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Abstract: We demonstrate design, fabrication, and characterization of two-dimensional
Photonic Crystal (PhC) waveguides on suspended Silicon rich nitride (SRN) platform for
applications at telecom wavelengths. Simulation results suggest that a 210 nm photonic band
gap can be achieved in such PhC structures. We also developed a fabrication process to
realize suspended PhC waveguides with a transmission bandwidth of 20 nm for W1 PhC
waveguide and over 70 nm for W0.7 PhC waveguide. Using the Fabry–Pérot oscillations of
the transmission spectrum we estimated group index of over 110 for W1 PhC waveguides.
For W1 waveguide we estimated a propagation loss of 53 dB/cm for a group index of 37 and
for W0.7 waveguide the lowest propagation was 4.6 dB/cm.
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1. Introduction
A strong light-matter interaction between the optical field and the material medium is
essential for a diverse field of applications, ranging from integrated photonics, optical
sensing, quantum optics, and nonlinear optics etc. Two-dimensional Photonic Crystals (PhC)
offer such strong interaction due to their ability to confine light in a tiny space or to control
the speed of light [1-10]. It has been well established now that by using the slow light
property of PhC waveguides, light can be propagated through them at a fraction of the speed
of light in vacuum [11, 12]. This ability of PhC waveguides has been exploited for many
linear or nonlinear applications, such as electro-optic modulation [2] and optical switching
[13], optical delay line [14], signal regeneration through four wave mixing [15, 16] and
Raman amplification [17] etc. Silicon-on-insulator (SOI) has always been the most preferred
material for such demonstrations with PhC structures for telecomm wavelengths, primarily
because of two reasons: first, Si-air or Si-SiO2 material combination offers a high index
contrast material platform to realize PhC structures with large photonic band gap (PBG) and
secondly, the fabrication process for Si is well established. However, strong nonlinear
absorption, i.e. Two Photon Absorption (TPA) in Si adversely effects the performance of
nonlinear Si photonic devices [18]. Recently, Silicon Nitride (Si3N4) is being exploited as an
alternative material platform for nonlinear photonic applications [19]. Si3N4 platform offers
several advantages, such as optical nonlinearity without any TPA for telecom wavelengths,
large transmission window from visible wavelengths all the way to mid infrared wavelengths
[20], CMOS compatible fabrication processes and possible 3D integration with other optical
circuits. However, the nonlinear Kerr coefficient of Si3N4 is significantly lower than the
corresponding value for Si. One way to improve the nonlinear coefficient is by increasing the
Si content of the nitride film. Using such Si-Rich Nitride (SRN), different research groups
have demonstrated enhanced nonlinear effects [21-24]. For example, Lacava et al. have
demonstrated an order of magnitude improvement in nonlinear refractive index n2 from
2.2x10-19 m2/W for stoichiometric Si3N4 to 1.65x10-18 m2/W with negligible increase in the
TPA value [23]. Along with enhanced nonlinear effects, by controlling the Si content, the
refractive index of the SRN can also be increased. In this work, we demonstrate, to our

knowledge fo
or the first timee, PhC wavegu
uides in SRN m
membrane. Firsst we present thhe design
of SRN PhC structures and
d PhC waveguiides with air hholes. We thenn discuss the faabrication
process that we
w developed to
t realize mem
mbraned SRN P
PhC structures.. Finally we prresent the
experimental characterizattion of the fabricated liine defect P
PhC waveguiddes. We
experimentallly demonstrateed group index
x over 110 annd propagationn loss of 53 ddB/cm for
group index of
o 37 for a W1 PhC waveguide. To realize broadband opeeration we useed a W0.7
PhC waveguiide, which sho
owed a transmiission band off over 70 nm aand propagatioon loss of
4.6 dB/cm at group
g
index off 7.4 in the fastt light region.
2. Design and fabrication of SRN PhC
P
waveguiides
Due to the relatively low reefractive index
x of SRN in coomparison to S
Si, we first carrried out a
feasibility stu
udy of 2D PhC
C structure on SRN
S
platform. Using three-ddimensional plaane wave
expansion meethod (calculaation was don
ne using comm
mercial softwaare RSoft’s B
Bandsolve
package), we calculated thee photonic ban
nd structure of a SRN 2D PhhC slab. We ussed a 300
nm thick SRN
N film with a refractive
r
index
x of 2.54. Thee PhC consistedd of a hexagonnal lattice
of air holes with
w lattice con
nstant a, as sho
ow in the insett of Fig. 1(a). The radius off air holes
was set to 0..3a. The calcu
ulated band diiagram for thee structure is sshown in Fig.. 1(a) for
transverse eleectric (TE) polaarization. The dotted line shoows the light lline of air, aboove which
optical modess are leaky an
nd will not be confined by thhe PhC slab. W
We found a cllear PBG
within the frequency range from 0.355(a/λλ) to 0.44(a/λ).. If the lattice pperiod is choseen to be a
= 580 nm, wee can achieve a 210 nm wide PBG extendinng from 1320 nnm up to1630 nnm within
the near infrarred region.

Fig. 1. (a) Photonic ban
nd diagram of trian
ngular 2D PhC struucture of air holes in SRN film, withh
4 and air hole radiu
us of 0.3a. The struucture is shown inn the inset with t =
refracctive index of 2.54
300 nm.
n The PBG is sh
hown in shaded reg
gion and the air ligght line is depictedd using the dashed
lin
ne. (b) Dispersion relation for a W1 and W0.7 slab waaveguide shown inn black and red
respeectively. The dashed line represents the air light line. B
By modifying the w
waveguide width
trransmission bandw
width can be increaased from 20 nm too around 90 nm. T
The line defect
waveguide sttructure is shown iin inset.

For realiziing waveguidees in such PhC structure, we ffirst created a lline defect by rremoving
a row of holess along Γ-K dirrection, as shown in the insett of Fig. 1(b), w
which is also ccalled W1
waveguide. We
W again used
d the plane wave expansionn method to ccalculate the ddispersion
relation for th
he waveguide along
a
the direction of wave ppropagation. Thhe dispersion rrelation is
shown in blacck in Fig. 1(b). The dashed liine represents tthe air light linne. From this ddispersion
diagram the estimated
e
band-width is aroun
nd 20 nm and the photonic bband edge lies at around
1595 nm. Th
he transmission bandwidth is relatively llow in compaarison to Si-baased PhC
waveguides. This
T
is due to relatively low
w index contraast of the SRN
N material. How
wever, in
order to obtain a broader transmission
t
bandwidth, the dispersion off the waveguidde can be
modified by adjusting
a
the width
w
of the waaveguide. Whenn the waveguidde width is set to W0.7,

this correspon
nds to waveguiide width of 0..7×sqrt(3)×a, th
the dispersion rrelation is show
wn in red
in Fig. 1(b). For
F W0.7 waveeguide the transmission banddwidth increasees to 0.0206(a/λ
/λ), which
corresponds to
o 90 nm bandw
width.
Figure 2 outlines the major
m
fabricattion steps useed in this woork to realize the PhC
waveguides. A 300 nm thicck SRN layer was depositedd on a (100) buulk silicon waafer using
SiH4 and N2 gases
g
in a Plasm
ma Enhanced Chemical
C
Vapoor deposition ((PECVD) systeem at 350
o
C. We used an optimized gas mixture of
o 3.6 sccm S
SiH4 and 650 sccm N2 to reeduce the
propagation loss at 1550 nm
m and also to achieve relativvely high refraactive index. A detailed
analysis of su
uch optimizatio
on process can be found in [225]. Using ellippsometry we cconfirmed
the refractivee index of the deposited film
m to be 2.54 aat 1550 nm w
wavelength andd the film
thickness to be
b 300 nm. Th
he substrate waas then spin-cooated with 450 nm thick layeer of ZEP
520A, a posittive ebeam ressist. Using ebeeam lithographhy, the desiredd patterns weree exposed
onto the ZEP layer. After developing
d
the exposed resistt layer using Z
ZED-N50 develloper, the
patterns weree transferred to
o the SRN lay
yer in an induuctively coupleed plasma (ICP) etcher
using SF6/CH
HF3 gas chem
mistry. After th
he dry etchingg process, thee remaining reesist was
removed usin
ng an O2 plasm
ma asher. Fin
nal cleaning w
was carried outt in fuming nnitric acid
(FNA) and diluted hydroflu
uoric acid (HF
F). Immediatelly after the HF
F cleaning proocess, the
substrate wass immersed in a 25% aqueo
ous solution off Tetra-methyll-ammonium hhydroxide
(TMAH) whiich selectively
y etches Si th
hrough the expposed area. T
TMAH etchingg is very
selective to th
he crystallograaphic orientatio
on of the expoosed Si surfacce. This was taaken into
account whilee designing th
he PhC wavegu
uides, which aallowed the suuccessful realiization of
suspended strructures. We allso used a signiificantly long w
wet etching tim
me to make surre that the
effect of the substrate
s
is min
nimum during the
t optical meaasurement.

Fig. 2.
2 The fabrication process flow of su
uspended PhC wavveguide in SRN pllatform: (a) a 300
nm th
hick layer of SRN is deposited onto a bulk Si substratee using PECVD. (bb) A 450 nm thickk
layerr of ZEP 520A is spin
s
coated onto th
he substrate, (c) D
Desired patterns weere written on the
resiist using e-beam liithography, (d) pattterns were transfeerred to the Si layeer using ICP dry
etcching process, (e) SRN
S
membrane iss created by removving the exposed S
Si using TMAH
solution with an
a etch depth of ovver 4 µm.

Figure 3(a) shows the optical micro
ograph of a seet of fabricateed PhC wavegguides of
different leng
gths along with
h a reference waveguide
w
withhout any PhC rregion. We useed grating
couplers to laaunch light in
nto the access waveguides, which are theen coupled to the PhC
waveguides. Figure
F
3(b) sh
hows an SEM image of the coupling regiion between thhe access
waveguide and
a
the PhC waveguide. In
I order to aachieve mechaanical stabilityy in the
freestanding access
a
wavegu
uide region wee chose a subw
wavelength graating waveguidde design,
while making
g sure that the stop band for the structure iis far from ouur operating waavelength

region. The su
ubwavelength structure has a period of 5000 nm with 50%
% duty cycle. Fiigure 3(c)
shows the cro
oss-sectional view
v
of the membraned
m
PhC
C structure. Frrom the cross--sectional
view, we realized that the aiir holes were etched
e
uniform
mly with verticaal side walls. A zoomed
in view of thee PhC region, shown in Fig. 3(d), reveals that there is soome surface rooughness,
which came from
f
the depossition process. In order to quuantify the surfface roughnesss, we also
performed ato
omic force miccroscopy, which suggest that the surface rouughness is arouund 4 nm
(rms value).
ements and Discussion
3. Measure
The transmisssion propertiess of the fabricaated PhC wavveguides were measured usinng a fiber
coupler setup
p. Light from a tunable laserr source, with wavelength rrange from 15330 nm to
1620 nm, is coupled to the waveguide
w
usin
ng fiber-gratinng couplers. Thhe laser waveleength was
scanned usin
ng the built-iin sweeping capability off the laser aand the phottodetector
automatically
y recorded the output spectraa. For all the m
measurements, we have usedd 10 dBm
laser power. Since
S
the PhC
C waveguides were
w
designed for TE polarizzation, we enssured that
only TE polaarized light is launched into
o the waveguiide by sendingg light through a fiber
polarization controller.
c
Thee grating coupllers were desi gned with 11000 nm period and 50%
duty cycle alsso to ensure thaat only TE polaarized light is ccoupled to the waveguides.

Fiig. 3. (a) Optical im
mage of the fabricaated waveguides, ((b) SEM image off the fabricated
device, showing a part of the PhC waveguide
w
coupleed to the access waaveguide. A
subw
wavelength grating
g waveguide was used
u
to increase thee mechanical stabiility of the access
waaveguide. (c) Zoom
med in view of thee PhC structure shoowing the circular holes. And (d)
shows the surface roughn
ness arising from ddeposition processs.

We have designed
d
PhC waveguides with
w different laattice periods tto lithographiccally tune
the transmissiion spectra witthin the laser wavelength
w
rannge. Figure 4 shows the trannsmission
spectra for 10
00 µm long W1
W PhC wavegu
uides with periiod a = 560 nm
m, 570 nm andd 580 nm
and air hole radius
r
of 170 nm. The recorrded transmiss ion spectra aree shown in ligght colors
and the trend
d in the transm
mission, which
h was obtainedd after filterinng out the Fabbry–Pérot
oscillations ussing a causal moving
m
averagee filter, is highhlighted using ddark colors. Thhe Fabry–
Pérot oscillatiions in the traansmission spectra arise from
m the group inndex mismatchh between
the access waaveguide and PhC waveguid
de at the couppling region. A
Also due to suuch index
mismatch, thee coupling effficiency betweeen the access waveguide annd the PhC w
waveguide
reduces as thee group index of
o the PhC wav
veguide increasses. This poor coupling efficiiency can
be improved by incorporatiing a short cou
upling region, where the PhC
C waveguide iis slightly
stretched in th
he lateral direcction [26, 27]. Besides, the loow overall trannsmission is allso due to
the poor coup
pling efficiency
y of the grating
g couplers. Froom the transmiission spectra, it can be
seen that the PBG
P
for the Ph
hC waveguide with a period oof 580 nm starrts around 15855 nm and,
as expected, the
t reduction in
n the lattice peeriod blue shiftts the PBG. Thhe extinction raatio at the
PBG is aroun
nd 20 dB. We see a 10 nm sh
hift in the PBG
G cut-off posittion from the ssimulated

value, which we believe is more likely du
ue to slight vaariation in deviice parameterss, such as
stress induced in the susp
pended SRN layer,
l
SRN thhickness or reefractive indexx, or the
fabricated holle size.
Next, we investigate
i
thee transmission properties
p
in ddetails of the W
W1 PhC waveguuide with
lattice period of 580 nm. In
n Fig. 5(a) wee plotted the noormalized trannsmission curvve in gray
and the trend in transmissio
on in black. Th
he waveguide ttransmission iss normalized bby setting
the backgroun
nd loss (i.e. seetup and coupliing loss) to 0 ddB. Here we pplotted the trannsmission
spectrum of a 200 µm long waveguide.
w
Ass a result, alongg with PBG, w
we also clearly oobserve a
second cut-offf appearing at a shorter waveelength, whichh corresponds tto the air light line. The
two cut-off regions
r
are hig
ghlighted in th
he figure. Thee difference beetween the tw
wo cut-off
wavelengths decides
d
the operating bandw
width of the PhC
C waveguide. For the W1 w
waveguide
the operating bandwidth is only
o
about 20 nm.
n

Fig
g. 4. Measured tran
nsmission spectra through 100 µm loong PhC waveguides with lattice
period
p
a = 560 nm
m, 570 nm and 580 nm and air hole raadius of 170 nm. T
The recorded
transmission
t
specttra are shown in lig
ght colors and the trends in the transsmission, are
highliighted using dark colors.
c
Clear cut-o
offs correspondingg to PBG with overr 20 dB extinctionn
raatio are visible.

As discusssed in the intro
oductory sectio
on, the main chharacteristic off PhC waveguides is the
strong disperssion of their op
ptical mode clo
ose to the PBG,, which causess a monotonouss increase
in group index for a PhC waveguide.
w
We calculated thee group index ffor the waveguuide from
the dispersion
n relation of th
he waveguide using
u
the expreession: ng = c((δk/δω), wheree ng is the
group index, c is the velocitty of light in vaacuum, k is thee wave vector and ω is the frrequency.
The calculateed group index
x curve is show
wn in black inn Fig. 5(b). W e can also estiimate the
group index of
o the fabricateed PhC wavegu
uide by analyzzing the Fabry––Pérot oscillatiion of the
transmission spectrum.
s
The Fabry–Pérot oscillation
o
aris es due to the ccavity effect orriginating
from the coup
pling region beetween the acccess waveguidee and the PhC waveguide. Thhe period
of the Fabry–
–Pérot oscillatio
on is directly related
r
to the ggroup index at a particular waavelength
and the group
p index can be expressed as ng = λ2/(2LΔλ),, where λ is thee operating waavelength,
L is the leng
gth of the PhC
C waveguide and
a Δλ is the difference bettween the twoo maxima
around the op
perating waveleength. The estim
mated group inndices are pressented in Fig. 55(b) using
green squaress. Here we hav
ve only plotted the group indeex value up too the cut-off waavelength
corresponding
g to the air lig
ght line, sincee beyond this point the wavveguide mode becomes
leaky. The caalculated group
p index curve is shifted by 10 nm to overrlap with the eestimated
group index values.
v
The estiimated group index
i
values shhow a close maatch with the ccalculated
group index curve.
c
The high
hest group index that we meaasured was 110, which is coomparable
to that meassured for Si PhC
P
waveguid
des [11, 12]. This suggest that SRN-baased PhC
waveguides can
c potentially
y replace Si Ph
hC waveguidees to achieve a similar kindd of slow
down effect. In Fig. 5(b) we
w also plotted the propagatioon loss of the W1 PhC wavveguide at
different wav
velengths using
g red dots. Wee estimated thee propagation loss using the cut-back

technique. We used five different waveguide lengths ranging from 100 µm to 1 mm, as shown
in Fig. 3(a) and by using linear regression we estimated the waveguide propagation loss at
different wavelengths. As expected the propagation loss increases linearly with the group
index. For example, at 1575 nm wavelength the group index is 37 and the propagation loss is
53 dB/cm, whereas at 1582 nm wavelength for a group index value of 100 the propagation
loss increases to about 138 dB/cm.

Fig. 5. W1 waveguide: (a) Gray and black curves show the measured transmission spectrum
and the trend in transmission spectrum respectively for a 200 µm long waveguide with lattice
period a = 580 nm. The transmission region is about 20 nm and highlighted by the dashed
lines. (b) The calculated group index curve is shown in black and estimated group index values
of the fabricated device is shown with green squares. The highest estimated group index is
110. The waveguide propagation loss is shown in red dots and the lowest propagation loss
measured was 53 dB/cm for a group index of 37.
W0.7 waveguide: (c) Gray and black curves show the measured transmission spectrum and the
trend in transmission spectrum respectively for a 200 µm long waveguide with lattice period a
= 580 nm. The transmission bandwidth is over 70 nm covering the entire laser tuning range.
(d) The calculated group index curve is shown in black and estimated group index values of
the fabricated device is shown with green squares. The highest estimated group index is 34.
The waveguide propagation loss is shown in red dots and the lowest propagation loss measured
was 4.6 dB/cm for a group index of 7.4.

Although, using W1 PhC waveguide, we managed to demonstrate high group index
values, their low transmission bandwidth could cause serious drawbacks for any practical
applications. As discussed in the previous section, one way to avoid such bandwidth
limitations is by reducing the waveguide width. Here we used a W0.7 PhC waveguide to
demonstrate broadband operation. Figure 5(c) shows the transmission spectrum of a 200 µm
long W0.7 PhC waveguide, where the measured transmission is shown in gray and the trend

is shown in black. We can observe a clear cutoff at 1602 nm wavelength due to PBG and
relatively flat transmission is observed within the tunable laser wavelength range. In Fig. 5(d),
we plot the calculated group index curve in black and the estimated group index is plotted
using green squares. The group index of W0.7 does not increase as high as W1 waveguide
close to the PBG and the highest group index we could estimate from the Fabry–Pérot
oscillations in the transmission spectra is 34. This is expected since the dispersion curve for
W1 waveguide is flatter near the PBG in comparison to W0.7 waveguide, as apparent in Fig.
1(b). The propagation loss at different wavelengths is plotted using red squares. In the fast
light region, the lowest propagation loss was 4.6 dB/cm for a group index value of 7.4 and as
expected the propagation loss increases with group index. We believe that in our case the
major factor to the propagation loss is surface roughness (as visible in Fig. 3(d). This can be
avoided either by further optimization of the deposition process or by planarization using
Chemical Mechanical Polishing (CMP).
4. Conclusion
To summarize, we have demonstrated PhC waveguides on SRN platform for applications in
telecom wavelengths. The PECVD deposited SRN film had a refractive index of 2.54. Our
theoretical calculation suggested that SRN-based PhC structures can have optical
performance comparable to high index contrast materials such as Si. We successfully
developed a fabrication process to realize suspended SRN structures on Si using a
combination of dry and wet etching processes. Finally, we experimentally demonstrated W1
and W0.7 PhC waveguides with air holes in SRN. We observed clear bandgap with extinction
ratio of over 20 dB for different PhC waveguide designs. For W1 waveguides we estimated
group index of over 110, this value is quite comparable to Si based PhC waveguides.
However, the main drawback of W1 waveguide is the transmission bandwidth, which is about
20 nm. By using a W0.7 waveguide we experimentally demonstrated large transmission
bandwidth of over 70 nm. For W1 waveguide we estimated a propagation loss of 53 dB/cm
for a group index of 37 and for W0.7 waveguide the lowest loss we measured was 4.6 dB/cm
in the fast light region. With these results, we expect that our current demonstration will
stimulate further research to develop PhC based devices on SRN platform, aiming for sensing
and integrated nonlinear photonics applications.
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