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Rigorous design of an ultra-high Q/V photonic/plasmonic
cavity to be used in biosensing applications

Highlights

 A device based on a PhC dielectric cavity vertically coupled to a plasmonic slot is

proposed.

 The rigorous design of the device was carried out by using the 3D Finite Element

Method.

 A Q/V ratio = 107 (λ/n)-3 was achieved due to the high confinement in the cavity.

 The strong light-matter interaction makes the hybrid cavity suitable for biosensing.
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Abstract—A hybrid device based on a 1D PhC dielectric cavity vertically coupled to a plasmonic slot is

proposed for  use in  biosensing applications.  Under  efficient  coupling conditions between the  Bloch

mode in the 1D PhC dielectric cavity and the surface plasmon polaritons mode in the metal slot, an ultra-

high Q/V ratio (~ 107 (λ/n)-3) has been achieved with a remarkable resonance transmission T (= 47%), due

to  high  spectral  and  spatial  confinement  in  the  cavity.  The  rigorous  design  process  of  the  cavity,

including the influence of geometrical and physical parameters on its performance, has been carried out

using the 3D Finite Element Method. A strong light-matter interaction was observed, making the photonic-

plasmonic  cavity  suitable  for  biosensing  and,  in  particular,  for  optical  trapping  of  living  matter  at

nanoscale, such as proteins and DNA sections, as required in several biomedical applications.

Index Terms—Ultra-high Q/V, photonic crystal cavity, plasmonic slot, photonic/plasmonic cavity

1. INTRODUCTION

In recent years, optical resonant cavities have attracted remarkable attention due to the high values

of Q-factor (Q) and the small mode volume (V) achievable. High values of the Q/V ratio correspond to

strong  light-matter  interaction,  making  such  devices  suitable  for  several  applications,  such  as

biosensing, where high sensitivity is requested to detect very low sample concentrations [1-3]. In this

field, optical trapping is an emerging application, allowing high value of optical forces to trap, detect

and manipulate small particles, such as living cells, single particles and metal beads. Optical resonant
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cavities can also be used in optical communication systems (e.g. optical filters and lasers) due to their

low cost, low operating energy, and efficient control of emission rates [4-6].

Among  the  resonant  cavities  proposed  in  the  literature,  photonic  crystal  cavities (PhC)  have

demonstrated the highest performance in terms of Q/V ratio and small footprints.

While the highest experimental Q-factor (= 9x106) [7] and a Q/V ratio of 3.2x106 (λ/n)-3 [8] have

been obtained in 2D PhC cavities, in 1D PhC cavities, consisting of a single row of holes in a photonic

wire, very high Q values up to 109 [9] and mode volume as low as 0.38 (λ/n)3 have been demonstrated

[10]. The 1D slotted PhC cavities, consisting of a photonic crystal wire with a central slot waveguide

along the holes,  have shown the strongest energy confinement,  which corresponds to a very low

mode volume (= 9x10-3(λ/n)3) and Q/V ratio up to 107 (λ/n)-3  [11]. However, such cavities are affected

by a very low resonance transmission (T < 10%) due to the strong dielectric discontinuity in the slot

that, at the same time, causes an enhancement of the field and an increase in the optical losses. The

resonance transmission represents an important figure of merit for resonant cavities related to a good

detection  resolution.  The  best  theoretical  value  of  the  Q/V  ratio  (~  107  (λ/n)-3)  with  a  resonance

transmission  close  to  T  =  30%,  has  been  obtained  in  a  1D  PhC  dielectric  cavity,  even  if  the

experimental results showed a lower Q-factor (~ 8x104) and a Q/V ratio lower by about two orders of

magnitude (Q/V ~ 105(λ/n)-3) [12].

Strong light confinement and reductions in the mode volume are limited by the diffraction limit.

Plasmonic cavities, in which the resonance mode of the surface plasmon polaritons (SPPs) is excited

at  the dielectric-metal  interface,  have  been proposed to  overcome this  limit  through a  significant

reduction of the mode volume, V = 10-4 (λ/n)3 [13-15], which is about two orders of magnitude smaller

than the minimum value obtained by dielectric PhC cavities with a consequent improvement in light-

matter  interaction.  This  strong  enhancement  of  the  optical  energy  confinement  in  volumes  at

nanoscale has furthered the use of  plasmonic cavities for several  emerging applications,  such as

surface-enhanced spectroscopy, quantum cryptography, increasing the emission rate in silicon, optical

trapping and biosensing [16-18]. Optical losses are the most critical issue for plasmonic cavities, only

allowing very-low Q-factor values (Q ~ 102), which correspond to a Q/V ~ 105 (λ/n)-3 [13].
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A trade-off between the high spectral energy density of the PhC dielectric cavities and the strong

spatial  energy  confinement  of  the  plasmonic  ones  can  be  realized  by  hybrid  cavities,  i.e.

photonic/plasmonic  devices.  Several  configurations  of  photonic-plasmonic  cavities  have  been

proposed [19-22], and the highest Q/V ratio obtained is 8x104 (λ/n)-3 [21]. This value is much lower

than that in dielectric cavities, but the most important advantage is related to the strong confinement of

the optical energy in the medium with a lower refractive index [23]. Such performance makes hybrid

cavities suitable for biosensing applications and optical trapping [24-26], for which both strong light-

matter interaction and a narrow spectral response are required to achieve high performance.

We propose a photonic-plasmonic cavity with a 1D PhC dielectric cavity vertically coupled to a

plasmonic slot. The PhC cavity and the metal slot have been designed in order to maximize the Q/V

ratio of  the hybrid device. 3D Finite Element Method (FEM) simulations have been carried out  to

define the cavity performance. We have obtained a Q/V ratio of 7x106 (λ/n)-3 with a high resonance

transmission (T = 47 %), that corresponds to an improvement of two orders of magnitude with respect

to  the state-of-the-art  of  hybrid  cavities.  This  value of  the  Q/V ratio  is  also comparable  with  the

performance obtained  by  PhC dielectric  cavities,  but  stronger  light-matter  interactions  have been

observed in the photonic-plasmonic cavity, due to the ultra-low mode volume V = 4x10 -4 (λ/n)3, making

the device suitable for biosensing applications, and particularly for optical trapping. In fact, a strong

gradient of the optical energy in a very small volume provides high values of optical forces, allowing

the  trapping  of  small  particles  at  nanoscale  and  avoiding  direct  contact  with  the  trapped object,

preserving  its  disruption  or  damage.  Such  performance  makes  the  cavity  suitable  for  several

biomedical  applications in genetics and proteomics, where trapping, detection and manipulation of

proteins, DNA sections and living matter samples smaller than 100 nm is necessary.

2. DEVICE CONFIGURATION

The hybrid device is based on a 1D PhC dielectric cavity in SOI technology vertically coupled to a

plasmonic slot in gold (Au) placed above the wire, between the central holes of the PhC, as shown in
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Fig. 1. A silica layer is deposited between the PhC cavity and the metal slotted structure to reduce the

optical losses, due to the optical absorption in the metal [27].

The silicon nanowire has a width  w = 490 nm and a thickness  h = 220 nm. It  lays on a silica

substrate 1 μm thick.  The surrounding medium has been assumed to be water as a fluid carrying a

specific particle in biosensing and optical trapping applications [28].

Fig. 1. (a)Hybrid device configuration (on the top). The insets highlight the metal slotted structure;
 (b) Top view of the 1D PhC dielectric cavity of the photonic/plasmonic device configuration. 
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The cavity consists of two mirror sections, each containing N holes with a fixed radius R and a fixed

period Λ, and a tapering region with Nt holes with different periods Λi and radii Ri.

This configuration was designed with the aim of obtaining a resonance condition close to 1550 nm,

to  minimize the light  absorption in  the optical  fibers  and for  the availability  of  source lasers  and

photodetectors at these wavelengths. The design aims to optimize the energy confinement between

the central holes to improve the coupling efficiency between the PhC and the metal slot, and realizing

a high resonance transmission in order to avoid the effect of the optical loss contribution due to the

metal [29].

Such requirements were met by introducing a tapering section between the cavity and the mirror

region,  which provides a Gaussian attenuation profile of  the optical  energy in the PhC cavity,  as

required by the mode matching condition between the guided mode in the silicon nanowire and the

Bloch mode in the PhC. Under this condition, a strong decrease in the optical losses, a higher energy

confinement between the central holes, and a higher value of the Q-factor, can be achieved.

A plasmonic nanoantenna was designed above the PhC to funnel the light vertically at resonance.

A proper design of the photonic/plasmonic cavity, which provides the overlap between the resonance

condition of both cavities, improves the vertical coupling efficiency between the Bloch mode in the PhC

cavity to the plasmonic one, enhancing the electromagnetic energy confined in the plasmonic cavity at

resonance. In fact,  the PhC cavity acts as a mirror at a wavelength inside the photonic bandgap,

providing the reflection of light by the mirror holes, except under resonance conditions in which the

light propagates along the PhC and is strongly confined in the cavity, between the central holes under

the nanoantenna. Therefore, high energy values focused in the cavity interact for a longer time with

the plasmonic nanoantennna at  resonance due to  the several  reflections  of  light  in  the PhC,  so

improving the amount of energy that vertically couples to the nanoantenna [27-30].

Moreover, there is a strong refractive index contrast at the interfaces between Au and dielectric

materials (SiO2 and water), so in order to respect the Maxwell equation related to the continuity of the

normal component of the electric flux density D ( n̂ ·(Dmet  - Ddiel) = 0), a strong light confinement is

typically observed in the material with the lower relative permittivity, which corresponds to water in our
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study, with high energy peaks and short penetration depth in metal [31]. The strong subwavelength

confinement of the optical energy at the metal edges improves when the gold arms are placed closer

to each other, which corresponds to a strong decrease in the mode volume of the hybrid cavity.

The metal slot consists of two rectangular strips in Au separated by a thin region in water. We

denote with a the length along the x-axis,  b the thickness, and c the side length along the z-axis of

each metal layer; t is the side length of the silica layer under the plasmonic slot. The width of the metal

structure is assumed to be the same as that of the nanowire w (see Fig. 1).

The geometrical sizes of the metal layer, the slot width s and the distance G between the metal and

the PhC, i.e. the silica thickness, have been tailored to optimize the coupling efficiency, in order to

obtain high values of optical energy at the metal surfaces, by also taking into account the fabrication

tolerances.

The presence of the metal slot with a finite length in all directions makes this configuration different

from the typical conductor-gap-silicon (CGS) structure [32]. In fact, while in a CGS waveguide a low-

loss compact mode propagates in a thin gap of a low-index material sandwiched between a metal

layer and a higher-index dielectric layer, our configuration prevents the propagation of the surface

plasmon polaritons (SPP) mode and allows strong confinement of the optical  energy between the

metal strips. The energy is only strongly localized at resonance, because the PhC acts as a mirror at

different wavelengths in the photonic bandgap, so that the light is almost totally reflected without any

interaction with the slot [27].

The presence of the metal layers causes an increase in optical losses, with a consequent decrease

in the Q-factor and the resonance transmission. At the same time, the higher energy confinement

results in a decrease of the mode volume, leading to an improvement in the Q/V ratio of about three

orders of magnitude with respect to the PhC dielectric cavity without the plasmonic slot because of

greater light-matter interaction.
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3. DESIGN AND NUMERICAL RESULTS

A high Q/V ratio is requested by several  applications, such as biosensing, optical trapping and

optical communications [33-36]. The resonance transmission also represents an important figure of

merit to define the device performance, because it affects the detection resolution. Therefore, we have

designed  the  proposed  photonic/plasmonic  cavity  in  order  to  maximize  the  Q/V  ratio  and  the

resonance transmission values, as already mentioned.

3.1 Design of the 1D PhC cavity.

We designed the PhC dielectric cavity to obtain a very high confinement of the optical energy in the

cavity, i.e in the region on which the metal strips are placed, to make the vertical coupling with the

plasmonic slot more efficient. The design specifications also include an as high as possible resonance

transmission (T ≥ 90%) to overcome the remarkable decrease in T due to the metal absorption which

occurs when the PhC cavity constitutes a key element of the photonic/plasmonic device [37]. 

We considered a period between the mirror holes Λ = 390 nm to obtain a large photonic bandgap

that includes the wavelength of 1550 nm. The tapering of the holes and periods allows the distruction

of the translational symmetry in the photonic crystal and creates a resonance condition in the photonic

bandgap even without the defect d, as shown in Fig. 1.

The geometrical and physical parameters of the tapered holes affect the cavity performance, in

terms of Q-factor, resonance transmission and resonance wavelength.

We have assumed the filling fraction, FF i = π·Ri
2/w·Λi, as the parameter for the optimization of the

tapered section. Different tapering approaches have been investigated, such as a fixed value, a linear

and  a  quadratic  increase  in  FF  from the  cavity  to  the  mirror.  The  best  cavity  performance was

observed with a linear increase in both periods Λi and filling fraction FFi, corresponding to a quadratic

increase in the radii of the holes,  Ri. In fact, a Gaussian attenuation profile of |E|2 is allowed by this

tapering approach, which corresponds to a large decrease in the radiation loss in the cavity, due to

better mode matching conditions between the guided mode in the silicon nanowire and the Bloch

mode in the PhC. 
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A parametric analysis was carried out to define the set of values for Ri, Λi, N and Nt that optimizes

the  cavity  performance  to  obtain  high  values  of  resonance  transmission  (T  ≥  90%),  energy

confinement and Q-factor.

The behavior of the device was simulated using a 3D FEM algorithm, assuming the cavity to be

excited by a fundamental TE mode. The wavelength was swept in a wide range from 1500 nm to 1650

nm to evaluate the cavity spectral response. We considered the dispersion of both the Si and SiO2

refractive index according to the Sellmeier model [38], assuming nSi = 3.478 and nSiO2 = 1.444 at 1550

nm. The simulations were carried out by taking into account the presence of water in the surrounding

medium  (nH20 =  1.318  at  1550  nm).  The  water  absorption  was  also  considered,  assuming  the

imaginary part of the refractive index of water to be a function of the operating wavelength (i.e. k =

8.9x10-5 at λ = 1550 nm) [39].

The mode volume was evaluated by using the following equation:

2
calV

2

ε|E| dV
V =

max[ε|E| ]
 (1)

where ε is the relative permittivity, |E|2 is the squared module of the electric field and Vcal is the whole

calculation volume [40].

The influence of R1  and Λ1 on the cavity performance is reported in Fig. 2. Different values of the

radii Ri and periods Λi correspond to any changes in the set of values (R1, Λ1), e.g. if (R1, Λ1) = (70 nm,

320 nm) then R2 = 84 nm, R3 = 96 nm, R4 = 108 nm, R5 = 119 nm and Λ2 = 334 nm, Λ3 = 348 nm, Λ4 =

362 nm,  Λ5 = 376 nm, assuming a configuration with Nt = 5 and  d = 0 nm, and following a linear

increase in both the filling fraction FF and the periods Λi.

From Fig. 2, we can observe a significant improvement in Q and the Q/V ratio with increasing R1

and decreasing  Λ1 (this  condition is  related to an increase in the radius of  all  tapered holes that

become closer to each other), but also a remarkable decrease in the resonance transmission.

The maximum values of Q and the Q/V ratio obtained with (R1, Λ1) = (90 nm, 300 nm) were 5.4x104

and 1.4x105 (λ/n)-3, respectively. Unfortunately, they correspond to a very low resonance transmission

(T = 3%). This parameter set also provides a resonance wavelength at 1479 nm that is far from the

initial requirement chosen for the design (λR  ~ 1550 nm). A resonance transmission T = 95% was
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obtained with (R1,  Λ1) = (60 nm, 340 nm) (corresponding to smaller tapered holes farther from each

other). However, a low Q-factor (= 1.5x103), small Q/V ratio (= 1.4x103 (λ/n)-3), and also a much longer

resonance wavelength (λR = 1609.9 nm) were achieved by using those geometrical sizes.

A resonance transmission T ≥ 90%, was obtained with R1 ≤ 70 nm and Λ1 ≥ 330 nm, and the best

compromise in terms of the Q/V ratio and resonance wavelength was observed with R1 = 70 nm and

Λ1 = 330 nm, providing Q/V = 6.8x103  (λ/n)-3 and a resonance transmission T = 91% at λR = 1589.54

nm, as shown in Fig. 2.

Fig. 2. (a) Resonace wavelength; (b) Q-factor; (c) Q/V ratio; and (d) resonance transmission as a function of the couple (R1, Λ1).

The mode distribution in the cavity with these optimized geometrical parameters is reported in Fig.

3.  High  confinement  of  the  optical  energy  in  the  dielectric  region  between  the  central  holes  in

resonance condition is clearly shown.
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Fig. 3. (a) Distribution of |E|2 in the PhC dielectric cavity with R1 = 70 nm and Λ1 = 330 nm, N = 5 and Nt = 6 at resonance λR =
1589.54 nm; (b) Comparison between the distribution of |E|2 (blue line) and a Gaussian fit (red line).

A perfect  overlap  between the |E|2  distribution  in  the PhC dielectric  cavity  at  resonance (λR =

1589.54  nm)  and  a  Gaussian  fit  was  obtained  (see  Fig.  3.b).  A  Gaussian  attenuation  profile

corresponds to a minimization of the spatial  Fourier harmonics of  the cavity mode inside the light

cone, which corresponds to a decrease in the radiation loss in free space [9], thus justifying the high

value of resonance transmission (T = 91%) obtained with this particular cavity design. 

The next step for the optimization of the dielectric cavity was related to the study of the influence on

the cavity performance of the defect d between the central holes, as shown in Fig. 1.b. This parametric

analysis was carried out assuming an initial configuration of the PhC cavity with R1 = 70 nm and Λ1 =

320 nm, which provides Q = 1.2x104, V = 0.58 (λ/n)3, corresponding to Q/V = 2.2x104  (λ/n)-3, and a

resonance transmission T = 59 % at λR = 1562.2 nm with d = 0 nm.
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Fig. 4. (a) Quality factor (blue curve) and mode volume (red curve); (b) Q/V ratio (blue curve) and resonance transmission (red
curve) as a function of the defect d; (c)-(d) |E|2 distribution in the cavity at resonance for d = 0, 50 nm, and 100 nm normalized to

the maximum |E|2 peak (d = 0 nm).

A significant increase in the resonance transmission was achieved by increasing the defect size,

together with a strong decrease in the Q/V ratio, due to the smaller value of Q and, particularly, to an

increase in V because of a lower energy confinement in the cavity,  as shown in Fig. 4. The best

performance was obtained with a null defect (d = 0 nm) with a Q-factor of 104 and a mode volume V =

0.69 (λ/n)3, corresponding to Q/V = 1.4x104  (λ/n)-3 and T = 61 %. A decrease in Q/V of one order of

magnitude was measured with d = 100 nm with an increase of T up to 76% (see Fig. 4.b).
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Such behavior provides lower light-matter interaction and makes the dielectric cavity unsuitable for

the hybrid configuration, because the optical energy is more distributed in the photonic crystal when

the defect d is increased, obtaining the energy peaks between the side holes, as shown in Fig. 4.c and

Fig. 4.d. Therefore, we assumed  d = 0 nm in the device design because of the optimization of the

energy confinement in the cavity and the improvement of light-matter interaction.

An important figure of merit in the design of the PhC cavity is the number of the tapered holes N t.

We  optimized  this  parameter  to  obtain  the  highest  Q-factor  which  could  provide  a  resonance

transmission  T  ≥  90%,  by  using  the  configuration  allowing  the  best  compromise  between  the

resonance transmission and the Q/V ratio (R1 = 70 nm, R = 130 nm, Λ1 = 330 nm, Λ = 390 nm and d =

0 nm).

The Q-factor and the resonance transmission T as a function of Nt are reported in Fig. 5.

Fig. 5. (a) Q-factor; and (b) resonance transmission behavior as a function of Nt.

A low Q-factor (Q = 5x102) was obtained with Nt = 2, due to a strong mismatch between the guided

mode in the nanowire and the Bloch mode. A slight decrease in the radius of the tapered holes and

the period from the mirror to the cavity, obtained with a large value of N t, provides a better mode

matching condition, which corresponded to Q ≥ 104 with Nt ≥ 8. The resonance transmission increased

up to Nt = 6, with a maximum value of T = 91%, while with greater values of N t a sharp decrease in the

resonance transmission was observed (i.e. T = 58% was obtained with N t = 8). Similar behavior was

verified for different values of the radii R i and the periods Λi, demonstrating that the optimized design

of the cavity requires Nt = 6. The specification of a resonance condition close to 1550 nm was also
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met. In fact, a linear decrease in the resonance wavelength from 1600 nm with N t = 2 to 1584 nm with

Nt = 9 was observed, which corresponds to λR = 1589.8 nm with Nt = 6.

The influence of the number of the mirror holes N on the cavity performance in the range from N =

3 to N = 9, was also evaluated, as shown in Fig. 7.

Fig. 6. (a) Q-factor; and (b) resonance transmission behavior as a function of N.

We obtained a quadratic increase in Q, with Q ≥ 104 for N ≥ 7. In particular, Q = 2.3x104 with N = 9,

which, unfortunately, corresponds to a very low value of T. In fact, the resonance transmission was

almost constant (T ≥ 90%) up to N = 5 and rapidly decreased up to T = 35% with N = 9. Different

values of N did not influence the resonance wavelength.

Assuming Nt  = 6, R1 = 70 nm, R = 130 nm, Λ1 = 330 nm, Λ = 390 nm and d = 0 nm, we considered

N = 5 as the configuration that provides the best compromise between a high Q-factor (= 4.1x10 3) and

a low mode volume V = 0.6 (λ/n)3, with Q/V = 6.8x103(λ/n)-3 and T (= 91%) at λR = 1589.8 nm. This

configuration of the 1D PhC dielectric cavity was used as the key element of the photonic/plasmonic

device.

We also considered the influence of the holes’ height on the performance of this particular cavity

configuration, which could represent a critical issue in manufacturing the device, due to an incomplete

etching process. The depth of all the holes both in the tapering section and in the mirror was denoted

as  h’.  We evaluated the cavity performance for  several  values of  h’  <  h (= 220 nm). A negligible

decrease in T was observed with decreasing  h’,  while Q greatly decreased and a red-shift  of the

resonance wavelength occurred, i.e. Q = 3.5x103, and λR = 1591.3 nm with  h’  = 210 nm and Q =

13
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3.1x103, and λR = 1593.4 nm with  h’ = 200 nm. Such results confirm the need for a high degree of

accuracy in manufacturing the device, particularly during the etching process, to avoid a worsening of

the cavity performance.

3.2 Design of the photonic/plasmonic cavity.

After the optimization of the 1D PhC dielectric cavity, the metal slot was placed on a silica layer

between the central holes of the PhC (see Fig. 1). We took into account the dispersion of Au complex

permittivity (εAu) following the Drude-Lorentz model [41], assuming εAu = -93.0676+11.1103i at λ = 1550

nm. As for the refractive index of the other materials, we considered the proper value of εAu(λ).

The design of the metal slot was aimed to optimize the energy confinement between the metal

strips in order to maximize the Q/V ratio and the light-matter interaction. The lengths  t and c  of the

silica and metal layers, respectively, (see Fig. 1) were chosen in relation to the fabrication tolerances.

A minimum distance of 30 nm of the edge of the 1st hole from the vertical side of the silica and a

minimum metal  slot  thickness  b =  20 nm were chosen to  meet  the manufacturing requirements.

Therefore, a fixed value of t = 130 nm was assumed in the design, while c was determined as the best

compromise  between  the  energy  confinement  and  the  optical  losses  in  the  metal  slot.  Other

geometrical parameters that strongly influence the hybrid cavity performance are the metal thickness

b, the slot width s, and the gap layer G (see Fig. 1).

We report in Fig. 7 the influence of  the couple of values (b,c)  on the cavity performance. The

parameter c was investigated in the range from 50 nm to 80 nm, and b from 20 nm to 50 nm. A value

of G = 100 nm and a slot width s = 50nm were assumed, for the optimized configuration of the PhC

dielectric cavity with N = 5, Nt  = 6, R1 = 70 nm, R = 130 nm, Λ1 = 330 nm, Λ = 390 nm and d = 0 nm.
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Fig. 7. (a) Q-factor; (b) Q/V ratio ; and (c) resonance transmission as a function of the side length c of the silica layer and its
thickness b, with G = 100 nm and s = 50 nm.

We observed a large decrease in T compared to those obtained with the PhC dielectric cavity, at

high values of both b and c. In fact, a maximum value of T = 20% was achieved by the set (b,c) = (20

nm, 50 nm), while T = 7% with (b,c) = (50 nm, 80 nm). An increase in the metal sizes also results in a

large decrease in the Q-factor from Q = 1.8x103 with (b,c) = (20 nm, 50 nm), up to Q = 1.1x103 with

(b,c) = (50 nm, 80 nm), as shown in Fig. 7. The greatest advantage in using the metal slot is related to

the large decrease in the mode volume of about three orders of magnitude compared to the values

obtained with the PhC dielectric cavity without the metal slotted structure. A maximum value of V =

1x10-3  (λ/n)3, corresponding to Q/V = 1.7x106  (λ/n)-3  with (b,c) = (20 nm, 50 nm) was calculated. A

decrease in V and a consequent optimization of Q/V was observed on increasing the metal size, up to

V = 4x10-4  (λ/n)3 and Q/V = 2.8x106  (λ/n)-3 for (b,c) = (50 nm, 80 nm). A slight resonance shift  of

approximately ten pm was calculated in all cases when varying b and c in those ranges with respect to

the resonance condition obtained with the PhC dielectric configuration (λR = 1589.8 nm). Among the

sets of  values  (b,c)  we investigated,  we chose (b,c)  = (30 nm, 50 nm) as the best  compromise,

between a higher resonance transmission (= 17%) compared with results in the literature, although

with a different pattern of the metal strips, and a mode volume V < 1x10 -3 (λ/n)3 (= 8x10-4 (λ/n)3), which

corresponds to Q/V = 1.9x106 (λ/n)-3.

The design of the hybrid configuration was also accomplished with a parametric analysis on the

gap G and the slot width s, as reported in Fig. 8. These parameters were chosen in order to increase

the resonance transmission T and thus improve the detection resolution preserving an ultra-high Q/V

ratio (> 106 (λ/n)-3).
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High optical absorption was observed with small values of G, when the metal was close to the PhC

cavity, causing a decrease in both the Q-factor and resonance transmission. A reduction in T of 30%

between G = 200 nm and G = 50 nm was observed for each value of the slot width. At the same time,

a remarkable  improvement  in  the mode volume of  about  one order  of  magnitude was achieved,

together with an increase in the Q/V ratio, up to a maximum value of 3.2x106  (λ/n)-3  with (G,s) = (50

nm, 50 nm). Similar behavior was observed when varying the slot width  s.  In fact, when the metal

strips were placed closer to each other, the enhancement of the optical energy in the slot was clear,

because the metal assumes a more relevant role. Small values of s provide a decrease in the mode

volume, a worsening of the Q-factor and higher optical losses. The maximum value of the Q/V ratio (=

3.2x106 (λ/n)-3) obtained with (G,s) = (50 nm, 50 nm) is one order of magnitude higher than the value

obtained with (G,s) = (200 nm, 150 nm) that is Q/V = 3.3x105 (λ/n)-3. An increase in the resonance

transmission from 8% to 73% was observed, ranging G from 50 nm to 200 nm and s from 50 nm to

150 nm, as shown in Fig. 8. The resonance wavelength is weakly influenced by the parameters G and

s, and a resonance shift lower than 100 nm was observed for all values in those ranges, with respect

to the value obtained with G = 100 nm and s = 50 nm (λR = 1589.8 nm).
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Fig. 8. (a) Q-factor; (b) mode volume; (c) Q/V ratio; and (d) T as a function of the gap G and the slot width s, with b = 30 nm and
c = 50 nm.

We assumed T ≥ 30% as the reference for a good detection resolution and Q/V ≥ 106 (λ/n)-3 to

provide strong light-matter interaction. Therefore, G = 150 nm, s = 50 nm with b = 30 nm and c = 50

nm represent the best set of parameters to achieve those requirements, obtaining Q = 2.2x10 3, V =

1.5x10-3 (λ/n)3, which correspond to Q/V = 1.5x106 (λ/n)-3 with T = 30% at λR = 1589.8 nm. The spectral

response of the hybrid cavity is reported in Fig. 9. The optimized Q/V value of the hybrid cavity is

about two orders of magnitude larger than that of the plasmonic nanoantenna without the dielectric

cavity.  The  comparison  was  carried  out  using  3D  FEM  simulations  by  assuming  a  dipole  Au

nanoantenna located directly on a silica substrate and excited by a TE-polarized plane wave from the

back-side of the device, under normal incidence conditions.
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Fig. 9. Transmission spectrum of the hybrid cavity with s = 50 nm, G = 150 nm and c = 50 nm. The inset highlights the spectrum
in the wavelength range 1588 nm ÷ 1591 nm with a resonance transmission T = 30 % and Q = 2.2x103 at  λ = 1589.8 nm.

A decrease of about a factor 2  was obtained with respect to the PhC dielectric cavity from Q =

4.1x103  to Q = 2.2x103 as well as a good improvement in the mode volume around three orders of

magnitude, from V = 0.6 (λ/n)3 to V = 8x10-4 (λ/n)3.

According to Eq. 1, we calculated ε|E|2 in the entire domain calculation (3μm x 2μm x 10μm) using

3D FEM simulations with a very fine mesh, obtaining high energy peaks at the corners of the metal

structures, which is typical behavior of plasmonic devices. Very dense mesh was used around the

whole  nanoantenna  and  also in  the silica  layer  to  provide an  accurate  evaluation  of  the  energy

coupled from the PhC cavity.

Therefore,  a  large decrease in  the mode volume was found,  in  comparison  with  performance

obtained by using dielectric  structures,  making the enhancement  of  light-matter  interaction  in  the

hybrid cavity remarkable. 

These results confirm the increase in the Q/V ratio from Q/V = 6.8 x10 3 (λ/n)-3  to Q/V = 1.5x106

(λ/n)-3,  proving the better  performance of  the photonic/plasmonic cavity,  as  shown in Tab.  1,  and

justifying the use of the metal slotted structure to confine higher spatial energy density.
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Tab. 1. Comparison of the performance obtained with the PhC dielectric cavity and the photonic/plasmonic one, adding the
metal slotted structure.

Q V (λ/n)3 Q/V (λ/n)-3 T (%)

Dielectric PhC cavity 4.1x103 6x10-1 6.8x103 91

Photonic/plasmonic cavity 2.2x103 8x10-4 1.5x106 30

From the results in Tab.1, an improvement in the Q/V ratio of about two orders of magnitude was

obtained, when compared to the performance achieved by other hybrid photonic/plasmonic devices

[21]. Moreover, such performance is comparable to the state-of-the-art of PhC dielectric cavities, with

the greatest advantage of the higher confinement of the optical energy in the slot filled with water,

rather  than in silicon as for  a typical  dielectric configuration,  making the device more suitable for

sensing and particularly for optical trapping.

The mode distribution in the photonic/plasmonic cavity at resonance is reported in Fig. 10.

Fig. 10. (a) Top view; and (b) front view of the logarithmic scale of |E|2 around the metal slot in the hybrid device at resonance
(λR = 1589.8 nm) with b = 30 nm, c = 50 nm, s = 50 nm and G = 150 nm.

The  metal  slot  strongly  influences  the  device  performance,  due  to  a  remarkable  energy

confinement in the metal slot itself, and particularly at the corners of the gold strips (see Fig. 10). High

energy peaks were found in those regions, also reaching values three orders of magnitude higher than

the energy values inside the photonic crystal in the hybrid configuration. A decrease of two orders of

magnitude in the energy value in the PhC region of the hybrid configuration was observed with respect

to the same region without the metal slot. Such behavior corresponds to the high efficiency in the

vertical  coupling  between  the  dielectric  PhC and  the  metal  slot  and  provides  strong  light-matter

interaction. 
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Even if the optical energy in the slot represents less than 1% of the total energy distributed in the

whole volume, the strong confinement of the optical energy at the metal tips with very high peaks

makes the cavity particularly suitable for optical trapping. We expect that a different configuration of

the metal slotted structure (i.e. decreasing G and s to enhance the plasmonic effect) would provide an

enhanced energy confinement in the slot, also making the device more suitable for biosensing due to

an increase in the sensing region in which the light interacts with the sample.

The  results  reported  in  Fig.  7  and  Fig.  8  and  the  energy  distribution  at  resonance  in  the

photonic/plasmonic cavity (see Fig. 10) confirm that the device performance is very sensitive to the

pattern of the metal slotted structure. Therefore, we also optimized the shape of the metal structure to

increase the energy confinement in the water region between the metal strips and thus improve the

efficiency of the hybrid cavity.

We considered a triangular shape for each metal layer, designing a typical configuration of a bowtie

shaped nanoantenna [42], as shown in Fig. 11.

Fig. 11. Bow tie nanoantenna configuration of the metal slot.

Further parametric analysis was carried out to design the configuration of the bow tie, that provides

a stronger enhancement of the optical energy in the slot. We kept the side length of the silica layer t

and the metal thickness b constant and equal to 50 nm and 30 nm, respectively, while investigating

the influence of the gap layer  G,  the slot width  s,  and the side length of the metal strips  c on the

photonic/plasmonic cavity performance. 
We analyzed the influence of G in the range from 50 nm to 200 nm, by assuming an initial value of

s = 50 nm and c = 50 nm. The results are shown in Fig. 12.
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Fig. 12. (a) Quality factor (red curve) and mode volume (blue curve); (b) Q/V ratio (red curve) and resonance transmission (blue
curve) of the hybrid device as a function of the gap G with a bow tie width c = 50 nm and a slot width s = 50 nm.

As with the rectangular shape of the metal strips, also in case of a bow tie configuration of the

metal slot, an improvement of the Q-factor and of the resonance transmission was achieved with an

increase in G, due to the lower optical losses caused by the larger distance between the metal and the

PhC cavity. A decrease in the energy confinement can be observed, as confirmed by the increase in

the mode volume.

Interesting  results  were  obtained  by  comparing  the  photonic/plasmonic  cavity  with  a  bow  tie

nanoantenna  and  a  typical  dipole  configuration  with  rectangular  shapes  of  the  metal  layers.  An

average  increase  in  the  Q-factor  of  around  25%  and  a  decrease  in  the  mode  volume,  by

approximately a factor of 3, were observed with the bow tie structure. Such performance confirms an

improvement in the Q/V ratio by a factor 4 for the bow tie configuration, due to stronger light-matter

interaction and also to an increase in the resonance transmission of about 15 %.

Similar behavior was observed for Q, Q/V and T as a function of  s, as shown in Fig. 13. We

assumed an initial gap layer G = 150 nm and c = 50 nm, with s ranging from 25 nm to 150 nm.
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Fig. 13. (a) Quality factor (red curve) and mode volume (blue curve); (b) Q/V ratio (red curve) and resonance transmission (blue
curve) of the hybrid device as a function of the bow tie width s, assuming G = 150 nm and c = 50 nm.

A larger bow tie width s provides an increase in T, but also a rapid increase in the mode volume,

which corresponds to a decrease in Q/V. We assumed s = 50 nm as the best compromise between a

high  detection  resolution,  strong  light-matter  interaction  and  ease  of  manufacturing.  The

photonic/plasmonic cavity with G = 150 nm, and s = 50 nm provides a Q-factor of 2.8x103 and a mode

volume V = 4x104 (λ/n)3, corresponding to Q/V = 7x106  (λ/n)-3. The strong improvement in the energy

confinement in the bow tie structure provides an increase in the Q/V ratio, allowing the use of a thicker

silica layer (G = 150 nm) rather than G = 100 nm with the dipole configuration, thus reducing the metal

absorption and obtaining a higher resonance transmission up to T = 47% at λR = 1589.6 nm, still

confirming Q/V > 106.

An increase in Q/V from Q/V = 1.5x106(λ/n)-3 to Q/V = 7x106(λ/n)-3 as well as an increase in the

resonance transmission from T = 30%, with the dipole metal slotted structure, to T = 47% with the bow

tie have been measured, demonstrating the higher performance and greater sensitivity of the bow tie,

as shown in Fig. 14 and in Tab. 2.

Fig. 14. (a) Top view and (b) front view of the modal distribution in the bow tie at resonance with G = 150 nm, s = 50 nm and c =
50 nm.
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The |E|2 distribution shows that the optical energy is more confined in the bow tie,  providing greater

enhancement of the field by more than one order of magnitude with respect to the dipole configuration.

Tab. 2. Comparison of the performance obtained with the PhC dielectric cavity and photonic/plasmonic
configurations 1 and 2.

Q V (λ/n)3 Q/V (λ/n)-3 T (%)

Dielectric PhC cavity 4.1x103 6x10-1 6.8x103 91
Photonic/plasmonic cavity 1

(dipole configuration)
2.2x103 8x10-4 1.5x106 30

Photonic/plasmonic cavity 2
(bowtie configuration)

2.8x103 4x10-4 7x106 47

Further analysis was carried out to evaluate the influence of the side length of the bow tie on the

performance of the photonic/plasmonic cavity (see Fig. 15).

Fig. 15. (a) Quality factor (red curve) and mode volume (blue curve), (b) Q/V ratio (red curve) and resonance transmission (blue
curve) of the hybrid device as a function of the side length of the bow tie with s = 50 nm and G = 150 nm.

Greater energy confinement, related to an improvement in the mode volume was observed with an

increase in c. A mode volume V = 6x10-4 (λ/n)3 was obtained with c = 30 nm and V = 2x10-4 (λ/n)3 with

c = 80 nm. Contrasting behavior of the Q-factor and the resonance transmission were observed, with a

slight decrease from Q = 2.9x103 and T = 49% with c = 30 nm to Q = 2.5x103 and T = 43% with c = 90

nm. Such performance provides a maximum value of  the Q/V ratio of  1.2x107 (λ/n)-3 with  a high

resonance transmission T = 43% when  c  = 30 nm. We chose a value of  c = 50 nm as the best

compromise between the hybrid cavity performance and fabrication reliability, due to a distance of 40
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nm between the bow tie and the vertical edge of the silica layer, thus providing Q/V > 106 (λ/n)-3, and T

~ 50%.

The very high confinement of the optical energy at the metal tips makes the cavity very sensitive to

the pattern of the metal structure, and particularly to the sharpness of the tips. We also evaluated the

cavity performance with rounded corners of the metal bow tie until r = 10 nm, as shown in Fig. 16.

Fig. 16. Configuration of the metal bow tie in the photonic/plasmonic cavity with rounded tips.

A slight decrease in the Q-factor and a particularly relevant increase in the mode volume were

achieved by increasing the radius  r, leading to a decrease in the Q/V ratio. A Q/V ≥ 106  (λ/n)-3 was

measured with a radius of the rounded tip less than 10 nm. It resulted in Q/V = 3.3x106 (λ/n)-3 and Q/V

= 1.5x106 (λ/n)-3 with a radius of 5 nm and 10 nm, respectively.

These results are related to the bow tie configuration, but similar behaviour was also observed

using the pattern of a dipole nanoantenna.

This similar behavior confirms the performance to be better than the state-of-the-art hybrid cavities

with a more realistic configuration of the bow tie structure.

4. DISCUSSION AND CONCLUSIONS

The rigorous design of a photonic/plasmonic cavity with an ultra-high Q/V ratio to allow strong light-

matter interaction has been described in this paper. A 1D PhC dielectric cavity has been optimized

with the aim of improving the vertical coupling efficiency with a metal slotted structure. High spectral

and spatial density have been achieved, with Q = 2.2x103, V = 8x10-4 (λ/n)3, Q/V = 1.5x106 (λ/n)-3, and

a resonance transmission T = 30%, with a configuration of the metal slot like a dipole nanoantenna. A

further improvement in the hybrid cavity performance has been made by the use of a bow tie structure.
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The optimized design of the photonic/plasmonic cavity that provides the best compromise in terms of

Q/V ratio, resonance transmission and resonance wavelength was developed with N = 5, N t = 6, R1 =

70 nm, R = 130 nm, Λ1 = 320 nm, Λ = 390 nm, and d = 0 for the design of the PhC dielectric cavity

and with a pattern of the metal slotted structure as a typical bow tie nanoantenna with b = 30 nm, c =

50 nm,  s = 50 nm and G = 150 nm. This configuration of the hybrid cavity provides a value of Q =

2.8x103 and V = 4x10-4 (λ/n)3,  which corresponds to an ultra-high Q/V ratio of 7x106 (λ/n)-3 with a

remarkable resonance transmission (=  47%),  confirming strong light-matter  interaction and a high

detection resolution. High values of resonance transmission are especially necessary for biosensing

applications and optical trapping, because high signal-to-noise values make it possible to measure

smaller changes of resonance transmission in the presence of trapped particles, increasing the device

sensitivity while decreasing the minimum detectable size and concentration of living matter.

Such performance also allows high values of energy to be confined in a region at nanoscale with

low values of input power. These results confirm an improvement of about two orders of magnitude

with  respect  the state-of-the-art  of  the hybrid  cavities  and of  about  a  factor  of  6  with  respect  to

dielectric  cavities.  It  corresponds  to  a  higher  sensitivity  and  stronger  light-matter  interaction  with

respect to the performance of dielectric and hybrid devices, making the proposed photonic/plasmonic

cavity particularly suitable for optical trapping to control and manipulate nanoparticles. 

We have shown that the strong gradient of the optical field inside the bow tie provides high optical

forces in the pN range, which are required to trap cells of a few microns in size [43] as well as smaller

proteins, DNA sections and metal beads (tens of nanometers) [44,45]. Stable optical traps with low

input power of a few mW to avoid the thermophoresis effect, can be made. Such performance is not

easily attained by other trapping techniques, such as electrophoresis, acoustic and magnetic trapping,

thus confirming the suitability of the proposed photonic/plasmonic device for medical applications in

proteomics, oncology and genetics, for which stable trapping of small biological nanoparticles, such as

proteins, DNA sections and cancer markers, without any disruption or damage is required to allow

their analysis and manipulation.
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