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Abstract
Light scattered by a photodetector disturbs the probing field, resulting in noise. Cloaking is an effective method to reduce this
noise. Here we investigate theoretically an emerging plasmonic material, zirconium nitride (ZrN), as a plasmonic cloak for silicon
(Si) nanowire-based photodetectors and compare it with a traditional plasmonic material, gold (Au). Using Mie formalism, we
have obtained the scattering cancelation across the visible spectrum. We found that ZrN cloaks produce a significant decrease in
the scattering from bare Si nanowires, which is 40% greater than that obtained with Au cloaks in the wavelength region of 400–
500 nm. The scattering cancelations become comparable at 550 nm, with Au providing a better scattering cancelation compared
to ZrN over the wavelength region of 600–700 nm. To include the absorption and provide a measure of overall performance on
noise reduction, a figure of merit (FOM), defined as the ratio of the absorption efficiency and the scattering efficiency of the
cloaked nanowire to that of the bare Si nanowire, was calculated. We show that the optimized ZrN cloak provides up to 3 times
enhancement of the FOM over a bare Si NW and a 60% improvement over an optimized Au-cloaked NW, in the wavelength
region of 400–500 nm. An optimized Au-cloaked NW shows up to 17.69 times improvement in the wavelength region of 600–
700 nm over a bare Si NWand up to a 2.7 times improvement over an optimized ZrN-cloaked NW.We also predicted the optimal
dimensions for the cloaked NWs with respect to the largest FOM at various wavelengths between 400 and 650 nm.

Keywords Plasmonic cloaking . Zirconium nitride . Nanowires . Core-shell . Scattering cancelation . Emerging plasmonic
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Introduction

Photodetectors are utilized in many applications including
sensing and imaging. In the pursuit of scaling down device
sizes while maintaining high responsivity, short response
time, and high photoconductive gain; semiconducting nano-
structures, especially nanowires, have been studied and shown

to be promising [1–3]. Semiconductor nanowires (NWs) show
high light sensitivity due to the large surface area to volume
ratio, as well as high photoconductive gain due to surface state
promoted charge separation. Silicon is one of the most com-
mon visible light photoconductive materials due to its com-
mon use in electronics [2] and the resulting highly developed
fabrication technology [4–7]. When silicon-based nanoscale
photodetection devices perform in the near field of the ob-
served object, they are disturbed by noise introduced due to
light scattered by the sensor itself [2, 8, 9].

Metamaterials designed by patterning of metals, insulators,
and semiconductors, such as Au/SiO2/Ag and Ag/Si, have
been found recently to manipulate the scattering of nanoscale
devices [10, 11]. Another effective method to reduce the field
disturbance from light scattered by the photosensor itself is
cloaking, where a shell is placed over the sensor which cancels
the scattering due to the electromagnetic fields from the sen-
sor, ideally over a desired range of wavelengths [8, 12, 13].
Therefore, scattering cancelation is an optimal cloaking strat-
egy to improve the signal/noise ratio [14]. Plasmonic cloaks,
which achieve scattering cancelation due to their negative
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permittivity resulting in a local polarization vector antiparallel
to that of the cloaked sensor, have been shown to be advanta-
geous [14, 15]. Plasmonic cloaking is found to be particularly
advantageous in the near-infrared, visible, and ultraviolet re-
gions, where plasmonic materials possess the desired negative
real permittivity values required to act as cloaks [8, 16, 17].
Another advantage of plasmonic cloaks is that they allow
cloaking to occur without affecting the capacity to sense ex-
ternal fields [14]. Plasmonic cloaks have been shown theoret-
ically capable of achieving scattering cancelation of spheres
[17, 18] and cylinders [15]. In the solution to Maxwell’s equa-
tions for both spheres [17, 19] and cylinders [15] within the
quasi-static limit, where the object is smaller than the wave-
length of light, the electric dipole is the dominant scattering
term and can be canceled by a thin shell with a real permittiv-
ity less than the permittivity of free space. Muhlig et al. [20]
showed that fused silica core nanoparticles with silver shells
produced a noticeable suppression of the scattering. In the
case of one-dimensional nanostructures, Fan et al. [21]
showed that a gold overcoat could be engineered to suppress
the light scattering of a silicon nanowire photodetector in the
visible region at around 600 nm, under TM-polarized white
light. It was observed that the scattering was reduced by over
two orders of magnitude at the cloaking resonance.
Additionally, Paniagua-Dominguez et al. demonstrated theo-
retically that the inverse structure, a silver metal nanowire
coated with a silicon dielectric shell, also strongly reduces
light scattering by three orders of magnitude compared to a
bare silver wire [22]. However, designs including metals, es-
pecially Au, have challenges of incompatibility with Si fabri-
cation. New plasmonic materials and designs more compati-
ble with Si industrial processing are needed for greater scat-
tering cancelation over the desired wavelength ranges and
minimal interference with the absorption of the photosensor.

Transition metal nitrides recently have been identified as
new plasmonic materials [23, 24]. These metal nitrides have
real permittivities comparable to traditional metals such as Au,
in the visible range, and unlike the traditional plasmonic
metals, their plasmon properties and therefore resonance can
be tuned by changing the processing methods and/or vari-
ables. Additionally, they can be fabricated with nm-level pre-
cision and can be integrated more easily into silicon-based
devices without the concern of volume expansion and stress
at the silicon-plasmonic material interface due to diffusion, as
is common with Au which has a low eutectic temperature of
363 °C [25]. Transition metal nitrides also have exceptional
mechanical properties, high melting points, and chemical sta-
bilities, and are thus used widely as protective coatings and
diffusion barriers [26]. Finally, transition metal nitrides are
compatible with CMOS technology enabling lower fabrica-
tion costs, easy integration, and upscaling in mainstream in-
dustrial electronic devices, unlike gold which is a known con-
taminant to circuitry and thus not CMOS compatible [26, 27].

One such example of a transition metal nitride is ZrN. The
optical properties of ZrN largely depend on the growth con-
ditions and it has been shown to behave metallically when
non-stoichiometric due to nitrogen deficiency [28]. Such a
metallic ZrN fits a Drude-Lorentz model, resulting in dielec-
tric functions describing metallic behavior and a cross-over
wavelength, defined as the real part of the permittivity cross-
ing zero, in the blue wavelength region of the visible spectrum
[23]. Furthermore, Lalisse et al. found ZrN to have better
plasmonic properties for near-field applications than gold
through their figure of merit, the Faraday number, which de-
termined ZrN nanoparticles to be 1.5 times better than Au
nanoparticles, making it a better plasmonic material for the
enhancement of the optical near field [29]. These properties
make ZrN an ideal candidate to act as a plasmonic cloak for
photosensors in the visible region.

In this work, we demonstrate theoretically, for the first
time, that a conformal ZrN shell acts as a plasmonic cloak
for silicon nanowire-based photosensors. We utilize a Mie
formalism to gain understanding of the effectiveness of ZrN
and Au cloaks on a Si NW. Key optical properties, including
scattering, polarization vectors, and absorption were comput-
ed as functions of the operating wavelength of light.
Dimension parameters, such as the Si nanowire diameters,
shell thicknesses for ZrN and Au, were varied systematically.
Optimal dimensions for each wavelength for both cloaking
materials were identified. This strategy allows us to identify
the effective cloak materials and dimensions for different
wavelength regimes in the visible range. Specifically, based
on calculations of a wide range of Si NWradii (10 nm–50 nm)
and shell thicknesses (1 nm–50 nm) for both Au cloaks and
ZrN cloaks, we found that a ZrN cloak on Si shows a greater
scattering cancelation in 400–500 nm compared to a Au cloak,
while a Au cloak gives a greater scattering cancelation than
ZrN in 600–700 nm. Through calculating polarization vectors,
we found that the improved scattering cancelation at a partic-
ular wavelength is due to the better matching of the polariza-
tion vectors between the core and the shell in the correspond-
ing wavelength range. A schematic of the cloaked photode-
tector is shown in Fig. S2. In the cloaked Si-wire-based pho-
todetector, the near-field scattering is reduced by the dipole
polarization in the shell. We used the ratio of the absorption
efficiency to the scattering efficiency as a key figure of merit
to measure the overall performance of the photodetector. We
found it improves for both Au- and ZrN-cloaked NWs over
that of the bare Si NW. Overall, the optimal configurations in
terms of material and dimensions for the highest figure of
merit were identified and presented for the wavelength region
of 400–700 nm. Our work demonstrates that a ZrN cloaking
can be an effective approach for improving nanowire-based
photosensors. Our results open the potential for designing
novel-cloaked photosensors with high performance and de-
creased noise based on the wavelength region of interest.
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Methods

The NWs are modeled as cylinders of infinite length
with the incident light perpendicular to the NW axis.
Using Mie formalism developed for cylinders with and
without a shell, rigorous solutions to Maxwell’s equa-
tions are obtained and thus the scattering efficiency and
the absorption efficiency of individual layers and of the
total nanowire are calculated [30–32]. The dielectric
constants as a function of wavelength are obtained from
previous literature [23, 33, 34]. Figure S3 summarizes
the real and imaginary parts of the dielectric constants
for ZrN and Au used in our study.

The scattering efficiencies were calculated for wires
under unpolarized light with the nanowires being smaller
than the wavelength of light in the radial direction. For
sensors detecting polarized light, a similar method can be
used. We consider the light to be unpolarized and break it
into its transverse electric (TE) component, where the
magnetic field is parallel to the nanowire axis, and its
transverse magnetic (TM) component, where the electric
field is parallel to the nanowire axis. In the quasi-static
limit, normal incident TE and TM polarized light produce
scattering due to contributions from lower order multi-
poles (up to dipolar contributions) [35]. We confirmed
the lack of higher order multipole contributions using a
case example of a 28-nm diameter Si NW with a 10-nm
Au shell (Fig. S4(a)), which shows quadrupole contribu-
tions to the scattering are 3 orders of magnitude less than
dipole contributions, and octupole contributions are 8 or-
ders of magnitude less than dipole contributions. Similar
features were confirmed in other dimensions. The TM
modes dominate the scattering efficiency in such wires
(Fig. S4(b)). We evaluate the scattering cancelation of
the TE and TM components by comparing the total scat-
tering efficiency of the cloaked nanowire to the bare
nanowire, which were calculated from the Mie coeffi-
cients as follows:
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The Mie coefficients an and bn are calculated similarly to
that described in a previous work [30], and the details are
shown in the supplementary information. Here, k0 is the wave-
number of the incident light in the medium and r is the total
radius of the NW considered. The total scattering efficiency
for the unpolarized light can then be calculated as the average
of the scattering from the TE and TM counterparts:

Qsca ¼
1

2
Q TMð Þ

sca þ Q TEð Þ
sca

n o

ð3Þ

The total scattering efficiencies were normalized by divid-
ing the efficiencies by the highest efficiency value from the
bare silicon nanowire with a diameter identical to that of the Si
core in the cloaked structures.

The addition of the shell to the bare NW introduces one ad-
ditional degree of freedom and can be manipulated to cancel the
effect of the dominant scattering term, the dipole term. The ef-
fectiveness of this shell in canceling out the scattering term, and
hence acting as a reliable cloak, can be evaluated by calculating
its polarization vector antiparallel to that of the core and hence its
dipole moment. The polarization is given by:

P ¼ D−ε0E ¼ ε j−ε0
� �

E ð4Þ

Here, εj and ε0 are the permittivities of the material and free
space respectively, and E is the electric field calculated from
Mie formalism, following a similar methodology as that de-
scribed by our previous work [30]. The dipole moment p per
unit length can be obtained by integrating the polarization
over the entire cross-section of the cloaking shell:

p ¼ ∫dA ε j−ε0
� �

E ð5Þ

To determine the overall efficiency of the device, we take both
absorption and scattering into consideration. The absorption ef-
ficiency for the TM and TE waves were calculated by first eval-
uating the extinction efficiency, and then using both the scattering
efficiency and the extinction efficiency as follows:

Q TMð Þ
ext ¼ 2

k0r
∑
þ∞

n¼−∞
Re b TMð Þ

n

� �� �

ð6Þ

Q TMð Þ
abs ¼ Q TMð Þ

ext −Q TMð Þ
sca ð7Þ

Q TEð Þ
ext ¼ 2

k0r
∑
þ∞

n¼−∞
Re a TEð Þ

n

� �� �

ð8Þ

Q TEð Þ
abs ¼ Q TEð Þ

ext −Q TEð Þ
sca ð9Þ

Qabs ¼
1

2
Q TEð Þ

abs þ Q TMð Þ
abs

n o

ð10Þ

Wefurther evaluated the absorption efficiencywithin individual
layers, which is the ratio of the power absorbed over the power
incident per unit length of the wire, and can thus be calculated for
each layer by setting the integration limits appropriately:
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Here, E0 is the magnitude of the incident field on the wire,
and Er, EΦ, and Ez can be calculated from theMie coefficients.
Using this, we can evaluate the performance of the cloaked
nanowire photosensor using the ratio of the absorption effi-
ciency to the scattering efficiency.

We calculated the ratio of the absorption to scattering effi-
ciency and use the ratio of that from a cloaked core-shell NW
system over that of a bare Si NWas a figure of merit (FOM).

FOM ¼ ηið Þc;cloaked= Qscað Þcloaked
ηið Þbare= Qscað Þbare

¼ ηið Þc;cloaked � Qscað Þbare
ηið Þbare � Qscað Þcloaked

ð14Þ

where (ηi)c, cloaked is the absorption in only the Si core and
(Qsca)cloaked is the overall scattering in the cloaked system,
while (ηi)bare and (Qsca)bare represent the same in a bare Si
NW. For an ideal cloaked sensor, the scattering of the cloaked
NW ((Qsca)cloaked) should correspond to a minima at the wave-
length where the bare Si NW scattering is a maxima
((Qsca)bare). At the same time, the cloaking shell should not
prevent absorption in the core, so that the absorption in the
core ((ηi)c, cloaked) is sufficiently high for it to act as a
photosensor.

The dimensions considered in this study are from 10 to
50 nm radii for the Si NWor the Si core in the cloaked core-
shell structure, and from 1 to 50 nm for the shell thicknesses.
These dimensions were chosen based on feasibility of fabri-
cation of the different components of the cloaked system, with
the radii for Si NWs chosen being the most common dimen-
sions fabricated, and the thickness of the shell being controlled
with a nm-level precision using various techniques [28, 36].

Results and Discussion

To compare the cloaking ability of a ZrN shell on a Si NW
with a traditional plasmonic material such as Au, contour plots
of the total scattering efficiency, as functions of the core Si
NW radius and the cloaking shell thickness, were plotted in
the visible wavelength region between 400 and 700 nm, at
50 nm intervals. Figure 1a and b plot such contours at two
example wavelengths at 500 nm and 650 nm. Results for other
wavelengths are included in the SI. The rationale of presenting
500 nm and 650 nm results here is explained below.

Figure 1a plots the scattering efficiency at 500 nm as a
function of the Si core radius and the ZrN shell thickness.
All scattering efficiencies were normalized to the highest scat-
tering efficiency identified in the data set. This contour shows
lower scattering efficiencies occur for small core radii and

shell thicknesses, with the lowest scattering being 0.02 at a
core radius of 11 nm and a shell thickness of 11 nm. This
contour provides an opportunity to systemically study the
scattering at various dimensions for different cloaking mate-
rials at a given wavelength. For instance, a contour plot where
Au is used as the cloaking shell at 500 nm is shown in Fig. 1c.
Comparing the lowest scattering efficiencies obtained from
contour plots for all wavelengths, we found that ZrN cloaks
with optimized dimensions are able to perform better than Au
cloaks particularly in the wavelength range of 400–500 nm.
Due to this, we present the plot at 500 nm for ZrN cloaking
structures here. Similarly, Au cloaks perform better in the
wavelength range of 600–700 nm, so we use 650 nm as the
example for Au cloaking structure.

Specifically, the contours also allow us to identify the di-
mensions of the cloak which provide greatest scattering can-
celation to a given Si NWat a particular wavelength. A bare Si
NW with a radius of 19 nm shows a maximum scattering at
500 nm compared to bare Si NWs of other dimensions (Fig. 1a
and Fig. 1e black). A ZrN shell could provide further reduc-
tion of the scattering, and we identified that a ZrN shell with a
22-nm thickness shows the lowest scattering specifically for
this Si core diameter (Fig. 1a). Similarly, a 25-nm thickness
was identified as the most effective Au cloak for this Si core
diameter (Fig. 1c). A comparison for the scattering cancel-
ation in these two structures, the Si (19 nm radius)/ZrN
(22 nm thickness) NW and the Si (19 nm radius)/Au (25 nm
thickness), as a function of wavelength, is summarized and
presented in Fig. 1e. Clearly, it also confirms that ZrN (Fig. 1e,
green) and Au (Fig. 1e, red) cloaks with the specific thick-
nesses both effectively reduce the maximum scattering of the
bare Si NWs at 500 nm (Fig. 1e black). In addition, this ZrN
cloak also shows a consistent effective cancelation, greater
than the Au cloak (Fig. 1e, red), throughout the visible wave-
length region from 470 to 800 nm (Fig. 1e, green). Though the
scattering efficiency values are relatively close for the ZrN
cloak and the Au cloak, the better compatibility with the
CMOS technology and easier integration with Si systems, as
mentioned earlier, makes ZrN a superior cloaking material.

Notably, the scattering cancelation behaviors by cloaks are
highly dependent on the working wavelength. This can be
evident from an analysis performed for the wavelength of
650 nm. Figure 1b plots the scattering efficiency at 650 nm
as a function of the Si core radius and the Au shell thickness.
In Fig. 1b, the lowest value of scattering efficiency is 0.002 at
a core radius of 11 nm, and a shell thickness of 6 nm. A ZrN
shell, at this wavelength, however, has a scattering efficiency
value of 0.004 for a core radius of 11 nm and shell thickness of
5 nm (Fig. 1d), which is greater than that of the Au cloak. To
find out the dimensions for the greatest scattering cancel-
ations, bare Si NW of radius 28 nm was identified as the
dimension of a bare Si NW with the highest scattering effi-
ciency at 650 nm. The greatest scattering cancelations for a Au
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shell and a ZrN shell for this core diameter are 0.05 (18-nm
shell thickness) and 0.08 (16-nm shell thickness) respectively.
At 650 nm, the Au shell provides greater scattering cancel-
ation compared to a ZrN shell. Figure 1f plots the scattering
efficiency as a function of wavelength, for these structures,
i.e., the bare Si NW with a 28-nm radius, the core-shell
NWs with an 18-nm Au shell (red) and a 16-nm ZrN shell
(green). It can be seen that the performance of the Au-cloaked

and the ZrN-cloaked NWs are similar, up till the wavelength
of 540 nm, after which the Au shell provides a greater scatter-
ing cancelation till a wavelength of 680 nm.

Figure S5a and S5b compare the contour plots at 450 nm,
while Fig. S5c and S5d compare the contour plots at 600 nm.
A 15-nm radius Si NW has the highest scattering efficiency
for 450 nm; the greatest scattering cancelation for such a wire
is with a 24-nm ZrN shell (0.16) and a 22-nm Au shell (0.24).

Fig. 1 Scattering efficiency under unpolarized illumination as functions
of the core radius and shell thickness. a Contour for ZrN cloaks and c Au
cloaks at a wavelength of 500 nm. b Contour for Au cloaks and d ZrN
cloaks at a wavelength of 650 nm. Yellow and white crosses refer to the
dimensions for lowest scattering efficiency and greatest scattering
cancelation respectively, with the two numbers in the parentheses
referring to core radius and shell thickness, in the unit of nanometer,

respectively. e Scattering efficiency under unpolarized illumination for a
19-nm (radius) bare Si NW (black), a 19-nm Si NW with a 25-nm Au
shell (red), and a 19-nm Si NW with a 22-nm ZrN shell (green). f
Scattering efficiency under unpolarized illumination for a 28-nm
(radius) bare Si NW (black), a 28-nm Si NW with an 18-nm Au shell
(red), and a 28-nm Si NW with a 16-nm ZrN shell (green)
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A 25-nm radius Si NW has the highest scattering efficiency
for 600 nm, for which an 18-nm ZrN cloak (0.10) and a 16-nm
Au cloak (0.06) give the greatest scattering cancelations. From
our observations of the contour plots, we can thus conclude
that there are two wavelength regimes: (1) between 400 and
500 nm, where a ZrN shell provides better performance in
terms of scattering compared to a Au shell, and (2) between
600 and 700 nm, where a Au shell provides better perfor-
mance in terms of scattering compared to a ZrN shell. In
between these two wavelength regions, at 550 nm, the scatter-
ing efficiencies provided by a ZrN shell and a Au shell are
similar in magnitudes.

To gain insight into what guides the differences in scatter-
ing cancelation, the polarization vector is plotted at the wave-
length corresponding to greatest scattering cancelation for the
optimized systems studied in Fig. 1a and c. The goal of plas-
monic cloaking is to reduce the dipolar scattering, which is
measured by the response of the polarization vector (P) (Eq.
4). For the core where εj > ε0, dipolar fields are induced by the
local field as a result of exciting the electric field (E). This is
canceled by placing a shell which has εj < ε0 and is ideally
negative. Thus, its resulting polarization vector is antiparallel
to that of the core, canceling the original dipole moment of the
core itself, and thus the scattering [37]. Therefore, the greatest
scattering cancelation is caused when the polarization in the

shell (Pshell) at any given wavelength is equal inmagnitude but
opposite in sign to the polarization in the core (Pcore).

Figure 2a corresponds to the polarization vector for a 19-
nm radius Si NW, while Fig. 2c corresponds to a hollow ZrN
nanotube whose inner diameter is 19 nm and thickness is
22 nm, surrounded by air, at a wavelength of 500 nm.
Figure 2a and c show that the polarization vectors for the Si
core and the ZrN cavity are almost equal and opposite, with
the maximum values of the magnitudes of the polarization
vectors being within an order of difference, and the ratio of
the magnitudes of the averaged polarization in the core to that
in the shell being 0.7. In contrast, at the same wavelength, a
hollow Au nanotube (Fig. S6a), with an inner radius of 19 nm
and a thickness of 25 nm, has a maximum polarization mag-
nitude 2.5 times larger than that of ZrN, with the correspond-
ing ratio of Pcore to Pshell being 0.5. As the dipole moment is
the major contributor to the scattering, it can be concluded that
the better matching between Pcore and Pshell leads to greater
scattering cancelation for a ZrN-cloaked NW in comparison to
a Au-cloaked NW, at this wavelength.

A similar conclusion can also be stated for the better per-
formance of Au at a wavelength of 650 nm. Figure 2b and d
plot the polarization contours for a 28-nm radius Si NW, and
an 18-nm hollow Au nanotube of inner radius of 28 nm
surrounded by air, while Fig. S6b plots a hollow ZrN nanotube

Fig. 2 a Polarization for a 19-nm Si core NWat 500 nm, b polarization for a 28-nm Si core NW at 650 nm, c polarization for a ZrN cavity with inner
radius 19 nm and thickness of 22 nm at 500 nm, d polarization for a Au cavity with inner diameter 28 nm and thickness of 18 nm at 650 nm
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of thickness 16 nm and inner radius of 28 nm. The maximum
value of the magnitude of the polarization for the Au cavity is
only two times greater than that of the Si core, with the ratio of
Pcore to Pshell being 0.95. The close matching of the polariza-
tion vectors leads to a very high scattering cancelation and
therefore a very low scattering efficiency value of 0.05 as
shown in Fig. 1b. Figure S6b, on the other hand, shows the
maximum value for a 16-nm ZrN cavity being about 8%
greater than that of the Au cavity, and the ratio of Pcore to
Pshell being 0.83. This leads to a slightly higher scattering
efficiency value of 0.08. Thus, it can be concluded that the
polarization of the shell being antiparallel to the polarization
of the core with almost matching magnitudes plays a crucial
role in scattering cancelation.

To further understand the design of Si NW-based
photosensors, we analyzed the scattering efficiency for vari-
ous Si NW core diameters and ZrN shell thicknesses (Fig. 3).
For each core diameter, the scattering peak of the cloaked NW
(green) decreases over all visible light wavelengths compared
to that of the bare wire (black) as the shell thickness increases
from 5 to 20 nm. As seen in the 15-nm radius Si NW case
(Fig. 3a) where the bare Si NW has a scattering peak at
450 nm, two features are observed in the presence of the
ZrN shell. Firstly, the scattering peak blue shifts by 20 nm,
30 nm, 40 nm, and 50 nm with shell thicknesses of 5, 10, 15,
and 20 nm respectively. The blue shift is likely a consequence
of increasing the total NW diameter, as previously demon-
strated [38–40]. Secondly, as the ZrN shell thickness in-
creases, the value of the scattering maxima decreases while

at the same time, the minima also start increasing. Therefore,
at wavelengths below 500 nm, a 20-nm ZrN shell results in the
best cloaking for this radius. However, at higher wavelengths
above 600 nm, the 20-nm ZrN shell is no longer the best
choice due to increase in the scattering efficiency. In this
wavelength region, a 5-nm or a 10-nm ZrN shell would be
more beneficial for scattering reduction for this radius of the
silicon NW.

To explain the increase in the scattering at higher wave-
lengths for thicker ZrN shells, Fig. S7a plots the ratio of the
magnitudes of the averaged polarization in the core to that in
the shell as a function of wavelength for a 15-nm radius Si
NW core with a 5-nm thick ZrN shell and a 20-nm thick ZrN
shell. It can be seen that the Si/5 nm ZrN NW has a high ratio
initially, implying that the Si core is dominating the scattering.
Subsequently, the ratio starts decreasing until it is closest to
1 at 670 nm, which is where the minima of the scattering peak
are. After this, the ratio goes below 1, and the ZrN shell starts
controlling the scattering, due to a stronger polarization. As
the 5-nm ZrN shell has a low scattering by its own (Fig. S7b),
the scattering efficiency remains low in the wavelength region
670–800 nm. For the Si NW/20-nm ZrN shell, Fig. S7a shows
that the ratio of Pcore to Pshell crosses 1 at 480 nm, which
correlates to the minima in Fig. 3a. Additionally, the polariza-
tions are more closely matched initially, compared to the Si
NW/5 nm ZrN shell, which is the reason for the smaller peak
scattering efficiency values. However, the ratio drops below 1
faster than that for the 5-nm ZrN shell, and the 20-nm ZrN
shell starts dominating the scattering, which combined with its

Fig. 3 Normalized scattering
efficiencies under unpolarized
illumination as a function of
wavelength plotted for bare Si
NW (black), and ZrN shell
thicknesses of 5, 10, 15, and
20 nm (green) for a 15-nm radius
silicon nanowire and core, b 20-
nm radius silicon nanowire and
core, c 25-nm radius silicon
nanowire and core, and d 30-nm
radius silicon nanowire and core.
The legend for all labels is in a
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own high scattering (Fig. S7b) leads to higher values of the
scattering efficiency after the minima at 480 nm. These trends
of blue-shifted scattering peaks, reduced scattering with in-
crease of the ZrN shell thickness, and increased scattering
after the scattering minima are also observed over the core
radius range of 20–30 nm (Fig. 3b–d). Therefore, it is impor-
tant to optimize the shell thickness to get the greatest scatter-
ing cancelation at a given wavelength.

The Si NW core radius also impacts on both the
photosensor performance and cloaking efficiency of the ZrN
shell. The scattering spectrum of a bare Si NW is diameter
dependent. The scattering peak red-shifts with increase in
the Si NW diameter: 450, 520, 600, and 680 nm for Si NW
radii of 15, 20, 25, and 30 nm respectively. For a given ZrN
thickness, for example, 10 nm, the wavelength at which the
scattering efficiency approaches zero (defined as less than
scattering efficiency of 0.1) also red-shifts with the peak as
the radius of the Si NW core increases. Therefore, the Si NW
cores with different radii have differences in the scattering
efficiencies and this is why the same ZrN shell thickness
would not provide the greatest scattering cancelation for dif-
ferent radii of the core.

A reduction in scattering efficiency is not the only param-
eter to determine the performance of the photosensor; the ab-
sorbance of the incident electromagnetic radiation is also a
determining factor [41]. The absorption efficiencies of a bare
Si NWand a cloaked Si NWare presented in Fig. 4. Figure 4a
compares the efficiencies of the optimized Si/ZrN NW (with
respect to greatest scattering cancelation at 500 nm, with the
core radius and shell thickness of 19 nm and 22 nm respec-
tively), to that of the optimized Si/Au NW, with core radius
and shell thickness of 19 nm and 25 nm respectively. It shows
that the Si/ZrN system (solid green line) improves absorption
for the whole wire over that of the bare Si NW (black line), on
an average by 2.4 times at lower wavelengths (up to 550 nm)
and as much as 10 times in the longer wavelength region

(650 nm–800 nm). There is a reduction in the absorption effi-
ciency of just the Si core in the Si/ZrN system (green dashed
line) on average by 40% from that of the bare NW at wave-
lengths up to 550 nm, with the shell contributing to the rest of
the absorption. Similar features are also seen for the Si/Au
system, where the Si/Au system (solid red line) improves ab-
sorption of the whole wire over that of the bare NW (solid
black line) on an average by as much as 3 times at lower
wavelengths (up to 520 nm), and about 2 times between 600
and 750 nm. The absorption efficiency of just the Si core in the
Si/Au system (red dashed line) is comparable to that of the
core in the Si/ZrN system, with the Si core in the latter ab-
sorbing slightly better in the wavelength region of 400–
500 nm. We acknowledge that due to the larger value of the
imaginary part of the dielectric constant of ZrN as compared
to Au (Fig. S3) in the wavelength region greater than 500 nm,
the loss in the ZrN shell due to the generation of evanescent
waves is expected to be greater than that of Au. Notably, in the
wavelength region (400–500 nm) ZrN has a lower value of the
imaginary part of the dielectric constant and hence lower
losses, and ZrN is found to outperform Au with respect to
the FOM defined in Eq. (14) as shown later, thereby establish-
ing that it is a superior cloak in the region of 400–500 nm.

Figure 4b shows the efficiencies of the optimized (with
respect to greatest scattering cancelation at 650 nm) Si/ZrN
NW, with core radius and shell thickness of 28 nm and 16 nm
respectively, and compares with that of the optimized Si/Au
NW, with core radius and shell thickness of 28 nm and 18 nm
respectively. Similar features are observed with the cloaked
systems absorbing better than the bare NW. The absorption in
the core decreases, with that in the Au-cloaked system and in
the ZrN-cloaked system being similar. Our results show that
the absorption in the Si is decreased in the cloaked system
compared to the bare Si NWs, which is not favorable.
However, the observed absorption in the silicon core of the
ZrN-cloaked nanowire indicates that non-negligible fields are

Fig. 4 Normalized absorption efficiencies under unpolarized illumination
as a function of wavelength plotted for a 19-nm radius bare (black), 22-
nm ZrN shell cloaked (solid green), and 25 nm Au shell cloaked (solid
red) silicon NWs. The figure also includes the efficiencies in the core of

the corresponding NWs (dashed line), b 28-nm radius bare (black), 16-
nm ZrN shell cloaked (solid green), 18-nm Au shell cloaked (solid red)
silicon NWs. The figure also includes the efficiencies in the core of the
corresponding NWs (dashed line)
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able to penetrate the silicon core, resulting in absorption for
photocurrent generation [41]. Fan et al. experimentally ob-
served strong absorption in a Au-cloaked Si NW and photo-
current generation similar to that of a bare nanowire [21]. Our
simulation results are reasonably close to their simulated ab-
sorption data (peak absorption efficiency around 0.9 at
570 nm), showing an absorption efficiency of 0.9 at 560 nm
for the 20-nm thick Au-cloaked Si NW of 50 nm diameter.
This indicates the absorption in the Si core of our core-shell
system could also be sufficiently high for photocurrent gener-
ation and is suitable for photosensor applications.

To evaluate the overall photosensor performance of the
cloaked NWs, we calculated a FOM using the definition in
Eq. (14), which calculates the enhancement in the ratio of
absorption efficiency to the scattering efficiency of the
cloaked NW over that of the bare Si NW. A higher FOM
indicates that the probed field is less disturbed by the light
scattered by the photosensor itself, and/or more absorption is
achieved by the photosensor, together resulting in a better
signal/noise ratio in the photosensor signal [8]. Figure 5a
shows the contour plot of the FOM as functions of the core
radius and the shell thickness, at 500 nm, for ZrN. The highest
FOM at this wavelength was found to be 2.95, provided by an
11-nm radius Si core NW with a 9-nm thick ZrN cloak. In
comparison, Fig. S8a shows the contour plot of the FOM for
Au at 500 nm. The highest FOM for Au is 1.86 for an 11-nm
radius Si/9 nm Au shell system, which is about 60% less than
the highest FOM value for ZrN at this wavelength.

Similar dominance of a ZrN shell over a Au shell is also
observed in the wavelength regime of 400–500 nm. After
550 nm, in the wavelength regime of 600–700 nm, the Au shell
performs better than ZrN. Figure 5b and S8b are comparing the
highest FOM for 650 nm based on the contour plots. For the Si/
Au (Fig. 5b), the highest FOMvalue is 17.69 for a 12-nm radius
Si NW with a 6-nm thick Au shell, which is 2.7 times greater
than the highest FOM identified for ZrN (Fig. S8b) found in the

structure of 12-nm radius Si NW/5-nm thick ZrN shell.
Therefore, when it comes to overall performance of Si NW-
based photosensors in the visible regime, we notice two definite
regions: (1) lower wavelength regime of 400–500 nm where
ZrN cloaks will result in better performance than Au cloaks,
and (2) higher wavelength regime of 600–700 nm where Au
cloaks will be better compared to ZrN cloaks. Table 1 summa-
rizes the optimal cloak material and material thickness, as well
as the Si NW core radius, for the highest FOM. We notice that
between 700 and 800 nm, bare Si NWs have very low scatter-
ing (between 0.05 and 0.3); therefore, the cloaking strategy by
either ZrN or Au would not be effective in improving the per-
formance. Additionally, from a fundamental point of view, we
notice that the system which shows the greatest scattering can-
celation in Fig. 1 does not necessarily display the highest FOM.
This implies that despite having a high scattering cancelation,
the absorption in these systems is not high. The FOM value of
the for the cloaked ZrN system in Fig. 1 (19-nm Si core/22-nm
ZrN shell) at 500-nm wavelength is 2.24, which is much lower
than the value of 2.95 shown by the 11-nm core Si/9-nm ZrN
shell system. Similar observations are also made at other wave-
lengths, as well as for the Au/Si NW systems, signifying that for
best performance, both the absorption and the scattering need to
be taken into consideration.

Our observations of the scattering cancelation and the
FOM give us an important way of predicting the properties
of a plasmonic cloak. From Fig. S3, we see that in the region
between 400 and 500 nm, the real part of the dielectric con-
stant (ε1) for ZrN is slightly lower than that for Au, implying
that in this region it is slightly more metallic. At the same
time, the optical loss, indicated by the imaginary part of the
dielectric constant (ε2) for ZrN is much lower than that for
Au. Thus, ZrN acts as a better plasmonic cloak in the region
of 400–500 nm. Conversely, the same reason can also be
argued for the better performance of Au compared to ZrN in
the region of 600–700 nm.

Fig. 5 FOM contour plots as functions of core radius and shell thickness
for a a ZrN cloak at 500-nm wavelength, and b a Au cloak at 650-nm
wavelength. Black and blue crosses refer to the dimensions for highest

FOM and FOM for the optimized system in Fig. 1 with respect to scat-
tering cancellation respectively, with the two numbers in the parentheses
referring to core radius and shell thickness respectively
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All the calculations so far were done under normal inci-
dence of light (taken as 0° with respect to the normal). Fig. S9
shows the dependence of the scattering efficiency and the
absorption efficiency on the angle of incidence for a bare
19-nm Si NW and a 19-nm Si NW with a 22-nm ZrN shell.
Though the scattering by the bare NW decreases with an in-
crease in the angle of incidence, at the same time its absorption
decreases. For the ZrN-cloaked NW, the scattering is almost
independent of the angle of incidence, but the total absorption,
as well as the absorption in the core increases. So, it is expect-
ed that the ZrN cloak will still show an improved FOM for
different angles of incidence.

Conclusion

In conclusion, ZrN has been shown to act as a plasmonic
cloak, canceling the scattering of a silicon nanowire. ZrN
cloaks a silicon nanowire without substantially compromising
the absorption, resulting in a less-intrusive, better-performing
silicon nanowire photosensor. Additionally, we have com-
pared the performance to a traditional plasmonic material Au
and have shown that ZrN cloaks fare better in terms of scat-
tering cancelation in the wavelength region of 400–500 nm,
with the performance becoming comparable at 550 nm.
However, a Au cloak performs better in the regime of 600–
700 nm. We also observed, through absorption-efficiency cal-
culations, the absorption of the photosensor across the visible
spectrum increases, while still maintaining high enough ab-
sorption in the silicon core to produce photocurrent, for both
ZrN and Au cloaks. We used a figure of merit to incorporate
both the absorption and scattering efficiencies and showed
that a ZrN cloak has a higher FOM value than a Au cloak in
the wavelength region of 400–500 nm, with the highest value
being 2.95 at 500 nm. AAu cloak, however, performs better in
the wavelength region of 600–700 nm, with the highest value

being 17.69 at 650 nm. The dimensions and materials for the
plasmonic cloaks have also been included for the wavelength
region of 400–650 nm. Ag can also be used as an effective
cloak for a Si photosensor, and their performance is better than
both Au and ZrN across the visible spectrum (Fig. S10).

Alternative plasmonic materials such as ZrN have the po-
tential to be used as better plasmonic cloaks than traditional
metals. Due to the tunability of the optical properties of these
alternative materials [23, 24, 42], the magnitude of the permit-
tivity can be controlled to best match the desired to-be cloaked
core to cancel scattering. Many fabrication techniques exist
for synthesis of metallic nitrides, including atomic layer depo-
sition and molecular beam epitaxy that produce high-quality
nitride films with precise thickness control, thus allowing for
fabrication of sub-10-nm ZrN shells on Si NWs. Our data
indicates that alternative plasmonic materials can be used to
improve the measurements of near-field probing and
nanoscopic imaging nanowire photosensors.
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