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Abstract

We propose silicon nitride two-dimensional photonic crystal resonators as flexible platform to realize photonic devices based on

spontaneous emission engineering of nanoemitters in the visible spectral range. The versatility of our approach is demonstrated by

coupling the two dipole-like modes of a closed band gap H1 nanocavity with: (i) DNA strands marked with Cyanine 3 organic dyes,

(ii) antibodies bounded to fluorescent proteins and (iii) colloidal semiconductor nanocrystals localized in the maximum of the

resonant electric field. The experimental results are in good agreement with the numerical simulations, highlighting the good

coupling of the nanocavities with both organic and inorganic light emitters.
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1. Introduction

Two-dimensional (2D) photonic crystal (PhC)

technology is well established at telecommunication

bands, and materials such as silicon (Si), gallium

arsenide (GaAs) or indium phosphide (InP) represent a

common solution for applications at these wavelengths

[1–4]. However the interest of scientific community on
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structures operating in other spectral regions, such as

the visible one, is growing up for both linear and non-

linear applications [5–7]. Indeed, 2D-PhC cavities

resonating in the visible spectral range are considered a

promising tool to boost photonic device performances

in several fields, such as biosensing, integrated optics,

quantum communications, solar energy, etc. As con-

sequence of this wide area of interest, a photonic

platform able to answer to the needs of all these fields

would be attractive for scientific and technical

communities.

Trying to develop such technological platform, the

first problem one should face is the material choice. In

principle it should be transparent in the whole visible

spectral range with a refractive index (n) relatively high,

http://www.sciencedirect.com/science/journal/15694410
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low cost, compatible with silicon (Si) based technol-

ogies, robust, biocompatible and simply functionaliz-

able with several biological species.

In past years several materials have been proposed

with this purpose; among them, of remarkable interest

are gallium nitride (GaN) [8], gallium phosphide (GaP)

[9], polymers [10] and silicon dioxide (SiO2) [11].

Another appealing material is silicon nitride (Si3N4),

which answers to most of the above-mentioned

requirements. Indeed, stoichiometric silicon nitride is

transparent in the visible spectral range with a refractive

index n � 1.93 (@ l = 600 nm) [12–14], it can be

grown on Si with low cost and widely diffused growth

facilities such as plasma enhanced chemical vapor

deposition (PECVD) [15], it is compatible with Si based

electronics (it is used as insulator in MOSFET gates

[16,17]), it is biocompatible and functionalizable with

several proteins [18–20].

Several Si3N4 2D-PhC cavities have been already

proposed in past years [5,21,22], showing a maximum

quality factor (Q) of �3400 in the case of a double

heterostructure nanocavity [22]. Moreover, recent

advances in development of nanobeam cavities have

led to extremely high quality factors also in the visible

[23–25], with a maximum Q of �55 000 [25]. In this

contribution we propose Si3N4 PhC resonators as

platform to realize photonic devices based on sponta-

neous emission engineering of nanoemitters in the

visible spectral range. The versatility of our approach is

demonstrated by coupling the two dipole-like modes of

a closed band gap single point defect nanocavity with

organic and inorganic light emitters: (i) DNA strands

marked with Cyanine 3 (Cy3) organic dyes, (ii)

antibodies bounded to fluorescent proteins (TRITC)

and (iii) colloidal semiconductor nanocrystals (NCs)

localized in the maximum of the resonant electric field.

The 2D-PhC nanocavities have been designed by

exploiting both frequency and time domain simulations.

The fabrication of the devices has been achieved by

means of electron beam lithography (EBL) and deep

reactive ion etching processes. Scanning electron

microscopy (SEM) images were collected on the

processed samples in order to check the morphology

of the fabricated pattern, while micro-photolumines-

cence measurements have been carried out to investi-

gate the optical properties of the realized structures.

2. Resonators design

The coupling between a single quantum emitter and

a confined optical mode can lead to two different

interaction regimes, called strong and weak coupling
[26,27]. In particular, in the weak coupling regime the

spontaneous emission rate of the uncoupled emitter is

modified and, when the emitter is positioned in the

maximum of the localized electric field, this modifica-

tion is quantified by the so called ‘‘Purcell Factor’’ [28],

i.e. Fp = 3/(4p2)Q/V(l/n)3, where Q and V are the

quality factor and the modal volume of the resonant

mode, respectively. If Fp > 1, the cavity increases the

spontaneous emission rate at the resonant wavelength,

thus enhancing the emitter luminescence. In order to

maximize Fp, it is thus important to have high Q and

low V nanocavities.

The resonators reported in this work have been

designed according to Ref. [29] by using both frequency

and time domain simulation algorithms. Briefly, the

photonic band gap was first designed by using a

triangular lattice of air holes with period a and radius r

in a dielectric material with n = 1.93 by means of a

plane wave expansion (PWE) algorithm. A single point

defect was then implemented by the omission of an air-

hole in the lattice (see Fig. 1(a)) and the localized

photonic states analyzed by Finite Difference Time

Domain method. When realized in Si3N4 and without

any other modification, this type of nanocavity, called

‘‘H1’’, allows two dipole-like states to be localized in

the defect [29–32], as shown by the modal profiles

reported Fig. 1(b) and (c), called x-pole and y-pole,

respectively. As described in Refs. [29,31], the quality

factor of these modes can be enhanced by increasing the

thickness of the PhC slab up to when the photonic band

gap closes, leading to a strong mismatch in the

momentum space between the cavity modes and the

2nd guided mode in structure. However, by increasing

the slab thickness, the amount of material with higher

refractive index expands, thus increasing the modal

volume of the confined photonic states. Nevertheless,

this does not affect the Purcell factor, that, by virtue of

the closed band gap, presents an absolute maximum of

Fp = 78, obtained for t = 1.55a (see Fig. 1(d)) for both

x- and z-pole modes and corresponding to quality factor

of �700 and a modal volume of �0.68(l/n)3. As

described with more details in Ref. [29], this value of Fp

can be further enhanced for the z-pole mode by slight

modifying two neighboring holes around the defect,

allowing to reach a theoretical Purcell factor of about 90

with Q � 810.

3. Coupling with organic emitters

The resonators were realized on a 400 nm thick

Si3N4 slab deposited on a Si substrate by means of a

PECVD technique. The Si3N4 layer was then covered
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Fig. 2. Organic dyes coupled to PhC cavities. (a) SEM micrograph of

the realized resonators. (b and c) Spectral resolved mPL signal

collected from Cy3 and TRITC sample, respectively, and for several

values of a and r = 0.308a. (d) 2D mPL map of a resonant nanocavity.

Fig. 1. Closed band gap H1 nanocavity. (a) Sketch of an H1 2D-PhC cavity. (b and c) Spatial dependence of the electric field components Ey and Ex

for the x- and y-pole mode, respectively. (d) Dependence of the Purcell factor on the slab thickness.
with 400 nm spin-coated positive e-beam resist and the

2D-PhC pattern defined by EBL with an acceleration

voltage of 30 kV and a beam current of 29 pA. The

pattern was transferred in the Si3N4 dielectric layer by

an inductively coupled plasma (ICP) etching process

based on a H2/CF4 gas mixture. The RF coil power and

the RF platen power have been set to 150 W and 50 W,

respectively. The membrane structure was then released

by wet etching the underlying silicon substrate in a

tetramethylammonium hydroxide (TMAH) solution for

10 min at 75 8C. Fig. 2(a) shows scanning electron

micrograph (SEM) of the bulk 2D-PhC H1 nanocavity

after EBL, ICP and wet etching processes.

Through a solid state bioconjugation chemistry

yielding primary amino-groups on the Si3N4 surface to

link biomolecules, two samples were prepared by

covalently immobilizing on PhC resonators (i) single-

stranded DNA (ss-DNA) [33] or (ii) antibody probes

[34] on the Si3N4 surface, respectively. Complementary

DNA targets or specific secondary antibodies, labeled

with Cyanine 3 (Cy3) and rodhamine (TRITC)

fluorophores, respectively, were then allowed to

recognize the immobilized probes, thus obtaining a

uniform fluorescent monolayer of the biomolecular

species. Specifically, the target DNA sequences (match:

50-Cy3–CTC CCC CAT GCC ATC CTG CG-30) were

left to hybridize with probes for 10 min at 37 8C, while

the immune-modified surface was incubated for �1 h

with a solution of TRITC-coniugated AffiniPure F(ab0)2
Fragment Goat Anti-Mouse IgG (H + L) (concentration

1:200 in 1 � PBS).

In order to characterize the optical properties of the

resonators, room temperature micro-photolumines-

cence (mPL) measurements were carried out. A linear

polarizer was introduced in the detection optical path in

order to select the y-pole mode, which has the highest

quality factor when cavity-neighboring holes are

slightly modified as reported in Ref. [29].
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Fig. 3. Colloidal semiconductor nanocrystals embedded in Si3N4 PhC

resonators. (a) SEM micrograph of the realized sandwiched structure.

(b) Sketch of the resonator embedding the colloidal nanocarystal

layer. (c) Spectral resolved mPL signal collected from the resonator

embedding colloidal NCs for three values of a and r = 0.308a.
Fig. 2(b) and (c) display the mPL signal from several

nanocavities with different lattice periods: the sharp

resonances, superimposed to Cy3 and TRITC lumines-

cence, show a maximum quality factor of Q � 725

tunable in a wide spectral range. As shown by the bright

spot in the center of the 2D spatial mPL map reported in

Fig. 2(d), besides improving spectral purity, nanocavities

strongly increase dye emission up to 160-fold with

respect to the unpatterned substrate. Let us point out that

this high emission intensity should be ascribed to the

combination of three different phenomena. (i) The

presence of the photonic crystal pattern allows probes

biomolecules to be functionalized on a wider area,

composed by top and bottom surfaces of the resonator

and by the walls of the holes. The surface available to

probes in the patterned device has been computed to be

almost 4 times larger than the one accessible in the flat

substrate. (ii) The 2D-PhC pattern introduces extraction

channels for the energy confined in the slab, called leaky

modes [35,36]. At the same time, the defect region locally

modifies light outcoupling by attributing a peculiar

radiation pattern to the localized modes [37,38]. (iii)

Purcell effect can also modify the emission rate of

organic or inorganic emitters interacting with low modal

volume, high Q defect modes, further increasing the

overall detected emission. In our experiments, we have

obtained a 20-fold luminescence increase measured on

the square area occupied by the photonic crystal pattern,

which is significantly brighter than the unpatterned

substrate, as shown by Fig. 2(d). Moreover, a further 8-

fold increase as compared to the PhC pattern is obtained

in the PhC defect, thus giving a significant overall

increase of 160-fold. Exact quantification of the different

contributions, and specifically of Purcell effect, would

require high spatially-, time- and angle-resolved PL

measurements to infer the final emission rate and the

radiation patterns of leaky and cavity modes, and is

beyond the scope of the present work.

Both spectral tailoring and emission enhancement are

key advantages that can boost performances of biode-

vices based on optical detection of fluorescent marker-

labeled bioanalytes. In fact, using these approaches in the

optical read-out area of DNA- and protein-chips it is

possible to introduce a wavelength multiplexing in the

detection process, thus performing �150 parallel

analysis in a one shot measurement, with a minimum

sensitivity increased of a factor as high as 160 [39,40].

4. Coupling inorganic emitters

The same photonic platform has been exploited to

efficiently modify the spontaneous emission of colloi-
dal NCs by embedding them in the Si3N4 membrane H1

nanocavity. These nanoparticles are considered promis-

ing quantum emitter for room temperature single

photon generation [41–43], and their coupling with

confined optical systems allows to enhance their

performances in terms of emission linewidth and

radiative lifetime [44]. In order to localize them in

the center of the PhC slab, the Si3N4 growth procedure

has been divided in two stages. In the first one, half of

the final Si3N4 slab thickness (i.e. t/2 = 200 nm) was
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grown on the Si substrate and a micromolar solution

(10�6 mol/l) of colloidal CdSe/CdS dot-in-rod nano-

crystals [42] in toluene was spin-coated on it [45]. After

solvent evaporation, the remaining 200 nm of silicon

nitride were grown on the sample. A SEM micrograph

of the resulting sandwiched structure is shown in

Fig. 3(a). The resonators were then realized through

electron bean lithography and dry and wet etching

processes as described in Section 3.

By following this approach, in the patterned device

(schematized in Fig. 3(b)) the nanoemitters are thus

localized in the electric field main lobe, maximizing the

Purcell effect and resulting in the resonances reported in

Fig. 3(c), which show a maximum quality factor of

about 600. The normalized frequency of the experi-

mental results was found to be a/l � 0.46, against the

expected value of a/l of about 0.431. This slight

difference can be mainly imputed to the effects of

fabrication imperfections since they induce an added

and unavoidable dispersion in the optical properties of

the PhCs nanocavities [46]. It is important to underline

that the introduction of a guest material sandwiched

between two Si3N4 layers, does not affect the optical

properties of the nanocavity as shown by the good

agreement between the calculated and measured Q-

factors (equal to 680 and 600, respectively).

5. Conclusions

We have detailed the use of Si3N4 2D photonic

crystal resonators as flexible platform to realize

photonic devices based on spontaneous emission

engineering of nanoemitters in the visible spectral

range. We have evidenced the versatility of our

approach by coupling several types of quantum light

emitters to the two photonic states allowed in a closed

band gap single point defect nanocavity. In particular,

DNA strands and antibodies marked with Cy3 and

TRITC organic dyes, respectively, have been immobi-

lized on top of the nanocavities, while colloidal

quantum dots emitting in the visible spectral range

have been embedded in the resonators and localized in

maximum of the localized photonic mode. The optical

measurements, carried out by mPL confocal micro-

scopy, revealed maximum quality factors close to the

theoretical estimations for all the emitters used in this

work.

Improvements in modelling and processing of PhC

structures in silicon nitride, which resulted to be highly

compatible with both biological materials and inorganic

quantum emitters, let us envision a broader application
of two-dimensional PhC nanocavities also in the visible

spectral range.
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