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Abstract: We demonstrate a novel technique to fabricate sub-micron
silicon nitride waveguides using conventional contact lithography with
MEMS-grade photomasks. Potassium hydroxide anisotropic etching of
silicon facilitates line reduction and roughness smoothing and is key to the
technique. The fabricated waveguides is measured to have a propagation
loss of 0.8dB/cm and nonlinear coefficient of y = 0.3/W/m. A low
anomalous dispersion of <100ps/nm/km is also predicted. This type of
waveguide is highly suitable for nonlinear optics. The channels naturally
formed on top of the waveguide also make it promising for plasmonics and
quantum efficiency enhancement in sensing applications.
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1. Introduction

Under the drive of optoelectronic integration, silicon photonics have seen huge development
and booming in the past decades. A wide range of optoelectronic devices ranging from
modulators to lasers based on silicon have become available in CMOS-compatible foundry
fabrication process [1,2]. As the most fundamental building block, silicon waveguides have
been maturated in integrated process lines with ultra-low propagation loss [3,4]. These
waveguides are all based on silicon-on-insulator (SOI) technology. As the waveguide
dimension shrinks, thicker buried oxide (BOX) layer is necessary to prevent leakage to the
silicon substrate, which is in contrary to the tendency of thinner oxide layer in CMOS
electronics. Expensive SOI wafers with thick BOX have to be used as the starting substrate of
the fabrication process. Recently, the waveguide platform based on silicon nitride (Si;Ny4) has
emerged as an alternative to SOI silicon platform for integrated photonic circuit [5-7].
Compared to silicon waveguide built on top of expensive SOI wafers, Si;N, waveguides can
be built on bulk silicon substrates at relatively low cost. Both the oxide buffer layer (i.e.,
Si0,) and the guiding material (i.e., SizN4) can be easily deposited in standard CMOS lines
using plasma-enhanced vapor deposition (PECVD) or low pressure vapor deposition
(LPCVD) on silicon wafers at very low cost. Another advantage of Si;N, waveguide over Si
waveguide is the absence of two-photon-absorption and free-carrier-absorption which
deteriorate propagation loss and high power nonlinear applications [8]. Low propagation loss
at both visible and near infrared has been achieved in both PECVD and LPCVD deposited
Si;N, waveguides [9,10]. These low loss waveguides are of relatively large dimensions and
defined by high resolution lithography using E-beam or stepper. It is very attractive if the
highly accessible UV contact lithography can be accommodated to fabricate low loss
waveguides [11]. However, the resolution limit of direct contact lithography is larger than
Ipm due to optical diffraction limit. Even for large waveguides with dimension greater than
Ium, high quality photomasks with smooth edges are still necessary in order to deliver low
loss waveguides. In this report, we present such a fabrication technique that enables
fabrication of sub-micron Si;N4 waveguides using i-line UV contact lithography with very
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low cost MEMS grade photomasks. While our preliminary result has been presented in earlier
conference [11], here we report the details of waveguide fabrication, nonlinearity
measurement and dispersion calculations. We show that a sequence of photolithography steps
followed by KOH wet etching, thermal oxidation, and LPCVD Si;N4 deposition can produce
sub-micron trench line waveguides with low loss and suitable for microfluidic sensing and
nonlinear optical applications. The guiding material is deposited in the etched trenches to
form the Si;N4 waveguides. The process is also CMOS compatible. With this technique, we
successfully fabricated Si;N, waveguide with a width of 0.8 um and effective mode area of
Ag=19 pum’. We achieved a low propagation loss of 0.8 + 0.26 dB/cm. We also measured
the nonlinear refractive index of the deposited Si;Ny film to be n, = 1.39 x 107" m¥W (ie.,y
=0.3W'/m) and low anomalous dispersion of <100ps/nm/km in telecommunication window.

2. Waveguides fabrication: line reduction and roughness smoothing

In order to fabricate sub-micron waveguide by using conventional optical lithography, there
are two major challenges. First, the resolution of contact lithography is >1pm and special
photo resist and high quality masks have to be used in order to get close to this limit. Also,
MEMS grade masks often have a large critical dimension and direct patterning will result in a
wide waveguide supporting multiple modes. Hence a linewidth reduction mechanism has to
be established. Second, due to limited resolution, features on these photomasks tend to have
rough edges as shown in Fig. 1(b). This would lead to formidable scattering loss when used to
directly pattern optical waveguide. Special methods have to be adopted to smooth the edge
roughness. In our fabrication, these two mechanisms are achieved by utilizing the anisotropic
KOH etching and thermal oxidation. The fabrication process is shown in Fig. 1. A layer of
500 nm SiO; and 1.2um PR are first deposited and coated on the substrate. The PR layer is
patterned with contact UV photo-lithography by using a low-cost MEMS grade photomask
consisting of straight line openings with a critical dimension (CD) of 4 pm. The PR is
developed later on to form large line openings of W,,, to feature the photomask pattern after
UV exposure at 365 nm. Afterwards, the pattern is transferred to the oxide layer by ICP
etching to form a hard mask for the following KOH etching. The KOH recipe etches the
silicon substrate along the <100> direction for a depth of Hg;. Since the KOH silicon etching
is highly anisotropic and etching rate along <111> direction is extremely slow, the wet
etching will essentially stop at the (111) plane and trapezoidal or triangular shape trenches
will be formed as shown in the 6th diagram in Fig. 1. The slope follows the (111) plane and

forms an angle of tan™ V2 =54.7° As a result, V-grooves will be etched if the linewidth
(Wisp) on the photomask is smaller than 2x+/2 /2xH s - On the other hand, if the original
linewidth is larger than that amount, the KOH etching will create an inverted isosceles
trapezoidal shape with the lower edge2><\/§/2><H i smaller than the upper edge, which

equals the linewdith on the photomask. For example, if the linewidth of the openings on the
photomask is 5 pm, the lower edge of the etched trenches will be only

/e 5—2><«/§/2><3 =0.8um given a Si etching depth of 3um. For the proof of concept

fabrication efforts demonstrated here, we used timed etching and aqueous alkaline
concentration to control the etching depth. The total etch time of 10 min allows us to achieve
waveguide dimensions with 100 nm precision in a standard clean room environment. If
further precision is required, a highly doped boron-silicon layer [12] should be inserted or p-n
junction layer [13] should be added as etch stopper to achieve desired precision. Sub-micron
waveguide width is achieved by using this line reduction technique based on KOH etching.
As a result, since the only process that requires human involvement that is prone to error is
the KOH etching that essentially stops at the (111) crystalline plane and is highly reproducible
considering the precision of Si crystal structure for proposed geometries. In fact, the
fabrication steps performed in this work are as_reproducible as most dry etching methods.
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Moreover, KOH wet etching also dramatically smoothens the line edges. Despite the coarse
mask, KOH etching eliminates the surface roughness as shown by SEM images taken during
the development phase in Fig. 1(e). Figure 1(b)-(d) shows the effect of roughness smoothing
in the KOH etching. The line edges after the KOH etching in Fig. 1(d) are dramatically
smoothened compared to the patterns on the Fig. 1(b) photomask and 1(c) PR layer. After
removing oxide hard mask, a layer of 3pm thermal oxide is grown to serve as a buffer layer to
isolate the optical field from leaking into the silicon substrate. Thermal oxidation also helps
on roughness smoothing to a further extent. Hereafter, a nitride layer of 725 nm was deposited
on the sample and in the oxidized trenches using LPCVD. This concludes the silicon nitride

waveguide fabrication and the optical wave will be guided in the nitride in the valley of the
trenches.

L L
10.0kV 12.4mm x3.98k 5.00um

Fig. 1. Fabrication process flow. A final annealing step is not shown in the figure. Roughness
smoothing by KOH wet etching. (b) Optical microscope graph of the photomask with 5 um
linewidth: edge roughness is observable; (c) optical microscope graph of the PR pattern: the
edge roughness is transferred to the PR pattern; (d)Optical microscope graph of the pattern
after KOH etching: the edges are dramatically smoothened. (¢) KOH etching eliminates the
surface roughness generated by coarse MEMS grade photomask.
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Fig. 2. (a) SEM of the fabricated waveguide. (b) Total loss of waveguide with different length
using cut-back method. (¢) SPM broadening at different input peak power levels. A nonlinear
refractive index of 7, = 1.39 x 10"°m*W was derived from the curve.

3. Waveguide experimental characterization

Figure 2(a) shows the SEM images of the fabricated waveguide with W,, = 5 um. The
guiding region is circled out in the SEM. The effective dimension of the waveguide is
approximately W, X Hgsne =0.8 um x 0.9 um. After the waveguide fabrication, we diced the
waveguides and polished the waveguide ends with lapping films for optical quality facets
(<0.1 pm grain size). We then characterized the waveguide loss using the cut-back method.
As shown in Fig. 2(b), we measure the total loss of the waveguides with three different
lengths: L = 0.5 cm, 1 cm and 1.5 cm respectively. From the slope, we derived a waveguide
propagation loss of 0.8 + 0.26 dB/cm for TM mode. As expected, the fabricated waveguides
are polarization sensitive and TE mode has higher propagation loss of 3.13 + 0.37 dB/cm.
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Unlike high aspect ratio waveguides in which most of the mode energy propagates in the
cladding region [14,15], the mode of the waveguides reported here is tightly confined in the
waveguide core region, and hence, makes modes more susceptible to losses induced by
surface roughness [16] at the top layer. See Table 1. An oxide cap layer to passivate the
waveguide surface can reduce the propagation loss. Since these waveguides are designed for
sensory applications, oxide cap layer has not been deposited intentionally. The second reason
for reported losses arises from the mode leakage to slab region. This can be minimized by
increasing the etch depth of trenches. Moreover, the waveguide loss can be further reduced by
using stoichiometric nitride which is known to be more transparent than silicon rich nitride
[15] and optimizing the post annealing temperature and time to reduce the Si-H and N-H
absorption [17]. We used a tapered lens fiber for butt-coupling, and the estimated insertion
loss is ~8 dB without any optimization. Bending losses has not been studied at this stage it
will be part of elaborate 3D numerical study we are working on.

Table 1. Comparison between our work and previous publications

Waveguide dimension (silicon nitride Propagation loss Wavelength Year

region)

w=0.8 um,h = 0.9 pm 0.8 +0.26 dB/cm 1550 nm Our work

w=4um, h=0.12 um 0.3 dB/cm 1.3-1.6 pm 1987 [14]

w=12.8 um, h =200 nm 4.8+ 0.5dB/cm 1544 nm 2004 [18]

w >10 um, h = 500 nm multilayer 1.5+ 0.2 dB/cm 1550 nm 2005 [19]

w=h=I1.1 pm 0.06~0.08 dB/cm 1460-1530 nm 2007 [20]

w=1pum,h=0.5pm ~4 dB/cm 1550 nm 2008 [21]

w = 1.45 pm, h = 725 nm, 23° wall angle 0.5 dB/cm 1550 nm 2010 [22]

w = 2.8 pm, h = 80 nm, 2 mm bending 0.03 dB/cm 1550 nm 2011 [15]
radius

To possibly facilitate nonlinear applications in these waveguides, we also want to
characterize the nonlinear property of the waveguides. Particularly we pursued the nonlinear
refractive index, n,, of the silicon nitride, which is related with the third order susceptibility of
Si3N4. Here, we measured the nonlinear refractive index by utilizing the spectral broadening
caused by self-phase-modulation (SPM) of high energy pulses in nonlinear medium [23,24].
According to [23,25],under the Gaussian beam excitation assumption, the spectral broadening
caused by SPM can be theoretically expressed as

n,L
Adl=AA +4 /MME (1)
e cA, t

o P
Here, A/, is the bandwidth of the input laser pulse, A,is the center wavelength, n, is the

nonlinear refractive index, L, is the effective length defined by L, = (I—exp(-aL)) / o with

a being waveguide loss coefficient and L being waveguide length, 4.5 is the effective mode
area, P is the peak pulse power and ¢, is the full-width-at-half-maximum (FWHM) pulse
width. According to Eq. (1), the spectral broadening caused by SPM is linearly related to the
pulse peak power and the slope coefficient is also linearly related with the nonlinear refractive
index n,. If we can determine the spectral broadening for different input power levels, we can
derive the nonlinear refractive index from the slope coefficient of the curve. To accomplish
this, we coupled high power optical pulses into the 1.5 cm Si;N4 waveguides and measured
the 3 dB bandwidth of the output pulses. Figure 2(c) shows the 3 dB bandwidth of the
femtosecond laser pulse at waveguide output with different input peak power. With the
propagation loss of 0.8 dB/cm from loss measurement and an effective mode area of 4,57=1.9
um’, we estimated a nonlinear refractive index value of n, = 1.39 x 107" m*/W from the slope
of the fitted linear curve. This value agrees well with the values reported in other literatures

[9,24]. This corresponds to a nonlinear parameter of ¥ = (n, )/ (cAgﬁ.) =03W"/m for the
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waveguide, which is >100 times larger than that in single-mode fibers. It is worth noting that
the effective mode area A4, varies for difference waveguides because the irregular shapes.
Higher nonlinearity applications may seek the trench waveguides with small effective mode
areas and low propagation loss properties. In a word, the Si;N, waveguides are suitable for
nonlinear applications based on third order nonlinearity.

4. Waveguide numerical characterization

We also put these structures defined by SEM images into a finite-element solver (COMSOL
MultiPhysics) to further investigate the properties of the waveguides. In the simulation, the
refractive index of the Si;Ny4 film was measured using ellipsometry and modeled by Sellmeire

equation asn” =1 +3.585/12/(/12 -0.13 162) , where 4 is in the unit of pm. One can assume the

waveguide shown in Fig. 2(a) to be a rib waveguide with width of 0.8 pum, height of 0.9 um
and out-inner ratio  of 0.725/0.9 = 0.806 approximately. Thereby single-mode conditions for
rib waveguide can be used as approximate design approach before extensive numerical
simulations [26]. Considering the bends of the silicon nitride waveguide, the single-mode
condition may be even loose for trench waveguides than for the planar rib waveguides. The
aforementioned waveguide can only support TE and TM fundamental modes. Figure 3(a) and
3(b) shows the simulated mode profile of the fundamental TM and TE mode of the
waveguides. The mode profiles are of heart shape. The TE mode shows strong field
enhancement at waveguide surface. This is desirable for sensing and nonlinear excitation of
deposited nanoparticles applications. However, the propagation loss is expected be higher.
This also agrees with the propagation loss measurements in the previous section. The TM
mode is more concentrated in the SizN, than TE mode, which leads to a higher effective index
in the TM mode as shown in Fig. 3(c). However, the effective mode area of TM mode is large
than TE mode as shown in Fig. 3(d). The effective mode area is ~1.9 pm* and ~1.55 pm? for
TM and TE mode. Figure 3(e) shows the evanescent power ratio (ERP), defined as the ratio of
the evanescent field power in the air trench with respect to the total modal power [27]. ERP
values of >2% is predicted for the designed Si;N, waveguide with Tg;y, = 0.725 pm. This
type of waveguide can be designed to have stronger evanescent field in the air trenches by
using a thinner Si;N, thickness, e.g. ~10% for Tgsvy = 0.25 pm. A large EPR is highly
desirable for enhanced interaction with micro fluid or plasmonic coating in sensing
applications [27]. Figure 3(f) shows the calculated dispersion of the silicon nitride waveguide.
Both the TM and TE mode are in the anomalous dispersion region and very small dispersion
values, <100ps/nm.km, are expected in these waveguides in the telecommunication window,
which makes them very promising for nonlinear parametric process requiring phase matching,
e.g. four-wave-mixing (FWM) applications [28]. The TM mode shows lower dispersion than
TE mode.
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Fig. 3. Numerical simulation results for the waveguide: (a)TM mode profile ([E,[); (b) TE
mode profile(|E,[); (c) effective mode index; (d) effective mode area; (e) evanescent power
ratio; and (f) GVD dispersion of the Si;N4 waveguide for different wavelengths.

5. Summary

In summary, we proposed a CMOS-compatible technique to fabricate sub-micron silicon
nitride waveguide on Si substrate using conventional contact optical lithography. With this
technique, requirements on photomasks are largely relaxed and even low cost MEMS grade
photomask with high CD > 4 um is adequate to produce waveguides with propagation loss
less than 1 dB/cm. The power of the technique lies in the line reduction and roughness
smoothing coming along with the KOH wet etching of silicon. Large openings on the top of
the valley will be reduced to trenches of sub-micron dimension at the bottom. The wet etching
process also drastically smoothes the roughness on the patterns defined by lithography. After
thermal oxidation, silicon nitride film is deposited in the trenches to form the final SizN,
waveguide. The fabricated waveguide has an effective dimension of ~0.8um x 0.9um. We
measured a propagation loss as low as 0.8 + 0.26 dB/cm. The loss can potentially be further
reduced by increasing the etching depth or using stoichiometric nitride with multiple
temperature cycling [15]. We also measured a nonlinear refractive index value of n, = 1.39 %
107" m*W, corresponding to a nonlinear parameter of y = 0.3 W~'/m . The losses can further
optimized with optimized deposition rates and post annealing process. Also, simulation also
shows low dispersion of <100ps/nm.km in the anomalous region that can be used for
parametric process. The combination makes the Si;N, waveguides highly suitable for
nonlinear applications based on the parametric process relying on phase matching. Another
interesting merit of the process is the channels right above the waveguides, which can be used
as micro fludic channels for evanescent field based sensing applications [27]. We are also
exploring deposition of nano-particles and quantum dots in the channels for plasmonic and
quantum efficiency enhancement. Meanwhile, waveguides with BOX layer using chemical
deposition method are also under pursuit.
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