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We demonstrate the confinement of broadband optical energy in the visible to near-infrared regime in a three-
dimensional nanoscale volume with high energy efficiency in a nanostructure consisting of multiple nanoslits
in dielectric chacolgenide material. We find that a broadband optical field can be confined down to the scale
of 1 nm (1/650) with a confinement volume of 4%/3 x 10*. The figure of merit of the nanostructure can be up
to 10 times that achieved by plasmonic lensing and nanofocusing. Our work opens a new way for truly nanoscaled
photonics applicable to nanolithograpy, nanoimaging, lab-on-chip nanosensing, single-molecule detection, and

nanospectroscopy. © 2013 Chinese Laser Press
OCIS codes:

photonic crystals.
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1. INTRODUCTION

According to the conventional mechanism for focusing light,
even for the vectorial theory for high numerical aperture
(NA) objective lenses [1,2], the focal spot of an optical beam
cannot be significantly smaller than its wavelength due to
the diffraction nature of light. The figure of merit (FOM), de-
fined as the ratio between energy confinement efficiency and
effective confinement area [Eq. (4)], is depicted in Fig. 1(a) for
a lens (black solid curve). Subwavelength imaging has been
achieved in stimulated-emission-depletion (STED) micros-
copy [3]. This method is of great importance in nanoimaging,
although nanoscale resolution is not achieved by the nanocon-
finement of the illumination light energy. On the other hand,
plasmonic lenses can focus surface plasmon polaritons (SPPs)
in the near-field region with subwavelength resolution but
have low energy confinement efficiency and thus a low FOM
[Fig. 1(a)] [4-8]. Optical resolution and energy confinement
can be improved through the use of the nanofocusing tech-
nique [9-13] to two-dimensionally (2D) confine the SPP energy
between metallic components. This method, however, suffers
from high optical loss due to the lossy nature of metal, in
particular in the visible and near-infrared (NIR) regions.
Furthermore, this method faces a great challenge set by the
confinement-attenuation trade-off [14], which limits the FOM
[Fig. 1(a)] of SPP nanofocusing even for well-fabricated struc-
tures. In addition, the narrow bandwidth of metal-based design
prevents them from a range of applications requiring a broad
spectrum such as nanospectroscopy [15]. Consequently, a fun-
damentally new photonic nanoconfinement scheme is needed
for realizing highly efficient three-dimensional (3D) broadband
optical confinement at a deep subwavelength scale without
using metal.
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In this paper, based on the dielectric chalcogenide glass
(ChG) materials, we report on a tunable nanostructure
capable of deep subwavelength confinement in three dimen-
sions with high energy confinement efficiency up to 60% in the
visible regime. The effective confinement area of the nano-
structure can be concentrated to 3 x 10° times smaller than
/2 of the incident beam [solid red curve in Fig. 1(a)], with
an FOM several orders of magnitude higher than those of plas-
monic lenses [4-8] and 10 times that of SPP nanofocusing
[9-13]. Moreover, by tuning the refractive index of the ChG
composition and photosensitivity [16,17], we can tune the en-
hancement peak from 520 to 760 nm while still maintaining
strong energy confinement.

2. THEORETICAL MODELING

The 3D design of the dielectric nanostructure shown in
Fig. 1(b) consists of three low-index (ng; = 1) nanoslits em-
bedded in a high-index (n, =2.5) dielectric ChG block
material, while the background material has a refractive index
of n;, = 1. The ChG materials possess of a broad transmission
wavelength window from the visible to NIR region [17]. In ad-
dition, ChG is sensitive to light illumination, whose index can
be modulated by using light-induced phase change [16]. In this
design, optical energy is confined in the central low-index
nanoslit between the two high-index dielectric nanoridges
[Fig. 1(b)]. The novelty of this geometry lies in that the pho-
tonic nanostructure uses an all-dielectric design to achieve op-
tical energy confinement with higher energy confinement
efficiency than the metal-based design. In addition, the fi-
nite-sized nanoslits also provide physical cavities for holding
nanoparticles and single molecules in photochemistry experi-
ments in an ultrasmall volume. Furthermore, the broadband
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Fig. 1. (a) Plot of the FOM versus the effective confinement area en-
ables a comparison of the nanostructure, optical lens focusing, plas-
monic lenses (hollow square [4], solid square [5], hollow circle [6],
solid circle [7], hollow triangle [8], solid triangle [8]) and nanofocusing
(hollow pentagon [10], solid pentagon [11], hollow diamond [12], solid
diamond [13]). The gray area marks the diffraction-limited. The curve
of the FOM for the nanostructure is calculated when d = 250 nm and
s varies in the range from 1 to 100 nm. (b) Schematic of the nanostruc-
ture. Three low-index nanoslits are embedded in the high-index ChG
block. n, is the refractive index of the ChG block, and n is the refrac-
tive index of the nanoslits. The refractive index of the background is
7. L, s, and d are the length, width, and depth of the nanoslits, respec-
tively. w is the width of the nanoridges. Inset: 2D cross section of the
nanostructure.

property and the tunability of this design makes it an excellent
platform for nanospectroscopic research.

In this study, the incident continuous-wave (CW) broad-
band optical plane waves polarizing in the x direction (TM
mode) illuminate the nanostructure from the bottom. The
wavelength range of the CW plane waves was from 0.5 to
1.5 pm in free space, and 400 discrete wavelength points were
considered. The eigenmodes of the nanostructure can be
formed due to the interaction between the eigenmodes within
the individual nanoridges of width w and length L. Their val-
ues are selected to be w = 140 nm and L = 500 nm according
to the experiment [18]. Then the width (s) and the depth (d) of
the nanoslits are varied to study the effective confinement
area A.p [Eq. (1)] and effective confinement volume V. g
[Eq. (2)], the energy confinement efficiency 7 [Eq. (3)] and
the FOM [Eq. (4)] at wavelength 6560 nm according to the finite
difference time domain (FDTD) method by using a commer-
cial software package (Lumerical FDTD solutions [19]).
Finally, the bandwidth and the tunability of the nanostructure
are explored.

The effective confinement area Ay is defined in the peak
energy density plane normal to the beam propagation direc-
tion (x-y plane, light is propagating along the z direction)
where 2 = 2. Here we define Ay as

Actr = %Yo, M

where x, and y, are the full width at half-maximum (FWHM)
for the energy density distribution along the x (y = 0, 2 = 2)
and y (x = 0, 2 = 2f) directions. The effective confinement
volume Vg is defined as

Vet = %Yo, @

where z; is the FWHM of the energy density distribution
along the z direction (x = 0, y = 0). Ay and V4 are normal-
ized by 42 and 4%. 1 is the free space wavelength of the inci-
dent wave.

The energy confinement efficiency 7 is defined as the ratio
of the total electromagnetic energy in effective confinement
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area A in the peak energy density plane and the total
incident electromagnetic energy in the incident plane where
&2 = Zjp:

o W(r,y.zp)dxdy
— eff
Jay W,y 2in)dady

n 6]

where W(x,y.2) = (¢|E(x,y.2)|* + uo|H(@.y.2)[>)/2 is the
energy density and A, = (500 nm)? is the structure area of
the nanostructure from the experiment [18]. As we use the
uniform plane wave as the light source, W(x,y,z,) = W,
are equal across the incident plane, where W, is the energy
density in the incident plane. Then we define the normalized
energy density (enhancement) as W(x,y,z)/W,.

To judge the performance of the light confinement (focus-
ing) devices, we shall emphasize that both the effective con-
finement area and the energy confinement efficiency are
important and related. Normally deep subwavelength confine-
ment leads to low energy confinement efficiency. As indicated
before, we describe this trade-off by a parameter called the
FOM, which is defined as

n
FOM = . )
Aeff

This FOM characterizes the energy confinement efficiency
under a given effective confinement area, which is a meaning-
ful measure of the ability of confining light energy.

3. RESULTS AND DISCUSSION

The dependences of A, 7 and FOM on s and d are shown in
Figs. 2(a)-2(c). In the simulations, the domain size is 4 pm in
the x and y directions and 6 pm in the 2z direction with a mesh
grid of 0.1 nm, and the boundary condition is set to be a per-
fectly matched layer (PML). The mechanism for optical con-
finement in the nanostructure results from the mode coupling
(coupling efficiency is 93%) [20,21], which depends on the
depth of the nanoslits. The effective refractive index for the
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Fig. 2. Dependence of (a) effective confinement area A, (b) energy
confinement efficiency 7, and (c¢) FOM of the mode on depth d and
width s of the nanoslits. The white-dashed line marks the critical
transformation length for mode coupling. (d)-(i) ¥~y and x—= cross
sections of the energy density distribution of the nanostructures
(d), (e) [s,d] =[100,50] nm, (f), (g) [s,d] =[100,250] nm, and (h),
@) [s,d] = [1,250] nm.
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mode at 650 nm calculated by using a commercially available
finite-element package from COMSOL [22] is 2.03, which
results in an effective wavelength of 320 nm of the mode
propagating in the nanoridges, corresponding to a critical
transformation length of 160 nm (half of the effective wave-
length) as marked by the white-dashed line in Fig. 2(a). When
d is smaller than the critical transformation length (i.e.,
d < 160 nm) and s is large (e.g., s = 100 nm), the overall
electric-field (E-field) distribution caused by the interference
of the evanescent modes [Figs. 2(d) and 2(e)] cannot facilitate
a small effective confinement area and a tight confinement of
optical energy. To reduce the effective confinement area, a
depth larger than the critical transformation length (i.e.,
d > 160 nm) is needed for efficiently coupling the propagation
mode in the high-index nanoridges into the nanoslits. How-
ever, a large width of the nanoslits (s = 100 nm) still prevents
the fields at the ChG-air interface in the central nanoslit from
interacting with each other, as seen from the evanescent
nature in the 2z direction [Figs. 2(f) and 2(g)]. When the nano-
silt width reduces toward a deep subwavelength scale
(s = 1 nm), the mode in the central nanoslit no longer shows
the evanescent field shape. Instead, it is confined in three di-
mensions within the nanoslit [Figs. 2(h) and 2(i)] with the en-
ergy density enhancement up to two orders of magnitude and
a moderate energy confinement efficiency of 17.5%, which is
impossible for any metal-based nanofocusing design in which
a SPP wave travels through a length of several wavelengths
for deep subwavelength confinement [13].

The proportion of the mode energy residing within the
nanoslit can be maximized up to 60% for s = 100 nm when
d = 250 nm [Fig. 2(b)]. The strong energy confinement in
the x-y plane in the nanoslit region occurs for two reasons.
First, it arises from the continuity of the displacement field
D at the material interfaces [21,22], which leads to a strong
normal E-field component in the nanoslit. Second, in both
nanoridges, the E-field components normal to the material in-
terfaces are dominant, boosting the effect. Therefore, pure
linearly polarized vectorial beams can be achieved in the cen-
tral nanoslit, which can be quantified using the FOM. As
shown by the red curve in Fig. 1(a), the FOM of the nanostruc-
ture can be up to 5 x 104, which is 10 times the best values of
the nanofocusing design [12].

The energy confinement principle is further confirmed by
resolving the E-field energy density in more detail. The field is
confined between two high-index nanoridges [Fig. 3(a)] due to
the E-field discontinuity in the «x direction [21,22]. Meanwhile,
the confinement in the y direction can be achieved simultane-
ously [Fig. 3(b)]. On the other hand, the confinement in the
2 direction is achieved [Fig. 3(c)] via the interference of light
propagating in the positive z direction and the light reflecting
at the ChG-air interface. The FWHM in the 2 direction in-
creases as the depth of the nanoslits becomes large, accom-
panied with an enhancement in the E-field energy density.
Figure 3(d) depicts the normalized effective confinement
volume V. and the FWHM in the 2 direction as a function of
s when d = 250 nm, showing the minimum value of 3.7 x 10>
that occurs when the smallest FWHM (65 nm) is achieved, cor-
responding to the minimum effective confinement area.

To confirm its broadband nature, we look into the spectral
property of the nanostructure. There are two broad enhance-
ment peaks at wavelengths of 650 and 1140 nm in the spectral
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Fig. 3. Normalized energy density (a) along the x direction at y = 0,
2 = z; for the nanoslit with d = 250 nm, (b) along the y direction at
x =0, 2 = 2, for the same d, and (¢) along the z direction at x = 0,
y = 0, for the nanoslits with a fixed s = 1 nm. The coordinates are
marked in the figures. (d) Effective confinement volume V.; and
the FWHM in the z direction as a function of s when d = 250 nm.

range for n, = 2.5 [Fig. 4(a)], and the mode in the nanoslits
does not experience any significant cutoff within this region.
Due to the broadband properties of the nanostructure, the cal-
culated @ factor is approximately 1.5 in this case. For the
wavelength shorter than 550 nm, strong confinement cannot
be achieved because major parts of the optical energy are con-
fined in the high-index nanoridges. For the wavelength longer
than 1.4 pm, the modes are no longer be supported by the
nanoridges.

The refractive index of the ChG block can be varied within
a range of 2-3 by using different compositions [17] or light-
induced phase change [16], which allows tuning of the
enhancement and peak positions. As can be seen, the en-
hancement can be up to 100 as the index goes up to 3. The
two enhancement peaks show the red shift with the increase
of the refractive index, while the effective confinement area
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Fig. 4. (a) Spectral response of the nanostructure ([s,d]=[1,250] nm)
with different 7.. Two enhancement peaks are shown in the
curve. (b) Dependence of the enhancement peak wavelength (solid
line) and A. (dashed line) on 7, for the two peaks. (c) Dependence
of 5 (solid line) and the FOM (dashed line) on n, for the two
peaks.



Lin et al.

[s,d]=[1, 250] nm

)W,

W(x=0,y=0,z=

1.0 15
Wavelength(um)

Fig. 5. Normalized energy density at the point of (x =0, y =0,
2 = 2y) versus the wavelength for different refractive indices of the
nanoslits 7, ([s, d] = [1,250] nm). The black-dashed lines mark the po-
sitions for two peaks for different values of n; while n, = 2.5, n;, = 1.

remains unchanged because the effective confinement area
mainly depends on the geometry of the nanostructure. Mean-
while, the energy confinement efficiency becomes higher due
to the stronger field enhancement in the nanoslit, which leads
to an increase of the FOM. Define the tunability of the nano-
structure as

AX

t= A ®)

where A4 is the wavelength shift, and Anc is the change of the
ChG index; we have ¢; = 232 + 8 nm/RIU for peak 1 and ¢, =
409 £+ 3 nm/RIU for peak 2. Another method for tuning the
enhancement is to fill the nanoslits with other nanomaterials,
which may be applicable in nanospectroscopy [15]. In this
case, the enhancement of the two peaks of the nanostructure
can be varied significantly while the position of the peaks
remains almost unchanged (Fig. 5).

4. CONCLUSION

In summary, we have demonstrated an all-dielectric photonic
nanostructure design for 3D deep subwavelength light con-
finement with high energy efficiency by using multiple nano-
slits embedded in ChG block material, which is able to confine
the optical energy in a 1 nm (4/650) nanoslit to achieve an
effective confinement area of 1%/3 x 10° with 17.5% energy
confinement efficiency. The effective confinement area as
well as the energy confinement efficiency and the FOM of
the confined mode can be controlled by altering the width
and the depth of the nanoslits. This approach is fully compat-
ible with microlithography techniques and self-assembly
methods [23] and laser-beam nanofabrication [18,24], which
can be applied to nanoscale sensing and spectroscopy as well
as single-molecule detection and near-field optical imaging
with nanoscale illumination [25].
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