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Abstract: We report nonlinear optical characterization of cm-long polycrystalline silicon
(poly-Si) waveguides at telecom wavelengths. Laser post-processing of lithographically-
patterned amorphous silicon deposited on silica-on-silicon substrates provides low-loss poly-
Si waveguides with surface-tension-shaped boundaries. Achieving optical losses as low as 4
dB cm™ enabled us to demonstrate effects of self-phase modulation (SPM) and two-photon
absorption (TPA). Analysis of the spectral broadening and nonlinear losses with numerical
modeling reveals the best fit values of the Kerr coefficient n,=4.5x10™"* m W' and TPA
coefficient ,[)’TPA=9.0><10_12 m? W', which are within the range reported for crystalline silicon.
On-chip low-loss poly-Si paves the way for flexible integration of nonlinear components in
multi-layered photonic systems.
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1. Introduction

Over the last two decades, polycrystalline silicon (poly-Si) has attracted growing interest as a
material with great prospects for the convergence of electronics and photonics. Compared to
single crystalline silicon (c-Si), poly-Si has the potential to offer similar optical and electrical
properties, but can be produced using more flexible deposition methods [1,2]. As a result,
back-end integration of active and passive photonic devices with nano-electronics has been
demonstrated by using poly-Si as conductive gate electrodes, strip waveguides, modulators
and ring resonators [3-5]. However, one area where poly-Si has yet to be exploited is for
nonlinear optical applications, primarily due to the relatively high transmission losses (6-7 dB
em™ [6]) compared to its ¢-Si counterparts (1-2 dB ¢cm™ [7]). This has led to alternative
deposited materials, such as low loss hydrogenated amorphous silicon [8] and silicon nitride
[9], being explored as nonlinear platforms for integrated systems. However, the drawback of
these materials is that they suffer from poor electronic quality. Thus, there is still a great need
to develop large grain and low loss poly-Si components that can offer the full complement of
functionality required for optoelectronic systems, including nonlinear processing, but which
can be produced more flexibly than c-Si devices.

The optical losses in poly-Si are typically characterized by two main contributors. The
first is scattering losses due to surface roughness on the etched waveguides associated with
the multi-grain structure of the material. The second is scattering due to density fluctuations
in the bulk material and absorption by dangling bonds within the grain boundaries. Therefore,
various deposition and post-processing methods have been developed to reduce the
waveguide losses. Thermal annealing has been applied to increase grain size in poly-Si and



thus reduce the number of grains boundaries [10,11]. On the other hand, hydrogenation has
been used to passivate dangling bonds in the grain boundaries [12,13]. Of these approaches,
thermal annealing is probably the most popular and has produced waveguides with losses as
low as 4.1 dB cm™ with optimization of etching parameters, albeit in structures with relatively
large dimensions (several microns in width and height) [14]. However, such annealing
methods require long exposure of the whole sample to high temperatures to achieve good
crystalline quality, compromising back-end complementary metal-oxide semiconductor
(CMOS) compatibility.

Alternatively, laser-based annealing of amorphous silicon (a-Si) has been explored,
initially using pulsed UV excimer lasers to treat entire a-Si films before device construction
[4], and more recently using a continuous wave (CW) visible laser to process individual
waveguides after patterning [15]. This latter approach has the advantage in that the laser heat
treatment is highly localized to the individual components, which helps to increase the grain
growth within the waveguide regions, resulting in a significant reduction in the transmission
losses from 20 dB cm™, when processing the entire film [4], down to 5.3 dB cm™ [15].
Additionally, the density of defects and the number of dangling bonds in grain boundaries
have been found to be smaller in CW laser annealing than those in pulsed excimer laser
annealing [16].

In this study, we extend our production of laser-processed poly-Si components and
demonstrate their use for nonlinear optical propagation. Scanning electron microscopy
(SEM), Raman microscopy, atomic force microscopy (AFM), and cut-back loss
measurements were used to assess the quality of the waveguides. Laser melting of the a-Si
wires, followed by reflowing and crystallization, results in poly-Si waveguides with smooth
surfaces, root mean square (RMS) roughness of 0.5 nm, and propagation losses as low as 4
dB cm™”. These low losses have allowed for the observation of SPM-induced spectral
broadening and TPA-induced nonlinear saturation of short pulse propagation. To the best of
our knowledge, this is the first nonlinear optical characterization of planar poly-Si
waveguides processed by lasers, with the estimated material parameters being in close
agreement with values reported for c-Si. Thus, these high optical quality poly-Si waveguides
open a route to the flexible integration of nonlinear components in photonic and electronic
systems.

2. Fabrication and post-process laser reflowing of silicon waveguides

The sample fabrication begins by thermally growing a 4 pm thick oxide layer on top of a
silicon wafer, which acts as a buffer to eliminate optical leakage from the waveguides to the
Si substrate. Hot-wire chemical vapor deposition (HWCVD) was then used to deposit a 400
nm thick a-Si film on the top of the silica layer, using a silane (SiHy4) precursor [17]. HWCVD
was preferred over other common deposition techniques as it allows for the production of a-Si
materials with low hydrogen content at low temperatures, which were set at 320 °C for our
sample to be compatible with the CMOS processes. Minimizing the hydrogen concentration
is important to eliminate out-diffusion during laser processing. Following the deposition, e-
beam lithography and plasma etching were used to pattern the a-Si thin film into straight
waveguides with rectangular cross-sections having widths of 3 um and 4 um. Pre-patterning
the a-Si films enables the confinement of the thermal energy during the subsequent process of
laser melting and crystallization [15]. Not only does this reduce the overall thermal budget of
the fabrication process, but it also helps to increase the grain growth. This is because the
localized heating causes complete melting of the a-Si wires, which promotes directional
solidification and liquid phase crystallization from the trailing edge of the travelling molten
zone [18].
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Fig. 1. Laser processing of a-Si waveguides on silica/Si substrates. (a) Schematic of the laser
processing setup. (b) Schematic figure and optical microscope image showing the cross-
sectional and top view, respectively, of a patterned a-Si waveguide. (¢) Schematic figure and
optical microscope image showing the reflowed poly-Si waveguide after laser-induced
melting.

A schematic of the experimental setup used for laser processing of the pre-patterned a-Si
waveguides is shown in Fig. 1(a). An ultra-stable single-frequency laser source (IPG-GLR-
10W) emitting CW radiation at a wavelength of 532 nm was used as the thermal source. The
laser output was set to a fixed optical power of 1W, and a half-wave plate (HWP) and a
polarization beam splitter were used to adjust the optical power in the range of 300-800 mW,
as measured after the focusing objective. The laser beam was focused to a spot of size 5 um
in diameter on the surface by a 10x objective lens (NA-0.25), which was enough to cover the
whole surface of the patterned waveguides. By adjusting the position of the second lens in
front of the CCD camera, we were able to bring the focus of the laser and illumination source
to the same point. In situ monitoring allows for initial alignment and focusing of the laser
beam on the a-Si waveguides, as well as for detection of partial melting or ablation of the
material during processing. The samples were mounted with a vacuum holder on a set of
software-controlled 2-axis high precision stages (Aerotech, ABL-1500), which were moved to
linearly scan the laser spot along the a-Si waveguides at scan speeds ranging from 0.1 to 10
mm s~ over a 4 cm total displacement. Because of the high optical absorption of a-Si in the
visible spectrum, high temperatures, enough to melt the semiconductor material, can be easily
reached. Optical microscope images given in Fig. 1(b,c), show the top surface of the
waveguides before and after laser reflowing, respectively.

For optimization of the parameters, some test waveguides were first processed with a
range of scan speeds and input laser powers. The optimum parameters that yield the best
surface quality and crystallinity were then determined using optical microscopy and Raman
microscopy, respectively. For laser processing of a-Si waveguides with a width of 3 um (4
um), the best combination of scan speed and optical power were found to be 1 mm s™', and
600 mW (500 mW). For a given fixed beam size, the optimum optical power for processing
was found to be close to the ablation threshold of the material, which depends on the width of
the waveguide. It is higher for smaller widths due to the smaller absorption cross-section and
greater cooling rate. Additionally, laser processing didn’t show any dependency on the
polarization of the laser beam, which is normally incident on the flat surface of the patterned
a-Si waveguides, due to the degeneracy of the polarization, and full melting of the material.

3. Material and surface characterizations of the laser-reflowed waveguides

As can be seen in the SEM micrograph of a laser-processed poly-Si waveguide in Fig. 2(a),
localized melting induces a material reflow due to the surface tension of the molten silicon,
turning the initially rectangular cross-section into a parabolic cross-section with a height
greater than the initial thickness (400 nm) of the a-Si film. Reshaping greatly improves the
surface quality, decreasing the initial RMS roughness of 3.5 nm to 0.5 nm, as assessed
through AFM surface characterization of a laser-processed 3 um wide poly-Si waveguide
given in Fig. 2(b). Various cross-sectional profiles can be achieved either by adjusting the



ratio of the initial width and height, or by reflowing the waveguide after a partial under-
etching. However, near circular cross-sections help to reduce the difference between mode
sizes of TM and TE polarized light, and the sensitivity of the transmission on the polarization
direction. On the other hand, as the width of the waveguides increases, more parabolic cross
sections and higher aspect ratios are reached, increasing the difference between mode sizes,
and the transmission through wider waveguides becomes increasingly polarization-dependent.
Additionally, the initial rectangular shape can be preserved if the molten semiconductor is
encapsulated by a crucible, such as a silica over-cladding deposited on the patterned a-Si
waveguides before laser processing. The repeatability of the laser processing depends on the
motional capabilities of the stages scanning the samples under the laser beam, and the
stability of the optical power emitted by the laser source. Moreover, whilst working in
ambient conditions is very practical, all residues and dust must be removed from the surface
before commencing the process to avoid damage.
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Fig. 2. (a) SEM micrograph showing a poly-Si waveguide after laser processing. (b)
Topographical characterization of a laser-processed 3 um wide poly-Si waveguide by AFM.
The initially rectangular cross-section turns into a parabolic shape. The surface-tension
reshaping of the molten Si enables smooth surfaces with a RMS roughness of 0.5 nm.

In order to characterize the crystalline quality of the processed waveguides, micro-focus
Raman spectroscopy (Renishaw Invia) was applied before and after laser processing, by using
a 50x objective lens (NA-0.75), a Nd:YAG excitation laser source (532 nm, | mW) and a
silicon grating of 2400 lines/mm. The measurements were taken in the backscattered mode,
which is most sensitive to the longitudinal optical (LO) phonon mode of crystalline silicon.
Normalized Raman spectra of the as-deposited material (red) and a laser-processed
waveguide (blue) are shown in Fig. 3(a). The Raman spectrum of the as-deposited material
displays broad peaks which are typical for a-Si. On the other hand, the Raman spectrum of the
laser-processed waveguide has a single sharp peak at 517.4 cm™, which is shifted 2.5 cm™ left
from the 519.9 cm™ peak of the c-Si reference, as shown with detail in Fig. 3(b). The c-Si
reference peak was first fit by using a Voigt function to determine the Gaussian broadening of
the instrument, assuming a Lorentzian line shape with a linewidth of 77,=2.7 cm’,
corresponding to the intrinsic response of the c-Si. The Lorentzian line shape of the poly-Si
peak was then deconvolved from the experimental data. The linewidth of the poly-Si peak
was found to be 7=2.72+0.11 c¢cm’, which is almost equal to that of the c-Si reference,
indicating very good crystallinity. The laser spot size of the Raman instrument is about 1 pm
in diameter, therefore, we expect that the poly-Si waveguides consist of crystal grains with
sizes larger than the spot size. Indeed, it has been recently shown using X-ray diffraction that
the length of laser-processed crystal grains in a similar structure can be longer than 1 mm
[15]. As the poly-Si Raman peak has a symmetrical line shape with a negligible amount of
broadening, we attribute the lower wavenumber shift of Aw=-2.5 cm™ to a residual uniaxial
tensile strain of £=0.7 %, which can be calculated via the relation Aw = b X &, where b=-347
em™ is strain-shift coefficient of the LO Raman mode of silicon [19]. During solidification,
the large difference in the thermal expansion coefficients of the molten silicon and silica
substrate results in tensile strains, which are comparable to those achieved by laser processing



of Si-Ge alloys on Si using the same setup [20]. Laser-induced residual tensile strains remain
uniform along the poly-Si waveguides, due to the thermal steady-state conditions ensured by
the constant scan speeds and powers during laser processing, and were observed to be stable
at room temperatures for several months, without causing any physical deformation.
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Fig. 3. Material characterization using Raman spectroscopy before and after laser processing.
(a) Raman spectra showing the transformation from an amorphous state to a polycrystalline
state by laser-induced crystallization. (b) The shift of the poly-Si peak from the characteristic
519.9 cm™ Raman peak of c-Si, due to the residual tensile stresses after laser processing.

4. Characterization of the linear propagation losses

We start our optical characterization of the laser-processed poly-Si waveguides in the linear
regime by using a cut-back technique that requires measuring the insertion losses of
waveguides of differing lengths. A schematic of the experimental setup is shown in Fig. 4(a).
As a light source, we used a CW diode laser emitting at a wavelength of 1550 nm with a
maximum power of 80 mW. The sample used in the experiments consisted of a series of poly-
Si waveguides with widths of 3 and 4 um. To prepare the facets for optical coupling, both
ends were cleaved and inspected using a microscope for flatness. The sample was then placed
on a 3-axis high precision stage (Thorlabs, MAX301), and TM polarized light was free space
coupled in and out of each waveguide by using 60x (NA-0.85) and 40x (NA-0.6) microscope
objectives, respectively. Although these micron-sized poly-Si waveguides support multiple
modes, careful monitoring of the input and output coupling using infrared (IR) cameras
(MicronViewer 7290A) allows for efficient coupling into the fundamental mode. The light
from the output facet was collimated and spatially filtered using a pinhole to isolate the mode,
eliminating the scattered light. The optical power was measured after the pinhole by using a
power meter. Cutback measurements were performed by cleaving the sample at different
lengths, but keeping the input facet intact to ensure consistent coupling at each step.
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Fig. 4. Characterization of the optical losses in the laser-processed poly-Si waveguides. (a)
Schematic showing the experimental setup used for the optical characterizations. M, mirror;
HWP, half-wave plate; BS, beam splitter; PH, pinhole; OSA, optical spectrum analyzer; PM,
power meter. (b) Results of the cut-back measurements for transmission losses of the 3 pm
(blue) and 4 pm (red) wide waveguides at different lengths, using a 1550 nm wavelength
source. Inset figure shows the output mode profile taken by the IR camera.



Results of the cutback measurements are given in Fig. 4(b). The inset image shows the
output mode profile captured by an IR camera, revealing the optical mode is well confined by
the high refractive index silicon core. The propagation losses, as measured from the slope of
the transmission data, were found to be 4.0+1.2 dB cm™ and 6.6+0.4 dB cm™ for the 3 um
(blue) and 4 pm (red) wide poly-Si waveguides, respectively. The waveguides with larger
widths were observed to have higher propagation losses, due to the increased number of grain
boundaries and reduced crystallinity, particularly at the edges [15,18]. Nevertheless, the
propagation losses in the 3 um waveguides represent an improvement of >1dB cm™ compared
to our recent results (5.3 dB cm™) obtained using a CW Argon-ion laser for the processing
[15], which were significantly better than the 20 dB cm™ estimated when using a pulsed
excimer laser [4]. We attribute this loss reduction to the improved stability of the laser
processing source (< %1 power fluctuations), which allows us to operate very close to the
material damage threshold, where grain growth has been shown to be maximal [21]. We
routinely achieved low losses for the most of the laser-processed 3 pm wide waveguides
(between 4-7 dB cm™). The y-intercepts of the linear fits to the data correspond to the total
optical coupling losses at the front and end facets, which are 25.8+1.1 dB and 24.3+0.5 dB for
the 3 pm and 4 pm wide poly-Si waveguides, respectively. In principle, much lower input
coupling losses are possible for free space coupling if the angular and positional
misalignment of the input beam relative to the facet, and the roughness of the cleaved
surfaces, are minimized.

5. Characterization of nonlinear optical properties
5.1 Description of pulse propagation in a poly-Si waveguide

Nonlinear pulse propagation in poly-Si waveguides can be described by a generalized form of
the nonlinear Schrédinger equation (NLSE) [22]:
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Here, A(z, t) is the pulse envelope, 8, is the group velocity dispersion (GVD), and y is the
nonlinearity parameter defined asy = kon,/Acss + ifrpa/24c55 in terms of the nonlinear
refractive index n,, TPA coefficient f7p4, and effective mode area 4.5 The remaining terms
are the linear propagation loss a;, and the free carrier loss ay = grcs(1 + )N (z, t) where
orcyq 1s the coefficient of free carrier absorption (FCA), and u governs the free-carrier
dispersion (FCD), which is estimated as u = 2k.k,/0rca With k. = 1.35x107%" m™ [23].
N.(z,t) is the density of free carriers generated by TPA, which is described by the rate
equation

ON(zt) _ BrralA@DI*  Ne(zt)
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where 7, is the carrier lifetime, % is the Planck constant, and vy is frequency of the light.

If the dispersion length L, = T¢/f,, which is defined in terms of the pulse duration 7}
(assuming a hyperbolic secant sech(t/T,) pulse) and GVD parameter f,, is considerably
longer than the waveguide length (Lp>>Lys), it is possible to neglect the effects of dispersion
on the pulse propagation. In this case, Eq. (1) can be modified to describe the temporal
evolution of the intensity profile, which can be expressed as

al(zt)
;ZZ = —ayl(2,t) — Brpal (2,)* — 0pcaNc(2, )1 (2, 1), 3)
where I(z,t) = |A(z, t)IZ/Aeff, which is coupled to Eq. (2). For a given linear loss a;, Eq. (3)
can be used to determine the TPA coefficient f7p4 by analyzing the effects of nonlinear loss
on the transmission of input pulses with high peak powers.




5.1 Nonlinear transmission losses due to two-photon absorption

To demonstrate the potential of the laser-processed poly-Si waveguides for nonlinear optical
applications, we selected the 3 pm wide waveguides, because they have the lowest
propagation loss of 4 dB cm™ and a smaller effective mode area Ay The nonlinear
transmission measurements make use of the same experimental setup given in Fig. 4(a), but
with the pump source switched to a femtosecond fiber laser (Onefive), which provides
hyperbolic secant pulses with a 750 fs full width half maximum (FWHM) duration, operating
at 1540 nm, and a repetition rate of 40 MHz. Nonlinear absorption measurements were
carried out to investigate the effects of TPA on the high power pulse propagation, as evident
by the saturation of the output power seen in Fig. 5(b). The coupled input peak powers were
calculated from the measured input average powers for a free space coupling loss of 14 dB
per facet, which was estimated from the linear loss measurements above.
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Fig. 5. Characterization of the nonlinear losses. (a) Calculated electric field amplitude of the
fundamental TM mode for a poly-Si waveguide with a width of 3 um and height of 0.6 pm. (b)
Nonlinear saturation of the transmission through the poly-Si waveguide due to TPA.

Mode analysis of the 3 um wide waveguides was used to calculate the effective area
A=0.8 um’ and the GVD parameter £,=0.67 ps>m™ at the pump wavelength of 1540 nm,
for the fundamental quasi-TM mode shown in Fig. 5(a). From this, we estimate the dispersion
length L,=~27 cm to be considerably longer than the waveguide length L,,,=1.537 cm used in
the nonlinear loss measurements. Therefore, the contribution of the dispersion on the pulse
peak power is negligible. In this case, the intensity profile I(z,t) of the pulse can be
described by the two coupled equations given in Egs. (2) and (3). For the known linear loss a;
of 4 dB cm™, we determined the TPA coefficient of the poly-Si waveguides by fitting to the
nonlinear absorption data, solving the coupled equations. The remaining material parameters
were estimated from the single crystal values of silicon in the literature, with the FCA
coefficient of opc4 = 1.45 X 10721 m? calculated via the Drude-Lorenz model. The resulting
curve is plotted as the solid black line in Fig. 5(b). The simulations revealed that the best fit
value for the TPA coefficient is f7p4 = 9x10"* m* W', which is at the upper end of the range
reported for c-Si (B7p4 = 4.5-9x10"> m* W) [24-26]. We attribute this high TPA value to the
residual tensile stresses, which can act to decrease the bandgap of the polycrystalline material,
as well as the bandgap tails created by the amorphous content around the crystal grains.
Finally, we should note that inter-pulse carrier accumulation effects were neglected for the
simulations as the time interval between the pulses is sufficient for the material to recover (z.
= ~1ns <7,=25 ns).

5.2. Spectral broadening by self-phase modulation

With the estimated values for the losses (Brp4 and a;), characterization of the nonlinear
properties of the poly-Si waveguides was completed by studying the SPM-induced spectral
broadening of the pulses to determine the Kerr coefficient 7,. The original input spectrum and



output spectra of the pulses recorded by an optical spectrum analyzer (OSA) are shown in
Fig. 6(a) and Fig. 6(b-d) for the input peak powers given in the legend. The value of n, was
estimated by fitting the spectral broadening with numerical solutions to the full NLSE
equation in Eq. (1), which is coupled to Eq. (2) describing the rate of change in the density of
TPA-generated free carriers. Comparing the simulated spectral widths with the measured
spectra, we found the best fit value of n, = 4.5x10""® m W', which is within the range of
values measured for c-Si (n, = 4.3-6x10"% m W) [24-26]. It is worth noting that the only
previous estimates of the nonlinear optical parameters of a poly-Si material were obtained
using a poly-Si core fiber [22], where the nonlinear parameters were estimated to be n, =
42x10" m W' and frps = 7.5x10" m> W' at a wavelength of 1540 nm. The simulated
output spectra corresponding to the input peak powers are plotted as the black dashed curves
in Fig. 6, showing a good qualitative agreement between the simulated and measured output
spectra for all powers. As the pulse width is much shorter than the carrier lifetime, the effect
of FCA on the symmetry of the spectral broadening is minimal [27], however, a small blue-
shift is noticeable at the highest input peak power due to the effect of FCD, which was also
observed in c-Si at telecom wavelengths [28]. We neglect contributions due to higher order
dispersion because the 3 pm wide poly-Si waveguides exhibit relatively large normal GVD
over the telecom wavelength region. Additionally, we didn’t observe any high order multi-
photon effects or thermal effects during the nonlinear measurements, as the maximum
average power (50 mW) and wavelength (1540 nm) of the pulsed laser source render the
contribution of these effects insignificant.
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Fig. 6. Input-power-dependent spectral broadening in the laser-processed poly-Si waveguides
due to SPM. (a) Original input spectrum. Output spectra taken for different input peak powers
of (b) 13 W, (¢) 32 W, and (d) 69 W. The simulated results obtained from the NLSE modelling
with Egs. (1,2) are represented by the fitted black dashed lines.

6. Conclusion

Our results have shown that laser post-processing of a-Si deposited on planar substrates is a
promising approach to obtain poly-Si waveguides with optical losses low enough to observe
third-order nonlinear effects, such as SPM, four-wave mixing (FWM) and cross-phase
modulation (XPM). The nonlinear transmission measurements have revealed both the TPA
parameter Srps and the nonlinear refractive index n, for the laser-processed poly-Si
waveguides to be in the range expected for c-Si waveguides. This could be leveraged for
various applications such as optical communications, signal processing, and spectroscopy in



integrated photonics circuits. Deposition of the a-Si at low temperatures complies with the
low thermal budget required for CMOS processes and, by ensuring the heat required to
crystallize the material stays local to the individual components, laser processing provides a
route to fabricating high density nonlinear silicon circuits. Continuing efforts to enhance the
material quality by laser processing will help to improve both the optical and electrical
properties of poly-Si for the development of future integrated electronic/photonic chips.
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