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Abstract: We present a method for the production of polycrystalline Si (poly-Si) photonic
micro-structures based on laser writing. The method consists of local laser-induced crystallization
of amorphous silicon (a-Si) followed by selective etching in chemical agents that act preferentially
on the a-Si material, consequently revealing the poly-Si content of the film. We have studied
the characteristics of these structures as a function of the laser processing parameters and we
demonstrate their potential photonic functionality by fabricating polycrystalline silicon ridge
optical waveguides. Preliminary waveguide transmission performance results indicated an optical
transmission loss of 9 dB/cm in these unrefined devices.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Silicon (Si) is a material that is synonymous to microelectronics, yet for several years it has been
penetrating the area of photonics and today it forms an important sector of integrated optics. The
mature processing technology of Si, which is available in foundries around the world is also
applicable to the manufacturing of photonic devices and so many important innovations have
been achieved in this rapidly evolving area of technology [1,2]. The bulk of silicon photonics
research involves single crystal material, however polycrystalline silicon (poly-Si) has attracted
significant interest because of its potential to combine good optical transmission (in the telecom
and near IR wavelength range), electronic functionality and low fabrication cost, which makes it
an attractive material for commercial applications[3,4]. Poly-Si films can be grown using various
techniques. However, the utility of the resulting material is a function of the crystalline grain size,
therefore high temperature growth is required [4—6]. Another possibility is the low temperature
deposition of a-Si followed by post crystallization using methods such as laser irradiation. It has
been shown recently that laser processing of amorphous silicon (a-Si) produces poly-Si with very
large domain sizes, resulting in a material with superior optical and electronic performance [7].

C.W. laser-induced crystallization of a-Si on SiO; has been demonstrated in the literature
[8,9] and has been shown to produce crystal domains with very high aspect ratio. Interestingly,
laser-induced crystallization of silicon in a confined volume results in significant strain due to the
difference in volume between the amorphous and crystalline states of the material, which in turn
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results in large shifts of the bandgap energy of the crystallized material as compared to regular
silicon [9].

In a recent report a laser writing method has been proposed for the production of low loss
poly-Si waveguides by laser-induced crystallization of photolithographically pre-defined a-Si
ridge structures [7]. The localised nature of this method as well as the low temperature hot-wire
chemical vapour deposition (HWCVD) [10,11] that was used to produce the initial a-Si film
makes this method suitable for additive manufacturing, in contrast to previous reports, that
required high temperature grown poly-Si [4-6]. Here we demonstrate a method where spatially
selective laser-induced crystallization of a-Si produces poly-Si super structures with photonic
functionality that does not require any pre-structuring step. Selective laser irradiation of planar
a-Si films produces areas of poly-Si into the original a-Si film matrix. These areas transform
into superstructures after subjecting the film to etching agents, which remove preferentially the
a-Si content of the film, thus revealing the poly-Si structure. Such poly-Si ridges can be used as
optical waveguides to transmit light. A schematic representation of the processing steps is shown
in Fig. 1.

(a)

(¢)

Fig. 1. Schematic of the process showing (a) a-Si film deposition by HWCVD on a planar
substrate (b) spatially selective laser exposure by scanning of a focussed beam on the surface
of the film to produce poly-Si tracks and (c) poly-Si tracks transform into ridge structures
after selective etching. Different coloured tracks represent different irradiation conditions.

2. Experiments and discussion
2.1. Laser irradiation

Laser irradiation experiments were performed on a-Si films that were prepared by low temperature
(320°C) HWCVD. The deposition conditions were adjusted to minimise the hydrogen content of
the deposited material, to avoid violent hydrogen out-gassing during the irradiation step. Films of
a-Si with two different thicknesses 210 nm and 425 nm) were deposited onto fused silica (SiO»)
and silica-on silicon substrates. The latter consists of a ~4.8 um thick thermally oxidised top
layer of bulk single crystal Si .

The films were subsequently exposed to a focussed laser beam using a set of a high precision
translation stages (Aerotech, ABL1500), which offered excellent positioning control with constant,
adjustable speed, thus maintaining identical exposure conditions along each irradiated track. The
laser radiation source was a C.W. Ar* laser operating in multi wavelength mode (predominantly
A=488/514.5 nm). Linear tracks were irradiated using a range of beam intensities, scanning
speeds, and beam spot sizes, which are the processing parameters available. The laser intensity,
which can be adjusted by changing the laser power and/or the laser spot size, defines the peak
temperature of the irradiated volume. The scanning speed controls the dwell time of the laser
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beam at a particular area on the sample, which defines the duration of the heating and influences
the cooling rate of the laser-heated volume.

The laser intensities that are required for laser-induced crystallization can only be accessed
by focussing the beam of the laser that was used. In these experiments we used three different
microscope objectives: X10 (NA=0.25), x20 (NA=0.40), and x40 (NA=0.65) producing laser
spot sizes (beam radius at 1/¢? intensity level) of: 3 um, 1.2 um and 0.9 um respectively, as
measured using a knife-edge method.

It has been shown in [9] that temperatures as high as the melting point for a-Si can be achieved
as a result of laser irradiation. This is due to the very efficient absorption of visible radiation by
a-Si (absorption length ~ 30nm). Localised melting and re-solidification produce changes to
the texture of the surface as well as a volume change in the transition from a-Si to poly-Si [9].
Both effects contribute into making the tracks visible under optical microscopy investigation.
Figure 2 shows optical microscopy images of laser-irradiated tracks on an 400 nm thick a-Si
film, deposited on SiO,. This particular set consists of 7 track pairs, with the tracks in each pair
irradiated with the same laser intensity using a laser spot size spot size of 3 um. The irradiating
laser intensity increased from right to left within the range of 5x103W/cm?- 9x10° W/cm?. The
difference in colour of the material on the track is indicative of changes in the film thickness
and/or refractive index, with the tracks becoming wider with increasing laser intensity. For scans
at the high end of the laser intensity, structural damage can be observed along the centreline of
the tracks.

Fig. 2. Optical microscopy image of laser irradiated tracks on a planar a-Si film. The tracks
are arranged in pairs of identical laser irradiation confitions. The laser intensity increases
from right to left.

2.2.  Raman spectroscopy

Figure 3 shows Raman spectra that were acquired from a laser irradiated track and from the
non-irradiated surrounding film area illustrating the transformation of the original amorphous
material, which produces a broad Raman response (blue line), to crystalline that produces a
sharp, narrow Raman resonance located close to 520 cm™! (orange line), where the single crystal
Si Raman peak appears, indicating that crystalline Si is produced as a result of laser irradiation.

The width and position of the Raman peaks provide information about the a-Si/c-Si ratio
and any stress that is locked in the crystallized material [7,12]. The Raman peaks, obtained
from the laser-irradiated tracks were fit with a Voigt function [13]. Performing a Voigt curve
fitting on the Raman peak obtained from a single crystal sample, used as reference, and by
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Fig. 3. Raman spectra obtained from the a-Si film (blue) and on a laser irradiated track
(orange).

assigning the known FWHM value of 2.7 cm™! of the Lorentzian component helped us determine
the Gaussian component of the Voigt function which is associated with the response of the
instrument. Applying a Voigt function fit to the Raman peaks that were obtained from the
laser irradiated tracks and by taking into account the fixed Gaussian instrument response, as
determined by the Voigt fit to the reference spectrum, we obtained the FWHM values for the
Lorentzian component that corresponds to the laser crystallized material. The smallest FWHM
value that was obtained in this manner was ~ 3 cm™!, (corresponding to a laser intensity of
6 W/cm?), which is decisively wider compared with the single crystal reference. This result
indicates that the quality of laser crystallized tracks in a planar film is not expected to be as as
good as in laser-induced crystallization of pre-structured a-Si ridges and capillaries [7,9].

2.3. X-Ray diffraction

Micro-focus X-Ray diffraction (XRD) was employed for the analysis of the pre-etched laser
tracks. A focussed X-Ray beam with size that is comparable to the laser-crystallized tracks was
used to interrogate the crystal content across and along the laser irradiated tracks. This capability
was made available to us at the 118 beam line of Diamond (synchrotron) light source in Harwell
campus, Oxfordshire. We used the X-Ray beam in a grazing incidence configuration, so that
the beam’s footprint forms an oval pattern on the sample with a long axis of ~30 um and short
axis of ~2 um. The long axis was aligned along the length of the laser tracks allowing a quick
comparison on the crystal content of the laser processed area while maximizing the overlap of the
beam with the laser crystallized track, thus making full use of the beam. The spatial resolution
of the measurement is compromised in the longitudinal direction but it is maintained on the
transverse direction. This configuration allows for a qualitative investigation that is based on the
number of a diffraction events, which appear on a sector that contains a single quadrant of the
Debye cones. A more detailed description of the micro-focus XRD arrangement and mode of
investigation is given in [7].

The focussed X-Ray beam was scanned in the lateral direction to reveal changes of the
crystalline content across the laser tracks, where the effect of the intensity variation of the laser
beam is expected to be more pronounced. A qualitative investigation based on the number of
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observed scattering events in the lateral direction showed that the number of scattering events
near the edge of the tracks is significantly larger (in some cases producing continuous Debye cone
arcs) as compared to the central region, indicating that the peripheral region consists of smaller
crystallites. This observation reflects the variation of the temperature profile that is produced by
the absorption of the laser beam with a Gaussian intensity profile. Multiple scattering events
were recorded in the central sector of all tracks that were investigated, thus confirming the results
obtained with Raman spectroscopy.

2.4. Selective etching

The selective etching step that reveals the poly-Si superstructures involves the use of Secco-etch,
a combination of chemical agents used as a tool for the visualisation of crystalline domains
in poly-Si [14]. It consists of potassium dichromate (K,Cr,07) and Hydrofluoric Acid (HF)
diluted in DI water to control the etch rate according to the application specifics. The potassium
dichromate component of the mixture oxidises weak Si-Si bonds, found in a-Si and in the Si
crystal domain boundaries, producing SiO,, which is subsequently etched by HF.

When applied to the laser-crystallized tracks, which are formed within a-Si films, Secco-etching
removes the a-Si part of the film, in this way revealing only the poly-Si sections which form ridge
structures. The width of the resulting ridges was compared to the width of the laser irradiated
tracks as a function of: laser spot size, laser intensity and thickness of the initial a-Si film. The
scanning speed was kept constant at 170 um/s.

The etching duration was set as the time required to remove completely the a-Si planar film.
The etch rate for a-Si was estimated to be ~100 nm/s for the dilution of the Secco mixture that
was here.

The width of the laser tracks was measured before etching using optical microscopy and was
compared to that of the resulting ridges. The lateral limits of the tracks before etching are well
identifiable and therefore reliably measured as shown in Fig. 4(a). Figure 4(b) shows the same
track, after Secco-etching. Initial observation of Fig. 4 indicates that i) the width of the revealed
ridge appears to be very similar to the pre-etched track width and ii) the optical microscopy
image of the track after etching (b) shows a qualitative difference between the central section and
the periphery of the track.

v # o -

Fig. 4. Optical microscopy images of a laser irradiated track (a) before and (b) after
Secco-etching. Such images were used to measure the widths of the tracks. The substrate is
silica-on-silicon.

Figure 5 shows plots of the laser irradiated track widths and the resulting ridge widths as a
function of laser intensity and for two different film thicknesses ( 210 nm and 425 nm). The main
observation is that the width of the resulting ridge is very similar to the width of the visible laser
track with the exception of tracks that correspond to the lower end of intensities. The ridge width
appears to scale with the laser intensity (for each spot size ). At low intensity levels it is only in
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the central part of the focussed laser beam where the temperature is high enough to melt the a-Si
film therefore the visible laser tracks and the resulting ridges are narrower than the measured 1/
beam size. As the laser intensity increases the temperature in the peripheral sectors of the tracks
increases causing the central melt zone to expand towards the periphery thus, resulting in widths
which are larger than the 1/e? beam size.
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Fig. 5. Plots of the measured laser track widths before etching and ridge widths after etching
as a function of laser intensity for different laser spot sizes (measured at 1/62), 3 um, 1.2
pum and 0.8 um, (using x10, X20 and x40 microscope objectives respectively). Plot (a)
corresponds to initial a-Si film thicknesses of 210 nm and plot (b) to 425 nm

These results suggest that, within the range of experimental conditions used here, the most
significant parameter that influences the width of the resulting ridges is the laser intensity. The
thickness of the film does not appear to play an important role in the width of the laser-crystallized
ridge. This indicates that the temperature distributions that are formed due to the absorption of
the laser radiation is similar for these films as well. If there was any difference in the crystal
domain size for the two different thicknesses they were too subtle to register in the Raman
spectroscopy and X-Ray diffraction data.

Figure 6 shows SEM images of etched poly-Si ridges, which are produced on (a) silica-on
silicon and (b) SiO; using the same irradiation conditions. In both specimens the a-Si film is
grown on SiO,. However, in the case of silica-on-silicon the SiO, layer is just a ~5 p m thick layer
on top of crystalline Si, which in principle, would have some implications in the heat transport
properties of the substrate and consequently affect the laser-induced temperature distribution.
Both SEM images show ridges of the same width that consist of a solid central section (~3 ym in
width) and two peripheral sections either side that appears to be porous. The peripheral porosity
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is more pronounced in the ridge of Fig. 6(b), which correspond to the pure SiO; substrate. The
difference in appearance however is attributed to the fact that that particular sample was slightly
over etched as compared to the silica-on silicon grown sample rather than on any substantial
differences in the crystallization quality. As suggested by the qualitative micro-focus XRD
investigation, the central sector consist of fewer larger crystals while the periphery consists of Si
crystal nano-domains. It is anticipated that in the central sector the temperature is high enough to
induce complete melting of the a-Si, which is a requirement for the production of large crystal
domains [8,15], while the periphery remains solid throughout the process and therefore contains
crystal nano-domains only. The sharp border between the two sectors that can be observed in the
SEM images of Fig. 6(a,b), marks the extent of the melt zone. Figure 6(c) shows a cross section
of a ridge structure. The cross section was prepared by polishing the edge of a fully processed
sample (on a SiO, substrate) that contained poly-Si ridges to be used for waveguide transmission
experiments. The cross section shows that the peripheral sections are partially removed by the
etchant, however at a lower rate compared to a-Si, forming a trapezoid cross section. For clarity
the profile of the cross section is marked with a dash-line. The debris that is observed in the
SEM image corresponds to wax residue from the polishing process. The shape of the poly-Si
superstructures corresponds to the laser-irradiated pattern, which suggests that more complex
structures can be produced by laser writing. Here we present examples of curved and joint-up
structures such as a 20um radius ring structure placed next to a straight ridge in Fig. 6(d) and a
Y-junction in Fig. 6(e).

Fig. 6. SEM images of laser written poly-Si superstructures; top view SEM images of etched
ridges on (a) silica-on-silicon and (b) on SiO, substrate. The two ridges were prepared using
the same laser irradiation conditions. (c) Polished end face of a single ridge fabricated on
SiO;. The dash-line outlines the trapezoid shape of the ridge cross section. More complex
poly-Si ridge structures: (d) ring (20um radius), next to a straight ridge, and (e) a Y-junction.

2.5. Ridge waveguides

A set of linear poly-Si ridge structures was produced on a SiO; substrate to investigate waveguide
transmission. The height of the ridges was ~ 400nm and the width ~ 6um. The sample was
edge-polished, using a standard mechanical polishing protocol, on both ends, along a plane
perpendicular to the direction of the ridges to allow for “end-fire coupling” of light and for the
detection of light emerging from the ridge structures. The sample was prepared using a laser
spot size of 3 um (x10 objective) and a narrow range of laser intensities restricted to those that
produced the best crystallization results.
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A free space optical arrangement was employed for the characterization of the waveguide
transmission. This arrangement utilised a linearly polarised HeNe laser source emitting at
A=1523 nm, which was focused using a microscope objective onto one of the polished edges of
the sample. A second microscope objective was used to image the output face of the sample
and to collect the light that emerged from the output face of the ridge waveguide and to form an
image of the near field mode shape onto an IR camera.

Only transmission of the TM modes was observed in these ridge structures. The inset of
Fig. 7 shows a near field intensity profile of the propagating mode captured using an IR camera
suggesting that propagation occurs in the fundamental mode, which is unexpected given the lateral
dimension of the structure. The shape of the waveguide ridge could provide some explanation
for this. Figure 6(c) indicates that the cross section of the ridge is trapezoidal, with the side
walls sloping towards the substrate at an angle of ~75° with respect to the normal, while the
etch-resistive core of the ridge waveguide has a width of only ~3 pum. This sloped sidewall
suggests that light propagating in the waveguide experiences a graded index in the lateral direction.
Additionally, higher order modes see” more of the sidewall roughness and therefore should
experience higher propagating loss. However full analysis of the waveguide transmission is
beyond the scope of this report.
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Fig. 7. Optical loss (in dB) as a function of the waveguide length. These measurements
were obtained by successive polishing of the output face of the sample. The inset shows a
near field image of the mode profile, captured on an IR camera.

The power transmission through the waveguides was measured by replacing the camera with a
power meter head. The power transmission loss through these ridge waveguide structures was
estimated by using the “cut-back” method. The output facet of the sample was polished back
at specific intervals and transmission measurements were performed for each length. A plot of
the raw power loss (in dB) for four waveguide lengths is shown in Fig. 7 obtained from one of
the waveguides. Fitting of a straight line indicates a transmission loss of 9.34 dB/cm for this
particular waveguide that was produced using a laser intensity of 6.3x10°> W/cm? and has an
overall width of ~6 um. Waveguides fabricated with intensities within 10% variation of that
laser intensity exhibited similar transmission loss figures. Significant variance of the irradiating
laser intensity from that optimum value resulted in much higher transmission loss.
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3. Conclusion

We have presented a method for the production of poly-Si photonic microstructures that is based
on localised laser-induced crystallization of low temperature deposited a-Si planar films combined
with selective etching. This method is suitable for additive manufacturing and is compatible
with CMOS processing. The crystalline contents of these superstructures have been discussed
and their size has been investigated as a function of laser irradiation conditions. This method,
which does not require any preparatory steps such as pre-structuring, has been utilised for the
fabrication of ridge waveguides that presented transmission loss of ~9 dB/cm demonstrating the
potential of this cost effective method for the production of structures with photonic functionality.
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