj(εp − εm)
, (16)

where εp and εm are the dielectric permittivities of the particle226

and medium, respectively, and Nj are the depolarization factors227

of the spheroid. The depolarization factors are discussed in228

Section 1 of the Supplemental document.229

The effective permittivity for uniformly oriented spheroids230

in the layer is determined by the depolarization factor in the231

direction of the electric field Ex,232

εeff,x = εm + εm f
εp − εm

εm + (1 − f )Nx(εp − εm)
. (17)

We note that when we consider a layer containing randomly ori-233

ented spheroids, the cross-sections are averaged over all incident234

angles.235

3. RESULTS AND DISCUSSION236

A. Oblate nanospheroids237

In this work, calculations of the absorption and scattering ef-238

ficiencies of individual spheroid were performed by using a239

computer code employing the SIE method. In the following we240

consider oblate spheroidal CuSbS2 nanoparticles whose long241

axes are fixed to 100 nm in length and the short axis varies from242

4 − 75 nm, in the wavelength range λ = 0.1 to 1 µm which243

covers UV and visible frequency bands. For comparison, the244

scattering and absorption efficiencies of a sphere with a radius245

of 100 nm are shown in Figure 3. The particles are illuminated246

by a plane wave with its Poynting vector in the +z direction and247

the electric polarization is along the +x direction, i.e., k̂ = êz248

and E⃗0 = êx with |E⃗0| = 1 V/m. Thus, the orientation of the249

spheroid with respect to this reference Cartesian system is such250

that the short axis is either in the x, y or z direction, correspond-251

ing to the edge-on-x, edge-on-y, and face-on cases, respectively,252

as explained in Section 2.B (cf. Figure 2). Our primary interest is253

to explain the effect of particle orientation on its optical response.254

255

The absorption and scattering efficiencies of the nanoparticles256

are shown in Figure 3 for the three different orientations. The257

scattering efficiency of the 100 nm reference sphere depicts two258

peaks in the NIR regime at λ = 0.596 and 0.708 µm that are Fano259

resonances associated with the electric and magnetic dipole260

modes, respectively [33]. This will be discussed in more detail261

below. On the other hand, the first general feature evident in262

the absorption efficiency data is that the maxima shift to shorter263

wavelengths with decreasing the particle size for the short axis264

in the x, y, or z directions as shown in Figures 3 (a), (c), and (e),265

respectively.266

Interestingly, the scattering and absorption efficiencies of the267

edge-on-x case are distinctly different from the other two for268

small wavelengths. This difference can be explained by the269

direction of the electric field which is x-polarized. The spheroids270

with edge-on-x are aligned such that the short axis is parallel271

to the polarization of the electric field. In this orientation the272

electric field sees an effectively thinner spheroid that those in273

the edge-on-y and face-on orientations and the difference is thus274

more pronounced for thinner particles. The spectral changes of275

the scattering and absorption efficiency due to flattening of the276

face are described in Section 1 of the Supplemental document.277

In the edge-on-x orientation in Figures 3 (a) and (b), the278

absorption and scattering efficiencies exhibit a sharp peak at279

the shortest wavelengths λ < 0.2 µm. These sharp peaks are280

associated with localized surface plasmon resonances (LSPRs) of281

CuSbS2 as indicated by the negative values of Re(ε) in Figure 1.282
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Fig. 3. Absorption and scattering efficiencies of spheroidal
particles oriented (a, b) edge-on-x, (c, d) edge-on-y, and (e,
f) face-on. The long axes are equal to 100 nm and the short
axis varies as 4, 5, 10, 15, 25, 50, or 75 nm. Sz and Ex are the
Poynting vector and polarization of the incoming radiation,
respectively, in z and x directions. Yellow arrows indicate the
short axis direction of particles. The inset in panel (a) shows a
sharp peak at short wavelengths in the absorption efficiency
of a sphere of radius 5 nm. The inset in panel (e) displays a
zoomed-in view of the vertical axis.

As shown in the inset of Figure 3 (a), for the five nanometer thin283

spheroid the LSPR type of peak at λ = 0.09 µm is very similar284

to that of a five nanometer sphere at λ = 0.08 µm.285

To provide more details on the plasmonic properties of286

CuSbS2, we plot the dielectric function, ε(ω), and energy-loss287

function, L(ω), in terms of energy in Figure 4. The energy-loss288

function L(ω) is given by [50, 51]289

L(ω) =
ε2(ω)

[ε1(ω)2 + ε2(ω)2]
. (18)

The energy-loss function is proportional to the energy lost by290

an electron travelling through the material. A peak in the en-291

ergy loss function spectrum is identified as a possible plasmon292

peak [12]. CuSbS2 indeed has a major peak in the loss spectrum293

at 19.40 eV (λ = 0.063 µm) where the real part of the permittivity294

is negative and imaginary part is small indicating small losses295

(Figure 4).296

From the point of view of NIR applications the behavior of297

the Fano resonances here is particularly interesting. For both the298

edge-on-x and face-on orientations the Fano resonances move to299

shorter wavelengths as function of decreasing short axis length,300

and they are highly suppressed for the thinnest spheroids here.301

In contrast, for the edge-on-y case in Figure 3 (d) the Fano res-302

onances become significantly enhanced until they eventually303

broaden for the thinnest spheroids. This striking difference304
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Fig. 4. The real (black line), imaginary (red line) parts, and the
electron energy loss function (blue line) of the bulk permittiv-
ity as a function of the energy of CuSbS2.

demonstrates the sensitivity of the Fano peaks to the geometry305

and relative orientation of the particles.306

The magnitude of the total electric field distribution |E⃗(x, y)|307

at λ = 0.096 µm is presented in Figure 5 where the magnitude308

of the incident field is |E⃗0| = 1 V/m. The total field comprises309

incident, scattered, and internal field components of the full310

solution to the Maxwell’s equations. It can be seen that the311

total field near the particles becomes highly localized outside312

the particle in the vicinity of the edges where the curvature is313

high, while it is negligible inside the particles. This behavior is314

characteristic of an enhanced LSPR peak.

Fig. 5. Magnitude of the total electric field |E⃗(x, y)| in and
around the spheroidal nanoparticles for the edge-on-x case in
Figure 3. The long axes are 100 nm and the short axis varies
as (a) 10 , (b) 15 , (c) 25 , (d) 50 , and (e) 75 nm along the x di-
rection. (f) The case of a 100 nm sphere. The wavelength of
incident light is 0.096 µm.

315

To further analyze the nature of the resonances, we computed316

the multipole expansion coefficients of the scattered electric field317

as described in Section 2.D. Figure 6 shows these coefficients318

up to order N = 4 in the edge-on-x case. In the figure, the319

horizontal axis is the wavelength of an incident plane wave320

and the vertical axis is the short x axis of the spheroid. The321

short axis is varied from 10 nm (corresponding to the value 0.1322

on the vertical axis) to 100 nm (value 1.0), i.e., a sphere. For a323

sphere, it was earlier shown that there is a clear separation of324

electric and magnetic dipolar modes that dominate the two long325
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wavelength peaks [33]. However, this situation changes for the326

case of spheroids. We find that for the edge-on-x case the dipolar327

modes still dominate the long wavelength Fano peaks (λ >328

0.2 µm) for larger radii, but the contribution from higher modes329

becomes significant for smaller ones. Correspondingly, for the330

short wavelength LSPR peak there is strong mixing of the dipolar331

modes with the higher ones. We note that the contribution from332

higher modes becomes more pronounced at energies above the333

band gap (1.71 eV, 0.725 µm).

Fig. 6. Multipole expansion coefficients up to order N = 4
versus wavelength of an incident plane wave (horizontal axis)
and short axis of a spheroid (vertical axis) for the edge-on-x
case. The vertical axis is scaled such that value 1.0 corresponds
to a sphere with radius 100 nm, and 0.1 is a spheroid with
Rx = 10 nm, Ry = Rz = 100 nm.

334

In the edge-on-y case in Figures 3 (c) and (d), there is no335

distinct LSPR at short λ due to the alignment of the electric336

field with the long axis. The dipolar Fano peaks at long λ for337

absorption and scattering blueshift with decreasing size as al-338

ready mentioned, but they broaden with increasing magnitude339

around 0.5 µm. In addition, the enhanced scattering efficiency340

for Ry = 10, 15 , and 25 nm has sharp peaks. Analysis of multi-341

pole expansion shows that these Fano peaks are due to overlap-342

ping electric and magnetic dipolar modes.343

The magnitude of the total electric field at the corresponding344

Fano scattering maxima for short axis of 10, 15, and 25 nm are345

shown in Section 2 of the Supplemental document. The total346

electric fields confirm the existence of the dominating dipole347

modes at the surface of the spheroids at long wavelengths, λ >348

0.4 µm and very clearly show how the field is focused close349

to the (semi-)sharp edges of a particle. The distribution of the350

total internal electric field exists within the interior of the thick351

particle but is negligible for the thinnest spheroid. This is due to352

the confinement of the spatial volume.353

Finally, in the face-on orientation in Figures 3 (e) and (f), the354

electric field is again aligned along the long axis and there is355

no visible LSPR at short λ. Similar to the edge-on-y case, the356

dipolar Fano peaks at longer wavelengths blueshift with decreas-357

ing particle radius. However, their magnitude weakens. The358

efficiency Qabs,sca is the ratio of the cross-sectional σabs,sca and359

the geometric area with respect to the propagation direction (z)360

which is πRxRy. The geometric area of the face-on orientation361

is therefore larger than that of the edge-on orientations. This362

geometric effect is more pronounced in the scattering and ab-363

sorption cross-sections for oblate spheroids with arbitrary angles364

of incidence (Fig. S3) in Section 3 of the Supplemental document.365

B. Layers containing oblate spheroids366

This section describes the spectral characteristics of thin layers of367

thickness 200 µm containing CuSbS2 spheroids computed using368

Monte Carlo modeling (see Section 2.E). The spheroidal particles369

are dispersed within the layers in four orientations: randomly370

oriented or uniformly oriented with either edge-on-x, edge-on-y,371

or face-on (Figures 2 (b), (d), (f), and (h)). The optical constants372

of these layers are obtained from the Maxwell-Garnett effective373

medium theory (see Section 2). The layers are examined for374

different particle size, orientations, and volume fractions f .375

B.1. Randomly oriented particles376

To gain insight into a layer containing randomly oriented377

spheroids, we study a simple model obtained by averaging over378

all possible particle orientations as discussed in Section 2.E. We379

calculate the scattering and absorption cross-sections of oblate380

spheroids with an arbitrary angle of incidence for the incoming381

radiation (see section 2 of the Supplemental document). The382

average cross-sections are plotted with a dashed black line in383

Fig. S3 in Section 3 of the Supplemental document.384

The absorption and scattering coefficients and the calculated385

spectra of layers containing spheroids with long axes 100 nm386

and short axis either 5 nm or 50 nm are shown in Figure 7. The387

layer containing the smaller CuSbS2 spheroids absorbs strongly388

in the UV region (80% for λ < 0.4 µm even at low volume frac-389

tion) where absorption becomes the dominant photon transport390

mechanism (Figure 7 (c)). This trend is also seen in the single391

particle properties (Figure 3). The transmittance of the layers392

is more than 95% at wavelengths above the CuSbS2 band gap393

(λ > 0.8 µm), where the absorption is almost zero.394

Despite the large spheroids having larger absorption and395

scattering cross-sections, the smaller spheroids are more effec-396

tive photoabsorbers. This can be attributed to the physical vol-397

umes of the spheroids (Eq. (13)). It is particularly noticeable for398

λ < 0.5 µm where the absorption is weak for layers containing399

larger spheroids (Figures 7 (b) and (d)). Therefore, these small400

spheroids would serve as excellent photoabsorbers in the UV401

region. However, larger particles are more effective at scattering402

as shown by the large intensity Fano resonances in the NIR. The403

reflectance is thus more pronounced in layers containing larger404

particles.405

B.2. Fixed particle orientations406

Since significant differences were observed in the optical prop-407

erties of the individual particles after a change in orientation,408
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Fig. 7. The absorption and scattering coefficients of randomly
oriented spheriodal particles with their long axes 100 nm
and short axis (a) 5 nm and (b) 50 nm. The transmittance, ab-
sorbance, and reflectance spectra of a 200 µm thick layer em-
bedded with spheroidal particles with long axes 100 nm and
short axis (c) 5 nm and (d) 50 nm at a f = 0.0001 volume frac-
tion. The inset in panel (b) shows a schematic of a randomly
oriented configuration from Figure 2 (h).

we next consider layers containing particles with fixed orien-409

tation. The reflectance, transmittance, and absorbance spectra410

are computed for three layers containing spheroidal CuSbS2411

nanoparticles uniformly in the edge-on-x, edge-on-y, or face-on412

orientations (Figures 8 (a), (b), and (c), respectively). The long413

axes of the particles are 100 nm and the short axis 5 nm, and at414

f = 0.0001 (0.01%) volume fraction.415

The different orientations of the embedded spheroids in the416

layers significantly change the absorption onsets. In Figure 8417

(a), the absorbance of the layer containing spheroids with their418

short axis in the x direction starts to rapidly increase below419

λ ≈ 0.4 µm. By stark contrast, the onset of absorption in layers420

containing spheroids with their short axis in the y or z directions421

is redshifted to λ ≈ 0.8 µm. The onset is also different for422

layers containing randomly oriented particles (Figure 7). Thus,423

when the particles are oriented with their short axis along y, z424

or randomly, there absorbance is greatly enhanced between λ ≈425

0.2 − 0.4 µm. Additionally, the particles have higher scattering426

efficiency which results in stronger reflectance. This behavior427

in layers is expected based on the scattering and absorption428

efficiencies of the individual nanoparticles (cf. Figure 3). Note429

that reflection from the layers is largely determined by diffuse430

reflection and there is very little specular reflection. Similarly, all431

layers are characterized by a reduced absorption and increasing432

transmittance above the CuSbS2 band gap wavelength. The433

results show how the optical properties in the layers can be434

tuned by changing the relative orientation of the spheroidal435

particles.436

B.3. Volume fraction effect on the plasmonic peak437

We have shown above that a single thin spheroid oriented edge-438

on-x has a strong LSPR type of peak in the UV region. We439

investigate a layer dispersed with such spheroids at finite vol-440

ume fraction (cf. Figure 2 (b)). The CuSbS2 spheroidal particles441

Fig. 8. Calculated optical properties of a 200 µm thick layer
embedded with spheriodal particles whose long axes are
100 nm and short axis is 5 nm in the (a) x, (b) y, and (c) z di-
rection at f = 0.0001 (0.01%) volume fraction. The schematics
above the panels are taken from Figures 2 (b), (d), and (f).

have long axes of 100 nm and short axis of Rx = 5 nm, and the442

volume fraction f varies from 0.0001 to 0.1 (from 0.01% to 10%).443

The absorbance onset shifts to longer wavelengths with increas-444

ing volume fraction as shown in Figure 9. The plasmonic peak445

observed in the absorption efficiency of the single particle (Fig-446

ure 3 (a)) is only clearly identifiable in absorbance at the lowest447

volume fraction, f = 0.0001, (Figure 9 (b)). Thus the plasmonic448

peak is obscured at larger volume fractions. As expected from449

Eq. (13), increasing the volume fraction considerably increases450

both absorption coefficients and absorbance (Figures 9 (a) and451

(b)). The absorption coefficient maximum increases by a factor452

of 1000 from f = 0.01% to f = 10%.

Fig. 9. Effect of the increase in the volume fraction on the ab-
sorption coefficient and absorbance. The absorption coefficient
(a) and the absorbance (b) of spheriodal particles with long
axes 100 nm and short axis Rx = 5 nm. The volume fraction
varies from 0.1 to 0.0001. The inset in panel (a, top) is taken
from Figure 2 (b). The inset in panel (a, bottom) displays a
zoomed-in view of the vertical axis.

453

4. CONCLUSIONS454

In this work, we have extended our previous work on the opti-455

cal and NIR response of spherical CuSbS2 nanoparticles to the456

case where these particles are strongly geometrically anisotropic,457

with an oblate spheroidal shape. Due to the shape and orien-458

tation these particles exhibit considerable differences in their459

electromagnetic response, in particular when the short axis is460

parallel to the polarization vector of the incident electric field. In461

this case there is a strong LSPR type of peak for nanoscopically462

thin spheroids at short wavelengths λ < 0.2 µm. In contrast463

to spherical particles whose radius equals the short axis of the464

spheroid, the LSPR peak is accompanied by strong mixing of465

the dipolar modes with the higher ones. Of particular interest466

to NIR applications is the strikingly strong dependence of the467
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Fano resonances on the relative orientation and geometry of468

the particles. As seen in Figure 3(d), for the edge-on-y orienta-469

tion the Fano peaks are actually enhanced when blueshifting470

with decreasing short axis length. We have also examined the471

response of 200 µm thick layers embedded with spheroids using472

effective medium theory and Monte Carlo methods. Our results473

demonstrate that the onset of absorbance and transmittance of474

these layers can be considerably tuned in the sub-micrometer475

range by controlling particle orientation in the layer. This high476

degree of tunability motivates experimental exploration into477

layers with oriented anisotropic CuSbS2 nanoparticles at low478

volume fraction. Such films are promising candidates for solar479

cells, sensors, and related applications in the NIR regime.480
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