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Abstract. We report a polarization-dependent reflector beyond normal
incidence with a subwavelength nanoparticle chain. Polarization-depen-
dent reflection with high reflectivity or high transmissivity can be obtained
with this structure. Light waves of transverse electric/magnetic mode will
be reflected, while the transverse magnetic/electric mode will transmit
through. The structure shows a certain degree of tolerance of incident
angle, technical fabrication, and even particle shape. We hope the low-
loss and compact structure can find applications in photonic circuits
such as gallium nitride-based light sources. © The Authors. Published by SPIE
under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of
this work in whole or in part requires full attribution of the original publication, including its
DOI. [DOI: 10.1117/1.OE.52.6.068001]
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1 Introduction
As one of the most prevalent optical devices, reflectors are
widely used in imaging, solar energy collection, laser
cavities, etc. Traditionally, metallic mirrors are used to reflect
light over a broad range of frequencies. However, in the
infrared and visible light region, losses from mirrors are
inevitable and may severely limit the performance of reflec-
tor-based devices. To avoid metallic losses, much effort has
been devoted to the area of total or anomalous reflection
based on all-dielectric structures, such as conventional dis-
tributed Bragg reflectors, bandgap-based photonic crystal,1–4

and resonant gratings.5 However, they suffer from issues of
scale (too large), due to periodicity, or frequency (too nar-
row), due to the resonance effect.

Recently, a new ultra-compact structure (i.e., an all-
dielectric subwavelength-particle chain) has offered another
option for light control. The properties of the structure have
found many applications in physics and engineering, includ-
ing light energy transfer,6,7 light generation,8–13 negative
transmission,14 optical sensing and detecting,15 and nonlin-
ear optics.16 These works provide us deep insight into the
extraordinary scattering properties of the nanoparticle chain.

Based on the all-dielectric subwavelength-nanoparticle
chain, in this paper, we propose an alternative design for
a reflector without any metallic losses. Numerical methods
such as finite-difference time-domain17 or finite element
method can be used for numerical results for the reflector.
But for the underlying physics, theoretical analysis is

necessary. Multiple scattering theories are wildly used for the
calculation of nanoparticles.14,18 However, they are limited to
circular particles. In this work, a simple analytic analysis is
used for a reflector composed of square nanoparticles. We
show that our ultra-compact, broadband reflector can totally
reflect polarized light beyond the normal incidence. Our
device has also great potential as a compact on-chip polarizer
for separating two linearly polarized light beams by reflect-
ing one polarized beam and transmitting the other.

Obviously, our design can be widely used in optical
devices. To show this with a typical example, we choose
an all dielectric nanoparticle-based reflector made of gallium
nitride (GaN) working in the blue light region (with a wave-
length of about 450 to 495 nm). The reflector can be used to
enhance the performance of GaN-based optical devices such
as GaN light-emitting diodes (LEDs), due to its high reflec-
tion and material matching.19 Finally, we provide the princi-
ples and guidance for designing such devices, which are not
limited to GaN-based optical devices.

2 Theoretical Analysis
The theoretical analysis of high-contrast grating with the
nanoparticles of a square cross-secton will be applied to
the particle array with low-contrast index material.12,13,20

The schematic of the structure of a square cross-section is
presented in Fig. 1. The incident plane is z ¼ −tg, and the
out plane is z ¼ 0. An array of particles are arranged
along the x-direction, with a separation between adjacent
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particles of T ¼ 400 nm. Here we consider the two-dimen-
sional (2-D) case. The structure is uniform and infinite along
the y-direction, and the chain is infinite along the x-direction.
In practical applications, a structure with an infinite length is
impossible. But the structure can be fabricated so long (tens
of microns, which is much larger than the incident wave-
length)12,13 in the y-direction and the x-direction that the
2-D calculation will also provide an approximate result.
The nanoparticles are made of GaN with low indices of
about nGaN ¼ 2.5 in the blue light region, and the surround-
ing medium is assumed to be air (nair ¼ 1). The side length
of the square particle is tg ¼ 227 nm. For simplicity, we con-
sider the transverse electric (TE) polarized normal incidence
with the H field along the axis of particles (y-direction).

In the reflection region (z ≤ −tg), the magnetic field
distribution Hy can be expressed as

Hy ¼ exp½−jð2π∕λÞðzþ tgÞ�

−
X∞
n¼0

rnhouty;nðxÞfexp½þjγnðzþ tgÞ�g: (1)

In the grating region (−tg < z < 0), Hy can be expressed as

Hy ¼
X∞
m¼1

hiny;mðxÞ½am expð−jβmzÞ − aρm expðþjβmzÞ�: (2)

And in the transmission region (z ≥ 0), Hy can be expressed
as

Hy ¼
X∞
n¼0

τnhouty;nðxÞ½expðþjγnzÞ�; (3)

wherem ¼ 1; 2; : : : denotes the number of the grating mode;
n ¼ 0; 1; : : : denotes the number of the reflect or transmit
mode; βm and γn are the longitudinal wave number in and
outside the grating region, respectively; rn and τn are the
coefficients of the reflected and transmitted modes, respec-
tively; hiny;m and houty;m are the lateral field profile in and outside
the grating, respectively; and am and aρm are the coefficients
of the forward and backward propagating components,
respectively.

In the grating region, along the z-direction, the grating can
be seen as a periodic slab waveguide. By matching the
boundary conditions along x ¼ 0 and x ¼ a, the dispersion
relation between the lateral wave numbers ka and ks inside
air-gaps and GaN particles can be obtained as

n−2GaNks;m tanðks;mtg∕2Þ ¼ −ka;m tanðka;ma∕2Þ; (4)

where β2m ¼ ð2π∕λÞ2 − k2a;m ¼ ð2πnGaN∕λÞ2 − k2s;m.
Finally, by matching the boundary conditions at z ¼ 0

and z ¼ −tg, the field distribution in the whole region can
be solved. Due to the principle of duality of TE and trans-
verse magnetic (TM) waves, the field distribution for another
polarization can also be obtained as described above.

It is worth mentioning that, for a subwavelength structure
(T < λ), the reflectivity or transmissivity totally depends on
the zeroth-order diffraction τ0, since the longitudinal wave
number is determined by γ2n ¼ ð2π∕λÞ2 − ð2nπ∕TÞ2, and
one can find that only the zeroth-order diffraction is propa-
gating, and higher orders are all evanescent. Therefore, we

can achieve high reflectivity or transmissivity by controlling
τ0, which is given as

τ0 ¼
X∞
m¼1

ðam − aρmÞT−1
Z

T

0

hiny;mðxÞdx: (5)

3 Results and Discussion
In Fig. 2(a), the H field intensity pattern of the TE mode at
wavelength λ ¼ 480 nm is presented. One can notice that
most of the light waves toward the z-direction are reflected
back by the layer of nanoparticles. In the top panel of Fig. 2
(b), we present the reflectivity for the TE mode with the solid
blue line in the blue light region. For comparison, the reflec-
tivity of typical Ag film is presented with the solid green line.
The optical constants of silver are from Palik.21 At the wave-
length λ ¼ 460 nm, the complex index of Ag is n ¼ 0.144þ
2.56i. In practical applications, GaN-based LEDs are widely
used, but the light extraction efficiency (LEE) is not suffi-
cient, because of the trapping of light inside the semiconduc-
tor.19 One method to improve the LEE is depositing silver
film on the bottom of the LED. The reflection of silver
film results in more light being extracted from the top of
the device. However, due to the metallic material absorption
loss, the reflectivity of typical Ag film is no more than 95%.
But with the particle array, we can get obviously higher
reflectivity with the same semiconductor material. On the
other hand, we get almost the opposite reflection effect
for other polarized waves, as shown in the bottom panel
of Fig. 2(b). The TM mode waves are completely separated
from the TE modes, and the reflectivity is no more than 1%
from 460 to 490 nm. The discrepant reflectivity for different
polarized waves shows the potential application for polariza-
tion suppression in light sources.

For the underlying physics of the reflection phenomenon,
we present the first three grating modes for TE waves in
Fig. 3(a)–3(c). The dispersion relation in Eq. (4) determines
the profile of grating modes in the form of βm. The mode
profiles (propagating mode or evanescent mode along the
z-direction) depend on whether the value of βm is real or
imaginary. In this case, we found only the first two
modes are existing in the grating, while the other modes

Fig. 1 Schematic of the nanoparticle chain with a square cross-sec-
tion. The incident plane is z ¼ −t g , and the out plane is z ¼ 0. The
parameters for this plot are T ¼ 400 nm, t g ¼ 227 nm. The red
arrow indicates the direction of wave incidence. The black arrows cor-
respond to the H-field direction in both TE and TM polarizations of
incidence.
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are cut off (β1 and β2 are real, but β3; : : : are imaginary). It is
easy to notice in Fig. 3(c) that the field decays along the z-
direction, which is in agreement with the imaginary wave
number. The superposition of these grating modes in the
form of Eq. (5) finally results in the transmission field.
Actually, for a high reflectivity range, the first two modes
are enough20 for the convergence of the solution of τ0.
Therefore, the reflection with a high reflectivity or transmis-
sion with a high transmissivity can be seen as a result of
destructive or constructive interference of the grating modes.

In most real cases, reflection with a high reflectivity for
normal incidence should not be obtained. For our structure,
the polarization-dependent reflection phenomenon is not
limited to the normal incidence case. We then consider
the oblique incidence case with a small incident angle.
The reflectivity contours versus the wavelength and incident
angle for both TE modes and TM mode are prese in Fig. 4(a)
and 4(b). The working range for our structure is marked with
the black arrows, corresponding to the reflection with a high
reflectivity and the transmission with a high transmissivity,

respectively. Figure 4(c) shows the reflectivity with an inci-
dent angle from −10 to 10 deg at a wavelength of 480 nm.
The results illustrate that, even for the oblique incidence,
high reflectivity and good polarization control can be
obtained, providing a certain degree of angular tolerance
for the reflector.

To give a clear design principle, we consider a structure a
period T ¼ 400 nm. The reflectivity contours versus the side
length of the square and the wavelength are presented in
Fig. 5. The TE mode and TM mode correspond to (a)
and (b), respectively. We focus on the reflection region
with a high reflectivity or transmission region with a high
transmissivity for both modes, and the overlap region will
be valuable for specific applications. In our case, we choose
region A (marked with the white arrow) to achieve a broad-
band reflection in Fig. 5(a), while a deep transmission for the
TM mode is shown in the corresponding region of Fig. 5(b).
Likewise, in region B, the TE waves will pass through, while
the TM waves are reflected back. Similarly, we can achieve
reflection with a high reflectivity or transmission with a high
transmissivity for both modes by choosing the working
region appropriately. In addition, we can observe a clear
boundary at the wavelength λ ¼ 400 nm. The broadband
reflection regions with a high reflectivity or the transmission
regions with a high transmissivity are mainly distributed
above the boundary. The field distribution of different dif-
fraction orders in the transmission region is given by
Eq. (3). In this case (normal incidence), for a subwavelength
structure (λ > T), only the zeroth diffraction order is propa-
gating (γ0 is real), while the first, second, and higher orders
are all evanescent (γ0, γ1, etc. are imaginary). High reflectiv-
ity can be achieved in such a structure by merely suppressing
the zeroth transmissive diffraction order (i.e., τ0 ¼ 0). Had
there been more than one transmitted and reflected dffraction
order (i.e., when λ < T), obtaining high reflectivity through
the cancellation of multiple orders (τ0 ¼ 0, τ1 ¼ 0, τ2 ¼ 0,
etc.) would be very difficult. Therefore, high reflectivity can
be easily achieved, because, for a subwavelength structure,
only the zeroth-order diffraction needs to be suppressed,
while the ordinary structure will result in many higher-
order diffractions. The boundary in Fig. 5(a) and 5(b) at a
wavelength of λ ¼ 400 nm can be seen as the dividing
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Fig. 2 (a) Distribution of H field intensity when a TE mode plane wave strikes an array of nanoparticles in the x -direction with a side length
t g ¼ 227 nm. The particles are marked with a white solid line. (b) Reflectivity in the blue light region. The blue, red, green lines correspond
to the TE waves, the TM waves, and typical Ag film, respectively.
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Fig. 3 The contour of Hy field distribution of the first three grating
modes. The grating bars are marked by solid squares. The first
two modes (a) and (b) are propagating modes in the grating, and
the third mode (c) is the evanescent mode. This means that β1
and β2 are real, while β3; : : : are imaginary.
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line between a subwavelength structure and an ordinary
structure.

In practical applications, due to the imperfection of the
fabrication technology or other factors, a certain degree of
size tolerance is necessary. We then turn our attention to
the tolerance of the structure. Figure 5(c) shows the direct
variation tendency of reflectivity with increasing side length.

One can notice that, for both the TE and TM modes, as the
nanoparticles increase in size, the working wavelength
moves toward the long wavelength direction. But the broad-
band property gives this structure a certain degree of immun-
ity to the wavelength movement. Assuming the working
wavelength is λ ¼ 480 nm, the fabrication tolerance can
be at least 10 nm, according to Fig. 5(c).
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Fig. 4 The reflectivity contours versus the wavelength and incident angle for (a) the TE mode and (b) the TM mode. (c) Reflectivity in a oblique
incidence case with an incident angle from −10 to 10 deg at a wavelength of 480 nm.
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Fig. 5 The reflectivity contours versus the side length of the square and the frequency for both (a) TE mode and (b) TMmode. (c) Reflectivity for TE
and TMmode light with different size square particles. The side length of the particles are 220, 225, and 230 nm, respectively. (d) Reflectivity versus
wavelength for square and circular nanoparticle chains, corresponding to the solid blue and red lines, respectively. The radius of the circular rod is
r ¼ 128 nm.
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Finally, we found the phenomenon is not limited to the
shape of the particle. Nanoparticles with a square cross-
section can even be replaced by those with a circular
cross-section with a similar reflection property, as shown
in Fig. 5(d). The radius of the circular rod is chosen to be r ¼
128 nm for equal area to the square particle. The reflectivity
of the circular rod structure is calculated by using multiple
scattering theory.14,18 The high reflectivity is believed to be
due to the same underlying physics. Since both types of
structure work well, we can choose a circular or square
cross-section for convenience in practical applications.

4 Conclusion
In this work, we have shown a wide-band, polarization-
dependent reflector beyond normal incidence with a subwa-
velength nanoparticle chain. In comparison with previous
work, this structure offers an acceptable tolerance of incident
angle, technical fabrication, and even particle shape. Because
of the compact characteristic and lossless material operating
in the optical frequency, it may provide us an alternate way to
design the optical components in photonic circuits.
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