
Subwavelength light confinement and
enhancement enabled by dissipative
dielectric nanostructures
KAICHEN DONG,1,2,3,† YANG DENG,1,† XI WANG,1 KYLE B. TOM,1,2 ZHENG YOU,3 AND JIE YAO1,2,*
1Department of Materials Science and Engineering, University of California, Berkeley, California 94720, USA
2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3State Key Laboratory of Precision Measurement Technology and Instruments, Department of Precision Instrument,
Tsinghua University, Beijing 100084, China
*Corresponding author: yaojie@berkeley.edu

Received 22 January 2018; revised 13 March 2018; accepted 15 March 2018; posted 15 March 2018 (Doc. ID 320196); published 11 April 2018

Dissipative loss in optical materials is considered one of
the major challenges in nano-optics. Here we show that,
counter-intuitively, a large imaginary part of material per-
mittivity contributes positively to subwavelength light en-
hancement and confinement. The Purcell factor and the
fluorescence enhancement of dissipative dielectric bowtie
nanoantennas, such as Si in ultraviolet (UV), are demon-
strated to be orders of magnitude higher than their lossless
dielectric counterparts, which is particularly favorable in
deep UV applications where metals are plasmonically inac-
tive. The loss-facilitated field enhancement is the result of a
large material property contrast and an electric field discon-
tinuity. These dissipative dielectric nanostructures can
be easily achieved with a great variety of dielectrics at
their Lorentz oscillation frequencies, thus having the
potential to build a completely new material platform
boosting light-matter interaction over broader frequency
ranges, with advantages such as bio-compatibility, CMOS
compatibility, and harsh environment endurance. © 2018
Optical Society of America
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Subwavelength light confinement and subwavelength light en-
hancement have greatly facilitated light-matter interaction, and
they have led to a variety of applications in fields such as non-
linear optics, optical sensing, quantum information processing,
nanolaser technology, and metrology [1–5]. Although plas-
monics based on noble metals has been widely utilized to con-
fine light to dimensions well below the diffraction limit [3–5],
the intrinsic properties of noble metal systems lead to a number
of limitations in their applications, such as plasmonic inactivity
in UV range [6,7], bio-incompatibility [8,9], mechanical defor-
mation, and thermal instabilities [10]. To overcome them, a
variety of materials with negative permittivity bands, such as

semiconductors, graphene, and conductive oxides [11–13],
have been investigated for plasmonic applications. In all of
these materials, dissipative material loss, represented by the
imaginary part of permittivity (εi), exists ubiquitously and
has been widely believed to be detrimental for many applica-
tions. Research efforts so far have been focused on minimizing
the material loss [13]. For example, dielectric structures with
significantly smaller loss than metals have also been utilized
to compress light into subwavelength structures [14–16].
However, those lossless dielectrics are unable to show compa-
rable light enhancement capabilities as plasmonic struc-
tures [14,15].

Here, we show that, counter-intuitively, a large εi in dielec-
tric nanostructures may contribute to field enhancement and
field confinement effectively, and the small light enhancement
factor (EF) in existing dielectric systems [14,15] can be greatly
improved with the introduction of large material loss. We first
analyze this phenomenon using widely investigated optical
nanoantennas [17–19] as examples, which can bridge light
fields at mismatched scales and realize electromagnetic (EM)
confinement and EM enhancement in a deep subwavelength
“hotspot.” The element Si is selected as our example because
of its wide applications and its large dissipative loss at UV
due to the interband transitions [20]. Specifically, amorphous
Si (a-Si) [21] is utilized for easier potential experimental reali-
zation. We show that, compared with Au (noble metal), HfO2

(lossless, high refractive index dielectric), and artificial lossy
dielectrics with weaker Lorentz oscillation strength, the a-Si
nanoantenna has a much stronger ability to confine and
enhance UV light with a better Purcell factor and larger fluo-
rescence enhancement. To understand that effect, light con-
finement in corresponding lossy nanogap structure models is
analytically studied, which demonstrates quantitatively that
the favorable light enhancement properties of the lossy dielec-
tric antennas are due to larger dielectric discontinuities and an
impedance mismatch.

A typical bowtie optical antenna used in our simulations
(COMSOL Multiphysics) is depicted in Fig. 1(a), consisting
of two tip-to-tip triangles separated by a small gap of
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9 nm (G) [19]. The width (W), length (L), and thickness (T) of
the bowtie are 115 nm, 53 nm, and 20 nm, respectively, and
round tips with 11-nm radius (R) are used to imitate real fab-
rication. The bowtie is placed on a substrate (refractive index
n � 1.5) in air (n � 1) and excited by an x-polarized EM wave
along the�z direction. Similar to the plasmonic bowtie anten-
nas, the a-Si antenna has the overall amplitude EF greatly im-
proved inside the gap [Fig. 1(b)]. Here, the amplitude/intensity
EF is defined as the ratio of the local E-field amplitude/
intensity, to the E-field amplitude/intensity at the same geomet-
rical point without the bowtie in the simulation. In Fig. 1(c), the
cross-sectional time-average EM energy density (TED) distribu-
tion of the Au bowtie [7] and the a-Si bowtie at 840 THz
(3.5 eV) are shown as an example. The a-Si bowtie has a better
performance for light confinement at this frequency.

It’s illuminating to compare the a-Si, Au, Al [22], HfO2

[23], and artificial dispersive dielectrics following similar but
weaker Lorentz oscillation. The Lorentz oscillator model is
given by

ε̃�ω� � ε∞ � �εs − ε∞�ω2
t

ω2
t − ω

2 � iΓ0ω
: (1)

To make such artificial materials, ε∞, ωt , and Г0 are fixed to
be 1.1, 890 THz, and 440 THz, respectively, while the static
dielectric constant εs (εs � ε∞ � ω2

p∕ω2
t , ωp is plasma

frequency) is a tunable number as 2, 6, or 10. Thus, their
frequency-dependent permittivities are similar to that of
a-Si, as shown in Fig. 2(a), which also depicts the plasmonic
inactivity of Au in UV. Note that when a-Si permittivity is
fitted to with Eq. (1) by adjusting the involved parameters,
the corresponding εs equals to 19.5.

Figure 2(b) shows the intensity EFs (calculated at the bowtie
geometric center) as functions of the incident photon energy,
demonstrating that the lossy a-Si bowtie achieves higher inten-
sity enhancement than bowties made of Au and artificial
materials. Also, the a-Si and Al bowties show comparable
performance at higher frequencies. Ag is outperformed by Al
in the UV range and is thus not discussed here for clarity
[6]. All lossy dielectric bowties show similar enhancement
behavior in all frequencies studied here and the EF increases
by 10–20 folds over a broad range with larger εi. Most impor-
tantly, such a large enhancement is achieved in UV range,
which is a long-term research aim in fields such as bioimaging
and biosensing [24], due to plasmonic inactivity of noble met-
als in this region [6,7,25]. Even though Al has been considered

as one solution [24], it possesses similar limits in deep UV [6]
and other problems of cytotoxicity [9], severe oxidation
[26,27], and device fabrication challenges when scaled down
for short wavelength applications [28]. Therefore, our proposed
lossy dielectrics overwhelm conventional materials (Au, Ag, Al,
etc.) in those aspects [29], and they can be easily achieved in
either UV or deep UV [20].

Mode volumes (V eff ) [30] and Purcell factors [30,31] are
also computed in Fig. 2(c). Two orders of magnitude decrease
in V eff are achieved in lossy dielectric antennas with a larger εi,
surpassing the widely accepted V eff ∼ �λ∕2�3 limit for the
dielectric resonators [3] (λ is the EM field wavelength). A grow-
ing Purcell factor with an increasing εi verifies that better light
confinement and the funneling of energy from the propagating
light to the hotspot are achieved in lossy dielectric nanoanten-
nas. The Purcell factor of the a-Si bowtie antenna is comparable
to those of some metallic nanoantennas working in the visible
range or even longer wavelengths [32,33].

Besides light confinement and light enhancement, device-
level absorption loss has to be evaluated as compared to εi.
Here, we introduce an “enhancement-loss figure of merit
(FOM)” to evaluate those lossy dielectric bowties in Fig. 2(d),
which is defined to be the ratio between the intensity EF
and the total energy absorbed by an optical antenna. It is
evident that a larger εi leads to a larger FOM, meaning light
confinement with unit material absorption loss is boosted, and
the FOM of the a-Si bowtie is 5 times that of the Au bowtie.
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Fig. 1. Simulation of bowtie nanoantennas. (a) Geometry of the
bowtie structure with the symmetry axis (represented as a dash-dot
line) as the x-axis of the right-hand coordinate system. (b) Line scan
of the E-field amplitude enhancement along the bowtie symmetry axis
at half thickness at the working frequency of 840 THz. Inset: sche-
matic of the simulated physical scenario. (c) The cross-sectional
TED distribution of the Au bowtie antenna and the a-Si bowtie
antenna with the same colorbar range.

Fig. 2. Performance of lossy bowtie nanoantennas. (a) The permit-
tivity of materials involved in the numerical calculation. The solid and
dashed lines indicate εr and εi , respectively. (b) Intensity EF versus
incident light energy for bowties made of the materials in (a).
(c) Extracted mode volumes and Purcell factors. (d) FOM at
840 THz with the dashed line indicating the value of Au bowtie.
Note that the values are normalized to the smallest one. Inset in
(d): total loss versus εi (left), and schematic of local power flow around
the gap of a highly lossy dielectric bowtie (right). (e) Calculated fluo-
rescence EFs with the green dashed and red dash-dot lines indicating
the values of Au and HfO2 bowties, respectively. (f ) Intensity EF
plotted as a function of εr and εi .

Letter Vol. 43, No. 8 / 15 April 2018 / Optics Letters 1827



The increase of the FOM by lossy dielectrics owes to the better
enhancement as well as the limited total absorption loss. To
clarify that, we plot the total absorption loss of a dielectric bow-
tie with a fixed real part of permittivity (εr) as a function of εi in
the left inset of Fig. 2(d), showing that the total loss will first
reach a maximum and then decrease with a larger εi, which can
be explained by the competition between material absorption
loss and an impedance mismatch. The total absorption loss first
increases with the larger εi. However, as εi keeps rising, more
EM energy is “compressed” into the gap, and less EM energy is
coupled into the bowtie [right inset of Fig. 2(d)] because of the
huge impedance mismatch between the lossy bowtie and its
surroundings. Consequently, an ultra-lossy dielectric bowtie
only generates limited heat (material absorption loss is assumed
to be the only heat source in optical antennas [14]), which,
along with other advantages including thermal stability and
chemical resistivity [34], promises the practical application
of robust lossy dielectric nanoantennas.

Lossy dielectric antennas show great potential in applica-
tions such as biomolecule fluorescence enhancement [19],
where two processes are involved: pump excitation (already dis-
cussed above) and fluorescence emission. Since the pump wave-
length and the emission wavelength are normally close to each
other, they are both set to be 840 THz in the following analysis.
To simulate fluorescence emission, a dipole source is placed at
the bowtie center, and the far-field radiated power in absence
and presence of the bowtie are examined [19]. The radiated and
non-radiated power EFs (normalized to the far-field radiated
power in absence of bowtie antennas by definition) are calcu-
lated to obtain the quantum efficiency EF with the assumption
that the intrinsic quantum efficiency of the sample is 2.5%
[19]. The total fluorescence EF [Fig. 2(e)] is evaluated by
multiplying the EF of pump excitation intensity with the quan-
tum efficiency EF. The large εi of the a-Si bowtie leads to im-
provement in both radiative and non-radiative EFs, resulting in
a total fluorescence EF of 636, much larger than those of the Au
antenna (8) and the HfO2 antenna (75), indicating its great
potential in UV applications such as fluorescence detection
from Tryptophan in proteins, which has been very troubling
due to plasmonic inactivity in the UV or the oxidation of
metals [35].

In general, εi contributes as much as εr to the impedance
mismatch, hence the enhancement. As shown in Fig. 2(f ), the
intensity EF increases monotonically with the absolute value of
permittivity (jεj) near the zero point, consistent with both the
above analysis and analytical results in the following section.
Previous application of large permittivity materials for subwave-
length confinement faced great challenges to solely obtain a
large εr , while in real materials, a large εr is always associated
with a large loss. Our justification of the role of a large εi in
nanoantennas solved the problem, allowing a new paradigm of
material selection in subwavelength light confinement and light
enhancement applications. Since a large εi is much easier to
experimentally achieve than a large εr , the contribution of εi
is even more effective in practice. Note that the saturation effect
in Fig. 2(f ), where jεj is very large, owes to the compression of
almost all the EM energy to the gap or the edge by impedance
mismatch, and a greater mismatch makes no substantial
difference.

To provide further insight into the contribution of loss
to light confinement and light enhancement in dielectric

antennas, we analytically explore a simplified structure, i.e.,
a dielectric nanogap structure (NGS), consisting of two iden-
tical single-mode optical slabs separated by a small gap and sur-
rounded by a bulk material [Fig. 3(a)] [15,16]. The complex
permittivity distribution is

ε�x� �
8<
:

ε1, jxj ≤ a
ε2r � iε2i, a < jxj ≤ b
ε3, b < jxj < ∞

, (2)

where ε1, ε2r , and ε3 are real parts of permittivity,
and ε2i denotes the imaginary part of permittivity in the
slabs (ε2).

For the NGS, the electric field is polarized across the
gap, with a y-polarized magnetic field, and x-polarized and
z-polarized electric field components (TM mode) [15,16].
Here, we obtain the field distribution with the existence of
strong material loss by combining the boundary conditions
with the wave equation and solving the characteristic dispersion
relation [15]. The ratio between the values of jEx j at the two
sides of the interface equals to �ε22r � ε22i�1∕2∕ε1 across the
interface. The permittivity contrast can be enlarged by intro-
ducing a larger loss (ε2i), which is experimentally more practical
than simply looking for a large εr .

An analytical three-dimensional (3D) spatial distribution of
Ex for a symmetric fundamental mode (TM) at 840 THz is
given in Fig. 3(b) and Fig. 3(c) in two different scenarios: with-
out loss (ε2 � 10� 0i) and with loss (ε2 � 10� 30i). Here,
we assume that ε1 � ε3 � 1, a � 5 nm, and b � 55 nm. As
depicted in Fig. 3(c), the Ex inside the gap at the NGS entrance
is amplified with the introduction of loss. Although Ex decays
in the propagation direction, very thin lossy slabs along the z
direction [the cross-sectional plane in Fig. 3(a)], can be utilized
to compress and enhance the optical field in subwavelength
scale volumes. It is geometrically similar to typical nanoanten-
nas, without substantial influence from the propagation decay.
In Fig. 3(d), we depict the normalized Ex distribution in the
plane of z � 0, which again shows the positive influence of

Fig. 3. Ex field distribution and performance of NGS.
(a) Schematic of NGS infinitely long in the y direction. The shaded
plane depicts the thin slice used in (d). The light propagates along the
−z direction. (b), (c) Analytically calculated 3D mapping of the field in
NGS without loss (b) and with loss (c). (d) Ex spatial distribution
along x-axis at the interface of z � 0. (e) Real and imaginary parts
of neff plotted as functions of ε2i. (f ) The effective mode area of
NGSs and energy percentage in the gap plotted as functions of ε2i.
The effective mode areas are normalized to the lossless case.
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loss. Note that the above values of the calculated Ex are nor-
malized to the ones at jxj � b (in the air).

We further calculate the effective refractive index (neff ) for
more details about the propagation and field distribution, and
plot the results as functions of ε2i in Fig. 3(e). The imaginary
part of neff first increases and then decreases when ε2i goes up.
This effect can also be explained by the competition between
the field distribution and the increasing impedance mismatch
by larger loss. In other words, the material loss not only enhan-
ces the field, but also eventually leads to less absorption loss
and dissipation of energy.

To verify the subwavelength light confinement in NGSs,
we calculate the cross-sectional mode area (Aeff �RR

W dA∕W max, W is energy density, and W max is the maxi-
mum energy density in the cross section of NGS). Figure 3(f )
shows the simulated dependence of Aeff on the loss (ε2i). With
an increasing ε2i, the energy of the EM field is effectively com-
pressed from the slabs into the gap, confirmed by the decreasing
Aeff and the increasing energy percentage inside the gap, which
goes up from ∼5% to ∼78% as ε2i increases from 0 to 100,
highlighting the great potential of the loss-induced energy
confinement. That light confinement is also attributed to
the impedance mismatch and the field discontinuities across
the interface between the lossy slabs and the gap. These two
mechanisms provide a clear explanation of the physics behind.

In summary, we demonstrated and analyzed large subwave-
length light confinement and light enhancement inside dissi-
pative dielectric nanostructures with the counter-intuitive
contribution from εi, leading to a plethora of new materials
suitable for nanophotonic applications. In agreement with
the NGSmodel, loss helps create a large dielectric discontinuity
and impedance mismatch at the material boundaries and,
therefore, greatly boosts the EM field intensity in the nano-
structure hotspots. As an example, a lossy dielectric nanoan-
tenna made of a-Si displays remarkable light-matter
interaction performance in the UV range with a Purcell factor
and fluorescence enhancement larger than those of Au antennas
and HfO2 antennas. Such lossy dielectrics are easy to achieve
using a Lorentz oscillator model with large εr and εi almost
simultaneously in multiple frequencies, providing a better
option when other material systems fail to achieve enough
performance. For example, in deep UV where Al is already
inactive, lossy dielectrics such as SiO2 [36] and SiC [37] still
work, with bio-compatibility [38,39], CMOS compatibility,
and harsh environment endurance. Furthermore, based on
the interband absorption-induced large εi, engineering the
bandstructure of the material will enable great tunability in
the working frequency of those devices. This finding paves
the way towards a completely new category of optical devices
based on dissipative dielectrics, which will further enrich the
ways nanophotonic research is done and enable future large-
scale applications that do not exist today.
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