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A B S T R A C T

In this paper, a hybrid photonic-plasmonic resonator is proposed. The device consists of a partially encapsulated
1D photonic crystal waveguide and a plasmonic nanoparticle to yield high radiation efficiency for integrated
photonic platforms, owing to a high Q-factor and a small mode volume. The design of the resonator is accom-
plished in two consecutive steps: first of all, a partially encapsulated photonic crystal nanobeam with a robust
mechanical stability and a high-Q factor is prepared; secondly, a plasmonic nanoparticle is placed on the surface
of the nanobeam to interact the optical mode with the localized surface plasmons of the gold nanoparticle which
is being present in the vicinity of the radiating dipole. Strongly enhanced electromagnetic field, regenerated
through the optical mode field inside the hybrid resonator, enables to reduce the optical mode volume of the
device and significantly enhance the Purcell factor.
1. Introduction

In the last decade, photonic crystals have attracted a significant
research interest in integrated photonic platforms [1], quantum infor-
mation technologies [2], electro-optical systems [3] along with various
research fields like cavity quantum electrodynamics [4], random light
localization [5], applications of the optical trapping for particles with
diameters on the order of nanometers [6], wavelength-division demul-
tiplexing [7], and the second harmonic generation of light [8]. Because of
the capabilities of these resonators; having a high-quality factor (Q-fac-
tor) for temporal confinement of the optical power and a small mode
volume for strong spatial confinement of the photons, one may improve
the performance of the photonic devices [9]. Their outcome is conven-
tionally measured through the strong enhancement of the spontaneous
emission rate, which is elegantly pronounced by the Purcell factor.

Photonic crystals are usually designed using free-standing geometries
to maximize the refractive index contrast between the waveguide and the
surrounding medium of the resonator to achieve high Q-factors [10].
However, these devices have been demonstrated to be almost incom-
patible with comprehensive semiconductor industry processes, which are
crucial for development of the integrated photonic technologies [11].
The main difficulty is that the floating membranes are susceptible to
microfabrication techniques like resist spinning for lithographic pro-
cesses. The other challenge is that the dry transfer techniques to construct
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van der Waals heterostructures would also result in a damage to the
floating membrane [12]. It would also be stringent to integrate several
2D materials on the same photonic chip, which is not mechanically stable
and robust because of the fluctuant membrane. As an alternative, these
devices would be encapsulated with polymer layers to avoid
free-standing structures and susceptibility for further manufacturing
processes [13, 14]. In addition to all these, the encapsulation also facil-
itates the characterization of the devices as the mechanical robustness
allows to easily remove 2Dmaterials from the surface of the membrane to
renewably integrate the same materials with the desired properties on
the same photonic structure. However, encapsulated photonic crystals
have reduced refractive index contrasts between the waveguide and the
surrounding medium, compared to their air-bridged counterparts, which
leads to a substantially decreased Q-factor [12].

In this paper, a photonic device is initially designed as a partially
encapsulated structure in which the substrate and top cover material are
chosen to be SiO2 and PMMA, respectively, and both sides of the nano-
beam are chosen to be air cladding, which is almost symmetric in every
axis, yielding a high Q-factor and mechanical robustness to propose as an
alternative to air-bridged photonic crystals for high radiation efficiency.

The other crucial factor that affects the radiation efficiency of the
photonic devices is the mode volume. In recent years, 1D photonic crystal
cavities, owing to a smaller mode volume and more compact struc-
tural designs compared to 2D photonic crystal cavities, have been
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Figure 1. (a) Perspective view of the partially encapsulated photonic crystal
waveguide along with its dimensions. (b) The cross-sectional view of the
designed photonic structure with related indices of refraction of the materials
that form the structure.
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demonstrated to be the superior resonator choice for photonic research
and device technologies [15, 16, 17] in the area of quantum optics [18],
non-linear optics [19], optomechanics [20], light modulators [21], and
laser applications [22]. Especially, when 1D photonic crystals are
designed to have a high Q-factor and an ultra-small mode volume, they
can even be used in the detection of extremely sensitive chemical and
biological applications [23, 24]. In general, although photonic crystal
cavities are designed in accordance with a high Q-factor, depending on
the materials and design parameters, nevertheless, limited reduction in
the size of such photonic structures prevents obtaining very small optical
mode volumes upon their fabrication processes [25]. On the other hand,
it is possible to produce a photonic device with a high Q-factor and a
small mode volume using a hybrid device consisting of a photonic cavity
and plasmonic nanoparticles [26, 27]. Although hybrid dielectric
microcavities coated by plasmonic layers have been reported to have
low-Q factors [28], integration of plasmonic nanoparticles into photonic
crystal cavities have been demonstrated that the Q-factor of the photonic
device in concern is relatively retained with improved device charac-
teristics [29]. As a result of the interaction between the photonic cavity
mode and the surface plasmons of the metal nanoparticles, light waves
concentrate within a very small volume, reducing the optical mode vol-
ume enormously [30]. Localized light waves in a small volume enhance
light�matter interactions; thus, enabling highly efficient laser radiation
with improved spontaneous emission. Moreover, in the regime of cavity
quantum electrodynamics, it is possible to reduce the laser dimensions to
utilize them in quantum information technologies. For example, in order
to produce an efficient low-threshold nanolaser, semiconductor nano-
crystals are usually preferred as active media for obtaining radiation
[31]. However, plasmonic nanostructures in the vicinity of quantum
sources result in a loss in the intensity of the emitters. Additionally, the
excessive energy and electron transfer mechanisms between the metal
particles and the dipoles of the quantum sources dominate the
enhancement of the spontaneous emission [32].

In this work, a modelling of a hybrid device is proposed to develop an
efficient photonic device with a high Q-factor and small mode volume,
which consists of a partially encapsulated 1D photonic crystal waveguide
and a single gold nanosphere. After a partially encapsulated photonic
crystal cavity is designed, a gold nanoparticle is placed on the surface of
the PMMA surface to regenerate a hybrid photonic-plasmonic resonator.
The mode volume of the structure significantly decreases through the
coupling of the cavity mode to the localized surface plasmons of a single
gold nanoparticle to strongly confine the electromagnetic field in the
photonic device. The polymer layer between the dipole on the surface of
the photonic crystal cavity and the surface plasmons of the metal nano-
particle provides a controllable distance between the gold nanoparticle
and the light emitter for efficient dipole-surface plasmon interaction as it
almost eliminates the quenching mechanism. Our numerical analyses
demonstrate that the enhancement of the Purcell factor of 1.3 � 104 is
achieved, which is considerably higher than the previously reported
values for encapsulated photonic crystals. Thus, a compact and elegant
photonic design, which is simple to produce, is presented to yield high
radiation efficiency. The hybrid resonator proposed in this paper is
envisaged to be highly promising for remarkable advances in integrated
photonic platforms, quantum information technologies, and laser
applications.

2. The design of the photonic device

In this work, Finite Difference Time Domain Technique (FDTD) is
utilized to design a 1D SiN photonic crystal with a high Q-factor and a
small mode volume, operating in the visible wavelength region. MEEP
software is utilized to determine the bandgap of the structure. A defect
mode is introduced to obtain a radiation frequency at the desired
wavelength of 561.5 nm. 1D photonic crystal geometry is preferred since
1D crystals have larger band gaps when compared to that of the 2D
photonic crystals [33]. A SiN layer, with a refractive index of 2.05 and a
2

thickness of 218.33 nm, is used as the nanobeam material since SiN has
an ultralow absorption coefficient in the near-visible wavelength range
[34]. Additionally, the photonic device is designed as a partially encap-
sulated structure of which the substrate material is chosen to be SiO2 and
the top cover material is preferred to be PMMA. The perspective view of
the partially encapsulated photonic crystal resonator along with its di-
mensions is illustrated in Figure 1a. The SiN thickness and the nanobeam
width are given by b ¼ 218.33 nm and a ¼ 400 nm, and the thickness of
the PMMA layer on the surface of the SiN nanobeam is determined to be c
¼ 40 nm Figure 1b shows the cross-sectional view of the device with
related indices of refraction.

The main reason for choosing the PMMA as the top cover is because it
has an index of refraction 1.495, which is close to the refractive index of
SiO2 substrate 1.46. This index matching is crucial since the index of
refraction around the photonic crystal significantly affects the quality
factor of the device [35]. Another reason to use the PMMA as the top
cover of the structure is that it can be removed easily without damaging
the photonic crystal [36] when additional processes are needed. Thus,
depending on the application, the PMMA can be ripped off and coated
again at the desired thickness and geometry [14]. The encapsulation also
provides a mechanical stability and robustness; nonetheless, it reduces
the Q-factor of the device because of the decreased refractive index
contrasts between the waveguide and the surrounding medium. To
overcome this problem, in our photonic design, both sides of the nano-
beam in the x-axis direction is chosen to be air cladding, which is shown
in Figure 1a. Thus, as the index matching is partially ensured by SiO2

substrate-PMMA layer in the z-axis and air claddings on each side in the



Figure 3. Bandgap simulation results of the mirror holes and the innermost
mirror hole.
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x-axis, the Q-factor of the photonic device is significantly improved
compared to the completely encapsulated photonic crystal waveguides.

Simulation parameters are optimized to enhance the Q-factor of the
resonant mode. A sketch of the photonic nanobeam with its optimized
design parameters is given in Figure 2. On each side of the 1D photonic
crystal, there are forty mirror holes as Bragg reflectors, which have fixed
diameter and lattice constant labeled as D and p, respectively, and seven
taper holes that have linearly decreasing radius and lattice constant to-
wards the center of the photonic crystal. Cavity length (Lc) is the distance
between the innermost holes, which is equal to 159 nm in our design. The
nanobeam width is also shown in Figure 2, with a symbol of a. In the
simulations, for a photonic crystal waveguide with a width of 400 nm,
the optimized parameters of the mirror hole diameter and the lattice
constant are determined to be 120 nm and 170 nm, respectively. The
taper part has been optimized in order to minimize the modal mismatch
between the waveguide mode and the photonic crystal Bloch mode [37].
Thus, the smallest diameter of the mirror hole at the taper part is
determined to be 110 nm. The PMMA layer is also placed on the surface
of the nanobeam and the plasmonic nanoparticle is placed on the surface
of the PMMA layer to facilitate an efficient dipole-surface plasmon
interaction.

3. Results and discussion

The transverse electric field (TE) polarized bandgap simulation re-
sults of the outermost mirror hole and the innermost mirror hole are
given in Figure 3.

In this graph, red and dark blue colored lines represent the bandgap of
the innermost and outermost mirror holes, respectively. The defect band,
light cone and the light line of SiO2 below the SiN layer, are also shown in
Figure 3. According to these results, the defect band is determined to be
at the wavelength of 561.5 nm.

Figure 4 shows the cross-sectional view of the simulated electric field
intensity distribution of a unit cell in the defect band in each dimension.
Figure 4a shows the top view of the electric field distribution for the unit
cell in the xy plane. In Figure 4a, the boundaries of the photonic crystal
waveguide along the x-axis are given by white lines and the perimeter of
the nanohole with a diameter of D ¼ 110 nm is also shown with a white
circle on the xy plane. The width of the waveguide is demonstrated by a
scale bar (a ¼ 400 nm). Figure 4b and 4c show the side views of the
electric field distributions in the xz and yz planes, respectively. In
Figure 4b, the boundaries of the nanohole in xz direction are shown by
the white lines and the dimensions of the hole depth and diameter are
given by scale bars. In Figure 4c, the boundaries of the two nanoholes are
emphasized by white lines in yz direction. The hole depth is given by the
scale bar (b ¼ 218.33 nm). The electric field intensity for the unit cell is
scaled by a color bar, as shown in Figure 4.

The Bloch mode formula of the mirror holes over a unit cell is given in
Eq. (1) in which x is the direction of the repeating mirror holes and u
represents the function of the periodicity [37].
Figure 2. Sketch of the nanobeam includin
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Hn;kz ;kðrÞ¼ eik:ρeikxxun;kx ;kðxÞ; (1)
FDTD method is also used to obtain the photoluminescence spectra of
the dipole coupled into the resonant mode of the device. After using the
optimization toolbox of the FDTD solver module of the program
Lumerical Ltd., the Q-factor of the device is calculated to be 2.05� 105�
1.47, which is at least two times higher than the previously reported
values in the literature [35, 38]. Calculated spectra of the device are
given in Figure 5a and 5b for both cases when a broadband source and a
dipole source are used, respectively. When the broadband source is used,
a fundamental waveguide mode appears at the wavelength of 561.5 nm,
in addition to the higher order waveguide modes, which appear between
the wavelengths of 200 nm and 300 nm, as shown in Figure 5a. These
higher order modes are basically generated by the confinement of the
photons within the slab waveguide, forming subbands in the structure
[39]. However, it has been demonstrated that when a higher order mode
is located near the peak wavelength of the fundamental mode, the in-
tensities of both the fundamental and the higher order mode rise upon
the increase of the pump power, reducing the efficiency of the funda-
mental mode [40]. On the other hand, when the wavelengths of the
higher order modes are distant from that of the fundamental waveguide
mode, as seen in Figure 5a, the fundamental mode dominates the higher
order modes. Figure 5b shows the PL spectrum of the fundamental
waveguide mode when the central wavelength of the dipole source is set
to the wavelength of 561.5 nm with a bandwidth of 46 nm.

Refractive index and electric field distribution profiles at the central
cross section of the photonic resonator are shown in Figure 6a and 6b,
g the optimized simulation parameters.



Figure 4. The simulated electric field intensity distribution of a unit cell in defect band. The profiles are obtained in xy, xz and yz planes.

Figure 5. Calculated spectra of the device using a) a broadband and b) a dipole source.

Figure 6. a) Refractive index and b) the electric field distribution profile at the central cross section of the photonic resonator. One should notice that in Figure 6a; on
each side of the 1D photonic crystal, there are forty mirror holes as Bragg reflectors, which have fixed diameter and lattice constant and seven taper holes that have
linearly decreasing radius and lattice constant towards the centre of the photonic crystal.
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respectively. For visual purposes, the region which involves only the
thirty-two of the mirror holes out of eighty is illustrated. The mode
volume of the designed photonic crystal cavity is calculated to be around
9.8 (λ/n)3.
4

Decreasing the mode volume of the photonic device is crucial to
design highly efficient and low-threshold lasers as the photonic resona-
tors with a high-quality factor and a small mode volume reduce the
amount of active material in the cavity and enhances the spontaneous
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emission rate of the fluorescent emitters like quantum dots or dye mol-
ecules [41]. For the second construction stage of the photonic device, a
plasmonic nanoparticle with a diameter of 19 nm, is finally placed at
the center of the PMMA layer surface to regenerate a hybrid
photonic-plasmonic resonator. The mode volume of the nanobeam de-
creases through the coupling of the cavity mode to the localized surface
plasmons of a single gold nanoparticle to strongly confine the electro-
magnetic field in the photonic device [42]. Nevertheless, metal particles
located at the vicinity of the fluorescent emitters result in a significant
loss in the intensity of these quantum light sources through a process
called quenching [43]. Accordingly, in our photonic system, after a
dipole, which is assumed to be a fluorescent quantum dot, is placed on
the surface of the structure, the photonic crystal nanobeam is partially
coated by a PMMA layer. In a photonic design with a certain thickness of
the PMMA layer on the surface of the nanobeam to originate a control-
lable distance between the gold nanoparticle and the dipole of the
quantum source, as the mode volume of the structure is reduced, almost
no considerably change is observed in the quality factor; and hence, the
quenching mechanism is primarily prevented.

Strong confinement of the cavity mode field of the photonic crystal
waveguide at nanoscale is essentially based on the absorption charac-
teristics of the metal particle in concern. However, the absorption coef-
ficient crucially depends on the radius of the metal particle as described
in the following model given in Eq. (2), through the volume of the gold
particle VNP [44, 45]:

αðλÞ¼3εmðλÞVNP
εðλÞ � εmðλÞ
εðλÞ þ χεmðλÞ : (2)

Eq. (2) describes the polarization of the electron cloud distortion of
the metal nanoparticle, which emerges due to the interaction of the
surface plasmons with the electric field [44, 45].

Here λ is the wavelength of light, εm is the dielectric constant of the
surrounding non-absorbing medium (Im [εm] ¼ 0), χ is the geometric
factor (¼ 2 for sphere) and ε(λ) is a complex dielectric function
depending on the wavelength of the light waves interacting with the
metal particle. This function consists of real and imaginary parts and is
expressed by Eq. (3) according to the Drude-Lorentz model, which is
expressed in terms of frequency as a dependent variable [46]:

εðωÞ¼Re½εðωÞ� þ iIm½εðωÞ� ¼1� ωp

ðω2 þ iωγÞ : (3)

In this equation, ωp is the bulk plasma frequency, γ is the damping
rate that causes energy loss due to ohmic losses. These constants depend
on the size and geometry of the metal particle [47, 48]. Using Eq. (2),
quasistatic extinction cross-section for a spherical gold nanoparticle is
obtained as given in Eq. (4) [49, 50].

σEXTðλÞ¼18π½εmðλÞ�
λ

3=2

VNP
Im½εðλÞ�

½Re½εðλÞ� þ 2εmðλÞ�2 þ ½Im½εðλÞ��2 (4)

Stimulation of the localized surface plasmon occurs when the
extinction cross-sectional area is maximum; that is, the denominator of
the right side of the equation is minimum [44, 45]. If the imaginary part
of the dielectric function of the metal (Im [ε(λ)]) is small compared to the
other term in the denominator; this minimum value can be obtained
approximately at the wavelength for which Eq. (5) is valid [51]:

Re½εðλÞ� � �2εmðλÞ (5)

Eq. (5) is also known as the Fr€ohlich Equation which describes the
resonance wavelength condition of the localized surface plasmon [51].

The above theoretical procedure is employed to optimize the effi-
ciency of the photonic device through the fine-tuning of the diameter of
the gold nanoparticle. According to our results, the local electric field
near the gold nanoparticle is observed to be significantly enhanced when
the gold nanoparticle with a diameter of 19 nm is used.
5

When a dipole is placed inside a photonic resonator, the Purcell factor
is determined by the following well-known formula at the resonant fre-
quency between the dipole and the cavity mode field provided that the
dipole is oriented with respect to the mode field direction, as given in
Eq. (6) [52]:

Fp ¼3Qðλc=nÞ
4π2V

3

; (6)

here, n is the refractive index of the cavity, V is the optical mode volume
and λc is the cavity resonance frequency, which is equal to 561.5 nm. It is
determined by taking the Fourier transform of the signal. Q-factor is
calculated using the envelope of the decaying signal of the field.

Due to presence of the plasmonic nanoparticle, the mode volume of
the hybrid mode is calculated, based on Eq. (7), in which the Drude
model is used for the complex dielectric function [47]:

V ¼
R h

~E � ∂ðωεÞ∂ω
~E� ~H � ∂ðωμÞ∂ω

~H
i
d3r

2ε0n2½~Eðr0Þ �u�2
(7)

Our results show that the gold nanoparticle localizes the cavity field
in a very small volume through the plasmonic effect, which, as a result,
dramatically decreases the mode volume of the photonic device to a
value of 0.8 (λ/n)3 with a negligible imaginary part. Also, the quality
factor of the hybrid photonic-plasmonic structure is also calculated to be
1.32 � 105 � 11.81, which is observed not to be reduced significantly.
Thus, the numerical analyses demonstrate that an enhancement of the
Purcell factor of 1.3 � 104 is achieved in the designed photonic structure
which is at least four times higher than that of the previously reported
values for an encapsulated photonic crystal [14, 35, 38].

Perspective views of the hybrid resonator, which consists of a pho-
tonic crystal resonator and a gold nanoparticle at distant and close-ranges
are given in Figure 7a and 7b, respectively. The inset figure given in
Figure 7a shows the dimensions of the gold nanoparticle, used in the
simulations. The plasmonic nanoparticle, with the optimized diameter of
19 nm, is placed on the surface of the PMMA layer at the central region of
the photonic crystal waveguide, as shown in Figure 7a and 7b. The
localized surface plasmons of the gold nanoparticle on the PMMA layer
interact with the cavity mode field of the waveguide which naturally
emerges in the z-direction.

The electric field distribution profile of the hybrid photonic-
plasmonic resonator is seen in Figure 7c. The electric field distribution
profile at close-range of the gold nanoparticle, placed on the surface of
the photonic crystal waveguide, is also given in Figure 7d. As the cavity
mode field in the resonant structure is seen in Figure 7c, the concentrated
electromagnetic field around the gold nanoparticle becomes dominant in
the presence of the localized surface plasmons to unveil the reproduction
of the hybrid photonic-plasmonic mode, as shown in Figure 7d. There-
fore, Figure 7c and 7d confirm that the plasmonic nanoparticle causes a
strong confinement of the cavity mode field of the photonic crystal
waveguide at nanoscale dimensions.

The PMMA layer thickness between the dipole on the surface of the
photonic crystal nanocavity and the surface plasmons of the metal
nanoparticle is also crucial for the enhancement of the local electro-
magnetic field. A smaller thickness layer of the PMMA polymer material
is expected to result in a stronger field enhancement, nevertheless, the
electron and energy transfer mechanisms would dominate the dipole-
hybrid mode field interaction. In the modelled structure, a photonic
crystal cavity with a controllable thickness of the PMMA layer between
the dipole and the plasmonic nanoparticle, enables a robust and well-
designed system to be used in integrated photonic platforms.

In the scientific literature, various hybrid photonic-plasmonic struc-
tures have been demonstrated to enhance spontaneous emission rate of
the fluorescent quantum sources [53, 54, 55]. Some conceptually suc-
cessful hybrid resonators based on 2D photonic crystal cavities with
plasmonic nanoparticles have also been unveiled to enhance radiation



Figure 7. Perspective view of the hybrid resonator, which consists of a photonic crystal resonator and a gold nanoparticle at a) distant and b) close-range. c) The
electric field distribution profile of the hybrid photonic-plasmonic cavity. d) The electric field distribution profile at close-range of the gold nanoparticle, placed on the
surface of the photonic crystal structure.
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efficiency [26, 27]. In these work, photonic structures are demonstrated
to have low or moderate Q-factors. For instance, in a recent study,
plasmonic rods and nanospheres, which are integrated to a 2D photonic
crystal cavity, are excited to allow surface plasmons to be coupled into
the cavity mode to control and considerably enhance light�matter
interaction [27]. However, the Q-factor of the device has been shown to
decrease from a value of Q ¼ 2500 to Q ¼ 720 in the presence of a metal
nanoparticle. In another example, a 2D photonic crystal structure has
been designed to originate two different cavity resonances [30]. A large
bandgap Fabry-Perot cavity and a narrow bandgap photonic crystal
structure are interacted with a plasmonic nanoparticle, located at the
center of the structure to construct a hybrid system. According to the
numerical analyses, electric field is observed to strongly localize at the
surface of the plasmonic nanorods. However, the low Q-factor of the
device (Q ¼ 435) is even decreased to a value of Q ¼ 184 in the hybrid
resonator [30]. In our study, the reduced Q-factor of the device because
of the encapsulation is considerably enhanced to a value of 2.05 � 105

with a design in which both sides of the nanobeam in the x-axis is chosen
to be air cladding. Additionally, a hybrid system is formed by a gold
nanoparticle with optimized dimensions which is integrated on the sur-
face of the polymer layer to decrease the mode volume of the photonic
device by a factor of 12. Thus, a partially encapsulated photonic crystal,
with a single plasmonic nanoparticle, is proposed to have both a high
Q-factor and a small mode volume to yield a high radiation efficiency for
integrated photonic platforms.

4. Conclusions

In this paper, a partially encapsulated 1D photonic crystal nanobeam
design, which offers a high Q-factor along with the mechanical robust-
ness, is introduced as an alternative to air-bridged photonic crystals to
enhance the radiation efficiency. A plasmonic nanoparticle is also
interrogated on the surface of the nanobeam to form a hybrid photonic-
plasmonic resonator. The interaction between the cavity mode and the
6

localized surface plasmons of a gold nanoparticle integrated on the sur-
face of the photonic crystal waveguide results in a strongly enhanced
electromagnetic field through regeneration of a hybrid mode. The pho-
tonic design proposed in this paper is considered to be a key step towards
the advances in fabrication of robust and efficient photonic crystal de-
vices with a high Purcell factor for hybrid optoelectronic platforms,
quantum information technologies, and laser applications.
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