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ABSTRACT

We demonstrate the fabrication of a highly nonlinear sub-micron silicon nitride trench waveguide coated with gold
nanoparticles for plasmonic enhancement. The average enhancement effect is evaluated by measuring the spectral
broadening effect caused by self-phase-modulation. The nonlinear refractive index n> was measured to be 7.0917x10°"
m?/W for a waveguide whose W,pen is 5 pm. Several waveguides at different locations on one wafer were measured in
order to take the randomness of the nanoparticle distribution into consideration. The largest enhancement is measured to
be as high as 10 times. Fabrication of this waveguide started with a MEMS grade photomask. By using conventional
optical lithography, the wide linewidth was transferred to a <100> wafer. Then the wafer was etched anisotropically by
potassium hydroxide (KOH) to engrave trapezoidal trenches with an angle of 54.7°. Side wall roughness was mitigated
by KOH etching and thermal oxidation that was used to generate a buffer layer for silicon nitride waveguide. The
guiding material silicon nitride was then deposited by low pressure chemical vapor deposition. The waveguide was then
patterned with a chemical template, with 20 nm gold particles being chemically attached to the functionalized
poly(methyl methacrylate) domains. Since the particles attached only to the PMMA domains, they were confined to
localized regions, therefore forcing the nanoparticles into clusters of various numbers and geometries. Experiments
reveal that the waveguide has negligible nonlinear absorption loss, and its nonlinear refractive index can be greatly
enhanced by gold nano clusters. The silicon nitride trench waveguide has large nonlinear refractive index, rendering
itself promising for nonlinear applications.

Keywords: silicon nitride trench waveguide, sub-micron, gold nanoparticles, nonlinearity, plasmonic enhancement.

1. INTRODUCTION

Nonlinear fiber optics plays a significant role in supercontinuum generation, all-optical switching, Raman applications
and etc. Its mechanism has been thoroughly studied [1] and its application are vastly investigated. Nonlinear properties
in waveguides can be engineered through waveguide design, and the concepts been applied to silicon waveguides have
flourished integrated silicon photonics towards all-silicon-solution since the first demonstration of a silicon Raman laser
[2]. However in telecommunication frequency range, the relatively small energy bandgap of silicon results in inevitable
loss due to two photon absorption (TPA) [3]. Alternative materials were explored to mitigate the nonlinear losses while
at the same time increase nonlinear response. Silicon nitride draws the attention because of the absence of TPA and free-
carrier absorption [4] as an alternative to silicon in nonlinear applications[5]. Its nonlinear refractive index n, was
measured to be 2.4x10°15 cm* W [6] for the first time. Besides, silicon nitride has a broad transparency windows ranging
from the visible to the mid-infrared. The moderate refractive index difference between silicon nitride and silicon dioxide,
An = 0.55, makes the silicon nitride waveguide with silicon dioxide cladding suitable for low loss propagation [7]. On
the fabrication side, silicon nitride can be deposited by standard CMOS fabrication technology, and experiments has
already proven that silicon nitride, silicon dioxide and silicon components can be all integrated in one photonic device
[8]. Recently we demonstrated a sub-micron silicon nitride trench waveguide using conventional photolithography with
low propagation loss and high nonlinearity [9], [10]. The fabricated waveguide has an impressive nonlinear refractive
index n> = 1.39x10"" m*W.
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To further increase the nonlinear response of the waveguides, plasmonic effect can be used. Such effects arise from
coherent oscillations of conduction electrons near the surface on noble metal structures. Carefully designed structures
provide filed enhancement near the metal-dielectric interface. Among the vastly investigated metal structures,
nanoparticles and nanoclusters are widely used in medical diagnostics [11], solar cells [12], [13], surface-enhanced
Raman scattering sensors [14], [15] and etc. Fabrication of self-organized clusters of metal particles are developing
towards low-cost and highly reproducible ways [16]. For metal nanoparticles, the enhancement associated with the
excitation of localized surface plasmons (LSPs). Localized surface plasmons results from plasma oscillation in confined
geometries like nanoparticles, or subwavelength features on a metal surface, e.g., bowtie antennas. The LSP resonance
depends on the particle size, shape, spacing and surrounding medium. Since it is confined in a small volume, thereby
tremendous enhancement can be achieved near the nanoparticle. The resulting strong fields enhance the nonlinear
response locally, which is equivalent to increasing the nonlinearity of a material adjacent to a metal [17]. Experimental
studies have shown that noble nanoparticles enhance the optical nonlinearity in nanocomposite films [18], [19] and
nanobelts [20].

In this paper, we present the experimental demonstration of the plasmon enhanced optical nonlinearity in sub-micron
silicon nitride trench waveguides. Section 2 describes the fabrication procedure of the trench waveguides along with
their experimental and numerical characterizations. Section 3 shows the deposition and optical response of the cluster
gold nanoparticles using functionalized PMMA templates. Experimental characterization of the third-order nonlinearity
of the nanoparticle coated waveguides are illustrated and discussed in Section 4, followed by conclusions in Section 5.

2. SILICON NITRIDE TRENCH WAVEGUIDE

Recently we demonstrated a method to fabricate sub-micron silicon nitride trench waveguide using conventional
lithography [9], [10]. The anisotropic potassium hydroxide (KOH) etching on <100> wafer carves a trapezoidal or
triangular trench with an angle of 54.7° with respect to the substrate surface, because the etching rate on the <111>
direction is extremely slow. The shape of the waveguide is determined by etching time, opening window and silicon
nitride deposition thickness. For example, if the etching opening window is smaller than2x+/2/2x 7, where H is the

etching depth on the silicon substrate, a V-groove will be carved out, and the fabricated waveguide will be in triangle
shape. On the contrary, if the etching width is larger than that value, KOH will carve isosceles trapezoidal trench. The
width of the lower edge of the waveguide can be estimated as W=W,, -2x2/2xH > where W is the width of the lower

edge of the waveguide, and W, is the width of the opening window on photo masks. For instance, if the opening
window on the photomask is 5 pum, the lower edge of the etched trenches will be 0.8 um, given an etching depth of 3 um
in silicon layer.

(a)

FIG. 1 Fabricated waveguides (a) Wopen =4 um, (b) Wopen =5 pm, and (c) Wopen = 6 pm.

{c)

The opening window width and etching depth control the waveguide width, while the thickness of the waveguide is
controlled by silicon nitride deposition. Low-pressure-chemical-vapor-deposition (LPCVD) was used to deposit a layer
of T="725 nm silicon nitride. The variation of the waveguide geometry affects the waveguide propagation properties and
mode distributions, which further influences the nonlinear response of the waveguide. The waveguides propagation
losses were experimentally measured using cut-back method for both TE and TM modes [21]. Structure- and
polarization-dependent propagation losses were summarized in Table I. We also experimentally tested the nonlinear
refractive index n> of the guiding material to be 1.39x107'® m*W. In addition, numerical investigation was carried out
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using FEM method (COMSOL Multiphysics) to study the effective mode area, dispersion properties and etc. The
waveguide with W,y = 5 um was found to have an effective mode area A,y = 1.9 um? and a dispersion D = 55
ps/nm.km. Further details can be found in Ref [9], [10], [21].

Table I Propagation loss of waveguides with different dimensions [21]

™ TE
Wopen =4 pm 1.66 + 0.42 dB/cm 4.5+ 0.34 dB/cm
Wopen =5 pm 0.8 +£0.26 dB/cm 3.13+0.37 dB/cm
Wopen = 6 um 6.43 £0.49 dB/cm 2.95+0.39 dB/cm

3. GOLD NANOPARTICLE DEPOSITION

Planar assemblies of nanoparticle clusters allow scientists and engineers to harness electromagnetic field enhancements
for nonlinear applications, e.g., surface enhanced Raman scattering. Here, gold nanoparticle clusters are assembled onto
our waveguides to enhance their nonlinearity. By using a chemical template we can confine metal nanoparticles into
tightly spaced clusters in a cheap but robust way, with high throughput [16]. Specifically, a poly(styrene-b-methyl
methacrylate) (PS-b-PMMA)(Mn=170-b-144 kg mol!) diblock copolymer is spun coated onto our waveguide, followed
by annealing to generate a PS-b-PMMA template with lamellar PMMA domains. The PMMA domains are then
functionalized with an amine end group, by immersing the substrate in an ethylenediamine/dimethyl sulfoxide
(ED/DMSO) solution for 2 hours. 20 nm Au nanoparticles are functionalized with thiotic acid ligands, and an 1-ethyl-3-
[3-(dimethylamino)propyl]-carbodiimide hydrochloride/ N-hydroxysulfosuccinimide (EDC/S-NHS) crosslinker is used
to facilitate a reaction between the amine group of the PMMA and the carboxylic group on the thiotic acid. Due to the
size of the functionalized PMMA domain, which is about 40 nm in width, only a few nanoparticles can be attached to
any one domain, resulting in cluster spacings ranging below 7 nm. For the gold nanoparticle attachment, the
functionalized PS-b-PMMA template is immersed in a solution of functionalized nanoparticles. Previously, two methods
have been used. In the first, particles diffuse toward the surface in a gold nanoparticle solution with crosslinker, at 40
°C. An alternative method uses electrophoresis to drive the nanoparticles toward the target. In the diffusion case, cluster
spacings between 2 and 7 nm are generated, whereas in the electrophoretic case, spacings smaller than 1 nm were found.
In our case, diffusion was used since the silicon nitride is a dielectric material.

a) - b) c)

EDC
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FIG. 2 Gold nanoparticle deposition procedure.

FIG. 3 shows the silicon trench waveguide coated with gold nanoparticle clusters. The nanoparticles are closely packed
in the form of dimers, trimers, quadrumers or even hexagonally clusters. The localized surface plasmon strongly relies
on the geometries and spacing between the nanoparticles. It can be generalized that discrete clusters (dimers, trimers,
and quadrumers) have better field enhancement than hexagonal close packed (HCP) structures. For discrete clusters,
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higher cluster numbers and closer spacing are desirable. Detailed simulation results are also available in [16]. Since the
nanoparticles are randomly distributed on the waveguides, plasmon enhanced nonlinearity may vary at different
locations. Therefore only the average effect of the plasmon enhancement can be detected in a macro scale.

FIG. 3 SEM image of gold nanoparticlesdeposited on the silicon nitride trench waveguide.

4. NONLINEARITY MEASUREMENT EXPERIMENTS

The nonlinear refractive index 7, which is associated with the third order susceptibility of SisN4 was chosen as a figure
of merit to characterize the nonlinearity of the waveguide. Spectral broadening caused by self-phase modulation (SPM)
of high energy pulses was measured to calculate n, [22]. SPM was first observed in 1967 in the context of transient self-
focusing of optical pulses propagating in a CS,-filled cell [23]. Later systematic studies on SPM in silica-core fiber was
done in 1978 [24]. Recently the use of SPM to measure silicon nitride waveguide nonlinearity were frequently presented
[10], [25], [26]. In the SPM experiment, ultrafast laser pulses are usually used to provide high peak intensity. Assuming
the pulse follows the Gaussian shape, spectral broadening caused by SPM can be theoretically expressed as follows.

An
A =g 44202 Dly P (1)
e Ay T

where, Al; is the spectral width of the input laser pulse, 1 is the center wavelength, n; is the nonlinear refractive index,
L is the effective length that is defined as Loy = (1- exp(-aL))/a in which « is the propagation loss of the waveguide, and
L is the waveguide length, A, is the effective mode area, P is the peak power and 7, is the full-width-at-half-maximum
(FWHM) of the pulse in time domain. Since the spectral broadening is linearly related to peak power, one can calculate
n; if the slope of the spectral broadening vs. input power is known. We used a femtosecond pulsed laser (Calmar Laser),
7, = 550 fs, to provide high intensity source. An attenuator was connected to the pulsed laser to adjust the power. A
50:50 power splitter was used to split the power into the waveguide and an optical power meter (Newport 1830-C) was
used to monitor the input power. The light was coupled from fiber to waveguide using a taper-lensed fiber (OZ Optics
Ltd). The estimated coupling loss is ~ 7dB at the input facet. An objective lens (Newport 20X) is placed closely to the
waveguide to collect power from waveguide and to collimate the beam so as to be collected by the collimator. An optical
spectrum analyzer (ANDO AQ6317B) followed the collimator to analyze the spectrum of the light from the waveguide.
The whole experiment setup is illustrated in FIG. 4. The results of two waveguide with Wo,e, = 5 pm and Wope, = 7 pm
are shown in FIG. 5.
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FIG. 4. Experiment setup for characterizing nonlinear refractive index of silicon nitride waveguide.

>
)

3.2

©  Exp data
Curve fitting

©  Exp data
I Curve fitting ] 3.15¢

I

o
o)
w
o

L
=)

3.05F

3 dB Spectral Width (nm)
w
N

3 dB Spectral Width (nm)
w

3.2 1 2.95f E
3 1 2.9+ 1
2.8r 1 2.85F 1
. L L L L 28 L 1 1 L
26 2 4 6 8 2 4 6 8
Peak Power (W) Peak Power (W)
(a) (b)

FIG. 5. Spectral broadening as a function of input peak power in waveguide (a) Wopen =5 pum, and (b) Wopen = 7 pm. The blue error
bars are experiment data, each point was measured 10 times. The red line is a linear fitting of the data.

The input peak power is calculated by measuring averaged power. By assuming Gaussian pulses, the peak intensity can

be derived as follows.
P
B =2 /ln_z_g 2)
V4 z'pR

where Py is the averaged input power, R is the pulse repetition rate. Based on our previous experimental and numerical
characterization [9], [10], we assume the propagation loss and effective mode area to be 0.8 dB/cm (TM mode) and 4. =
1.9 um? respectively in waveguides with Wope, = 5 um. Taken the 7 dB coupling loss into consideration, n; is calculated
as 7.0719x10"° m*W. The group velocity dispersion (GVD) S at A = 1550 nm was numerically analyzed to be 701
fs*/cm. This value results in a dispersion length Lp = 7,%/#? = 431.5 cm, which is much larger than the sample length (L =
1.12 cm) indicating negligible impact of dispersion at A = 1550 nm. For waveguide with Wy, = 7 pm, its structure
aspect ratio favors TE mode instead of TM mode. Our previous experiments demonstrated that TE mode propagation
loss in Wopen = 5 pm and Wypen = 6 pm waveguides were 3.13 dB/cm and 2.95 dB/cm, respectively (Table I). The
propagation loss in waveguide of W,,., = 7 pum was calculated using linear extrapolation and estimated to be 2.77 dB/cm.
Numerical studies show its effective mode area Ao = 2.2 um? Based on these derived parameters, n> of the 7 um
waveguide is approximately 3.3976x10°"° m?/W.

Compared to previously reported nonlinear refractive index n; = 1.39x10"° m?/W, the measured gold nanoparticles
deposited waveguides have an enhancement of 5.09 for W,y., = 5 um waveguide and 2.44 for W,p., = 7 um waveguide.
The enhancement caused by nanoparticle deposition is impressive. However, considering the random distribution of the
nanoparticles on the wafer, enhancement may vary at different locations. Therefore a set of waveguides with same
structures but at different locations on the wafer were measured and compared. We measured 4 waveguides whose top
width Wopen = 5 um and two waveguides whose top width W,,., = 7um. The samples include waveguides both at the
center of the wafer and at the edge, thus are representative for statistics. The measured results are normalized and
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compared in FIG. 6. It can be concluded that narrower waveguides (W,pen = 5 um) have higher nonlinearity than wider
waveguides (Wypen = 7 pum) because of smaller effective mode area. The enhancement varies at different groups
(locations) indicating the randomness of the nanoparticle distribution. However Group 1 seems to have better
enhancement than other groups regardless of the waveguide sizes. The maximum enhancement, which 10 times large,
occurs in the waveguide with Wo,e, = 5 um in Group 1.
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FIG. 6. (a) Enhancement of third-order nonlinearity in waveguides with Wopen = 5 pm. (b) Enhancement of third-order nonlinearity in
the waveguides with Wopen = 7 pm.

To further investigate the nonlinear loss of the waveguide, we monitored the power after the attenuator as input power
and the power after collimator as output power. A linear relation between the input and output peak power was obtained
from a waveguide with W,,., = 7 pum, implying the absence of nonlinear losses. The experiment confirms that TPA
should not occur in silicon nitride around 1.55 pum because photon energies at this wavelength are less than Egsiny/2,
where the energy bandgap of silicon nitride is Egsivy = 5.3 eV [25]. To trigger the TPA in silicon nitride, wavelengths
must be smaller than 470 nm. This demonstrated linear relation between output power and input power indicates our
silicon nitride waveguide is a good candidate in high power nonlinear applications.

0.2

o
N
(@)

o
o
3}

Output peak intensity (W)
o

Input peak intensity (W)
FIG. 7 Measured output peak power vs. input peak power for a silicon nitride trench waveguide with Wopen = 7 pm. The blues circles
are measured data while the red curve is a fitting for the data. Input and output losses are counted in the measurement.
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5. CONCLUSIONS

In summary, we demonstrated the plasmonic enhanced optical nonlinearity in silicon nitride trench waveguide coated
with gold nanoparticles. The average enhancement effect is evaluated by measuring the spectral broadening effect
caused by self phase modulation. Several waveguides at different locations on one wafer were measured in order to take
the randomness of the nanoparticles into consideration. The waveguide with 5 pm opening width in Group 1 has the
largest enhancement, which is almost 10 times. The waveguide exhibits negligible nonlinear loss. Future work may
focus on nanoparticle deposition using electrophoresis, and arrayed metal structure for nonlinearity enhancement.
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