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Abstract: We report the fabrication of low-loss, low temperature deposited polysilicon
waveguides via laser crystallization. The process involves pre-patterning amorphous silicon films
to confine the thermal energy during the crystallization phase, which helps to control the grain
growth and reduce the heat transfer to the surrounding media, making it compatible with CMOS
integration. Micro-Raman spectroscopy, Secco etching and X-ray diffraction measurements
reveal the high crystalline quality of the processed waveguides with the formation of millimeter
long crystal grains. Optical losses as low as 5.3 dB/cm have been measured, indicating their
suitability for the development of high-density integrated circuits.
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1.

Introduction

Over the past two decades, silicon photonics has emerged as a promising solution for the realization
of high performance, high density photonic integrated circuits [1,2]. Using the intrinsic properties
of silicon and the mature CMOS technology processes, a wide range of integrated devices with
outstanding performances have been demonstrated including modulators [3], lasers [4] and
broadband oscillators [5]. Owing to its low optical loss and excellent electronic properties,
crystalline silicon (c-Si) remains the most widely used form of this material to date. However,
the c-Si platforms present several challenges when considering their integration with electronics,
or even for the development of space saving 3D photonic circuits. For example, the fabrication of
multi-layer c-Si structures typically requires the use of expensive and technically challenging
wafer bonding processes [6].
To overcome these limitations, significant efforts have been devoted to developing alternative,
more flexible deposited materials such as hydrogenated amorphous silicon (a-Si:H) [7], silicon
nitride (SiN) [8] or polycrystalline silicon (poly-Si) [9]. This work has led to the production
of a-Si:H and SiN waveguides exhibiting similar or even lower optical losses than c-Si, which
has allowed for the demonstration of several all-optical processing functions in integrated
systems [10, 11]. However, a-Si:H and SiN have significantly inferior electronic properties
compared to c-Si, which strongly limits their use for the fabrication of integrated devices
with electronic capabilities. On the other hand, poly-Si materials have the potential to exhibit
both optical and electronic functionalities that are comparable with c-Si, but so far its optical
performance has been limited due to fabrication drawbacks. In particular, to obtain good quality

poly-Si directly, the deposition temperature needs to be higher than 900 ◦ C [12–14]. Such
high temperatures are incompatible with many CMOS processes and devices that can degrade
around 450 ◦ C [15], resulting in a drive to develop lower temperature methods. However, when
deposited at low temperatures poly-Si materials typically form small crystals with numerous
grain boundaries that act as scattering and absorption points [16]. This results in relatively
high optical losses, which have remained a limiting factor for the application of this material in
photonic systems [9, 12, 13].
In this paper, we demonstrate the fabrication of low-loss poly-Si waveguides via localized laser
crystallization of micron-size stripes of low temperature deposited amorphous silicon (a-Si). We
have found that pre-patterning the photonic structures before crystallization helps to confine the
thermal energy and results in the formation of long crystal grains, with minimal heat transfer
to the surrounding substrate or cladding [17]. Furthermore, it allows for the fabrication of
poly-Si devices with a thermal budget < 400 ◦ C, opening a route for their use in multi-layer
photonic integration and back-end integration with electronics [9]. The crystal quality of the
processed material has been assessed through micro-Raman spectroscopy, Secco etching and
X-ray diffraction (XRD) measurements, with the waveguides displaying quasi-single crystal
characteristics over millimeter lengths. Finally, optical transmission measurements have revealed
a linear loss value as low as 5.3 dB/cm, paving the way for the development of high performance
optoelectronic devices.
2.

Fabrication

The fabrication process begins with the formation of a thermally grown buried oxide (BOX) layer
on top of the c-Si substrate to optically isolate the future waveguides from the silicon base. A
thin film of a-Si is then grown using a hot-wire chemical vapor deposition (HWCVD) technique
with silane (SiH4 ) as the only precursor. HWCVD was preferred over low pressure and plasmaenhanced chemical vapour deposition (LPCVD and PECVD) techniques as it allows for low
temperature deposition [15], in this case 320 ◦ C, with low hydrogen concentration. Minimizing
the hydrogen content is important to avoid issues associated with violent out-diffusion during
laser processing. A schematic of the unprocessed sample is shown in Fig. 1(a), where the a-Si
film thickness is ∼ 480 nm and the oxide layer is 4.6 µm. Following the deposition, e-beam
lithography and plasma etching were used to pattern a series of straight waveguides with widths
of 0.5 µm, 1 µm, 1.5 µm and 2 µm in the a-Si film. An example of a typical patterned structure is
shown in Fig. 1(b).
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Fig. 1. Schematic of the as-deposited sample before (a) and after (b) patterning of the
micron-sized waveguides. The thickness of the a-Si, SiO2 and c-Si are 480 nm, 4.6 µm and
1 mm, respectively. (c) Schematic of the laser processing setup. HWP, half-wave plate.

The patterned a-Si waveguides were laser processed using the setup schematized in Fig. 1(c).
The light source is an argon ion laser emitting continuous wave (CW) radiation at 488 nm with a
maximum power of ∼ 320 mW, as measured at the sample surface. Although pulsed lasers are
more typically used for crystallizing thin film silicon in order to minimize thermal transfer to

the substrate [9], by pre-patterning the samples the volume of a-Si to be processed is reduced
thus allowing CW sources to be used without significant substrate heating [17]. Furthermore,
the superior power stability of CW sources allows for operation close to the material damage
threshold, where grain growth has been shown to be maximal [18]. To avoid distortions of the
beam, the power was adjusted using a polarization cube and a half wave plate. The beam was
then focused on the top surface of the sample using a 10× objective lens to produce a spot of
diameter 4.7 µm. This relatively large spot size was fixed for all experiments as it allows for
the optical intensity to be homogeneous across the entire width of the processed waveguides.
A pellicle beam splitter, a CCD camera and a white light source were used to image the top
of the a-Si waveguides, while a set of two linear micro-precision translation stages allowed for
adjustment of the sample position under the laser beam. These stages were used to scan the
sample under the laser beam at speeds ranging from 0.01 to 0.1 mm/s while the power was
adjusted between 20 mW and 320 mW. As expected, the quality of the laser crystallization
strongly depends on the right combination of scanning speed and laser power (generally with
higher speeds requiring higher powers) as this controls the melting and cooling rates, both of
which are critical for large grain formation [18, 19]. In particular, we observed that for a given
scanning speed, the optical power required to melt the material is inversely proportional to the
waveguide width. This rather counterintuitive observation can be understood by noting that for
narrower waveguides the overlap between the laser beam and the pre-structured silicon material
is reduced, thus reducing the overall thermal energy transfer to the waveguides. Moreover, as the
width of the waveguide becomes smaller the surface to volume ratio increases, thus accelerating
the cooling of the material.
To achieve maximal grain growth it is necessary to completely melt the amorphous material
[18, 19]. A direct consequence of this is that surface tension acts to reshape the molten silicon
waveguide during the laser processing. This effect is illustrated in Fig. 2, which shows crosssectional scanning electron microscope (SEM) images of a 2 µm wide waveguide, with Fig.
2(a) before and 2(b) after crystallization, where the processing speed and optical power were
0.1 mm/s and 180 mW, respectively. Before laser crystallization, the a-Si waveguide has a
rectangular cross-section, characteristic of the etching process, while the processed waveguide
has a semicircular shape. This reshaping induces two key changes to the waveguide. Firstly,
the reshaping greatly improves the surface quality, with the 3.58 nm surface roughness of the
a-Si waveguides being reduced to 0.52 nm after laser processing, as measured via atomic force
microscopy. Secondly, owing to the fact that the poly-Si material has a higher density than a-Si,
there is a decrease in the cross-sectional area, with the area before and after processing estimated
to be ∼ 0.96 µm2 and ∼ 0.83 µm2 , respectively [17]. We note that the small debris visible in
Fig. 2(b) are not due to the laser processing, but arise from multiple polishing of the sample end
facets for the optical transmission measurements.
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Fig. 2. SEM micrograph cross-section of a 2 µm wide waveguide before (a) and after (b)
laser processing. The debris in (b) result from the polishing process.

3.

Raman spectroscopy

In order to get an initial assessment of the quality of the laser crystallized silicon waveguides,
we performed a set of micro-Raman spectroscopy measurements before and after processing.
Examples of Raman measurements obtained with a frequency doubled Nd:YAG laser (532 nm),
focused to a spot diameter of 1.2 µm, for different processing conditions are shown in Fig. 3(a).
Firstly, the as-deposited material displays a Raman spectrum (yellow line) typical of amorphous
silicon, with a broad peak centered at 480 cm−1 that consists of several overlapping vibrational
modes allowed by the amorphous state. When the laser processing conditions, scanning speed
and power combination, are insufficient to completely melt the material, the resulting material
consists of small micro and nano-crystalline grains [20]. Compared to single crystal silicon,
which has a Raman peak position of 520 cm−1 and a width of Γ = 2.7 cm−1 , the spectra associated
with such low quality poly-silicon consists of a broader peak, shifted to shorter wavenumbers,
with an asymmetric tail extending over the amorphous vibrational modes. An example of such
a material is shown as the orange spectrum in Fig. 3(a), which corresponds to a 2 µm wide
waveguide processed with 34 mW of power at a speed of 0.07 mm/s. Finally, when the laser
crystallization is optimized, the peak becomes narrower and shifts toward the single crystal
reference position. This is illustrated by the blue spectrum of Fig. 3(a), which corresponds
to a 1.5 µm wide waveguide processed with 230 mW at 0.1 mm/s. It is important to note that
the Raman spectra measured for our samples consist of contributions from both the crystalline
substrate and the poly-Si waveguide. Thus, to estimate the linewidth and position of the poly-Si
materials accurately, the two peaks first have to be deconvolved and the substrate peak subtracted.
The isolated poly-Si peak is then fit using a Voigt function to account for the Gaussian broadening
induced by the spectrometer optics and the Lorentzian corresponding to the intrinsic response
from the material [21]. The Lorentzian peak width for the low-quality poly-Si peak (orange
curve) was measured to be Γ = 3.94 ± 0.12 cm−1 , centered at 515 cm−1 , whilst the high-quality
poly-Si peak (blue curve) was Γ = 2.74 ± 0.12 cm−1 , centered at 517 cm−1 . For comparison
the Raman spectrum for the deconvolved high-quality poly-Si peak is shown together with the
c-Si reference in the inset of Fig. 3(a). The fact that the peak widths are so close indicates
that this poly-Si waveguide consists of crystals larger than the Raman laser spot resolution. In
this instance, the difference in the two peak positions is not related to the grain size, but most
likely due to tensile stress in the processed material arising from the volume contraction and
geometrical reshaping, as observed in Fig. 2(b) [17].
4.

Secco etching

Subsequent to these measurements, Secco etching was undertaken on sacrificial samples to
directly reveal the size and quantity of crystals within waveguides processed under these different
conditions, as illustrated in Fig. 3(b)-(d). The Secco etch solution consists of an oxidizer,
potassium dichromate (K2 Cr2 O7 ) that converts the weak Si-Si bonds at the grain boundaries
into SiO2 , and hydrofluoric acid (HF), which then dissolves the SiO2 , with a 1:2 ratio [22]. The
solution was diluted 10 times in water to have a better control of the etching time, which was
typically 2 min per waveguide. In Fig. 3(b), the waveguide corresponds to a material quality
similar to the orange spectrum in Fig. 3(a), clearly showing a large number of micro/nano-scale
grains. By increasing the power to 180 mW, larger (few micron scale) grains can be obtained in
the middle of the waveguide, as seen in Fig. 3(c) , but smaller grains still occur at the edges due
to the faster cooling rate in these regions. In fact, in this case it is the edges that crystallize first
and then these grains act as seeds for the larger grains in the center [23, 24]. Finally, the material
in Fig. 3(d) corresponds to the blue spectrum in Fig. 3(a), obtained for the highest processing
power. In this particular case it was hard to observe any grain boundaries in the waveguide and,
in the section shown here, only two boundaries can be seen separated by ∼ 10 µm. Moreover, it
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Fig. 3. (a) Raman spectra of the as-deposited a-Si material (yellow), together with a 2 µm
wide low-quality poly-Si waveguide (processed at 0.07 mm/s with 34 mW - orange) and a
1.5 µm wide high-quality poly-Si waveguide (processed at 0.1 mm/s with 230 mW - blue).
Inset: close up view of the high-quality poly-Si peak together with the c-Si reference. SEM
micrographs of waveguides processed to have (b) small (0.07 mm/s and 34 mW), (c) medium
(0.1 mm/s and 180 mW) and (d) large polycrystalline grains (0.1 mm/s and 230 mW), as
revealed via Secco etching. Inset shows a close up image of the large crystals waveguide.

is clear from the close up image in Fig. 3(d) that the crystal grains that have formed span the
entire width of the waveguide (i.e., there are no nano-crystalline regions at the edges), and thus
we would expect such a structure to exhibit high quality optical transmission. For the results
presented and discussed below we only considered waveguides processed with highest scanning
speed (0.1 mm/s) and power combination available to us. Although this speed is lower than
desired for large scale processing, previous results obtained for laser processing of thin a-Si films
suggest that more practical speeds (tens of mm/s or greater) could be employed with the high
stability, high power sources used in manufacturing processes [18].
5.

X-ray diffraction

To build up a more complete picture of the crystal quality of the waveguides over long (several
millimeter) lengths, we made use of a high-energy micro-focused X-ray beam generated from
a synchrotron light source to perform a set of diffraction measurements. The schematic of
the X-ray diffraction (XRD) experimental setup is shown in Fig. 4(a). The X-ray beam, at a
wavelength of 0.738 Å, was focused on the side of the poly-Si waveguides in a grazing incidence
geometry and both the reflected and diffracted beams were recorded on a CMOS detector, as
seen in Fig. 4(b). The grazing incident orientation was chosen to minimize the interaction of
the X-ray beam with the crystalline substrate, though a large bright spot associated with this
can still be seen on the crystalline plane <311>, as shown in Fig. 4(b). As the position of
each diffracted spot provides information about the space between atomic layers of the crystal
(d-space) and the crystal orientation, we can build up a picture of the number of grains in a given
area of our waveguide by the number of spots visible in the pattern. By scanning the probe
beam along the waveguide structure, the length of the different crystal grains can be obtained.

XRD measurements were performed using an incident X-ray beam profile of 4 × 3 µm, which
became ∼ 30 × 3 µm in grazing incidence, with the longest axis aligned along the waveguide
length. Thus each diffraction pattern displays crystallographic information for a 30 µm long
section of the waveguide. Diffraction patterns for the different laser crystallized waveguides were
recorded every 200 µm, over lengths of several millimeters, allowing for the estimation of the
average crystals size within the waveguides. Figure 4(b) shows a typical recorded diffraction
pattern, where only a single diffraction spot was observed from the poly-Si waveguide, in this
case along the <400> crystallographic plane (see circled spot). These results, taken with the
Secco measurements in Fig. 3(d), are a strong indication that we have produced crystals that span
the entire waveguide width over lengths of at least 30 µm. A summary of the best crystallization
conditions obtained for laser processed waveguides of various widths (0.5 µm through to 2 µm)
is shown in the table of Fig. 4(c). For the 2 and 1.5 µm wide waveguides, processed with
powers of 180 and 230 mW, respectively, the maximum crystal length are >1 mm, supporting
the high crystallization quality suggested by Raman spectroscopy. For the smaller waveguide
widths of 1 and 0.5 µm, processed with 270 and 310 mW, respectively, the crystallization looks
promising, but is not quite as good as the larger guides. We attribute this to the fact that the
smaller waveguides require higher laser processing powers than what was available to us. Finally,
Fig. 4(c) shows that at present no preferential crystalline orientation has been observed in the
resulting poly-Si waveguides. However, it is possible that the orientation could be controlled by
modifying the growth conditions, for example by adding a silica capping layer or adjusting the
cooling rate [25], and this will be investigated in future work.
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Fig. 4. (a) Schematic of the XRD experimental setup. (b) Example of the diffraction pattern
measured on the CMOS detector for a 1.5 µm wide poly-Si waveguide processed at 0.1 mm/s
with 230 mW. The large bright spot corresponds to the c-Si substrate and the XRD spot
corresponding to the waveguide is circled. (c) List of observed crystal orientations and their
crystal grain lengths for different waveguide widths.

6.

Transmission losses

Finally, the optical quality of the two larger poly-Si waveguides reported in Fig. 4(c) was assessed
by measuring the linear propagation losses using a standard cutback technique. Although these

waveguides support multiple TE modes (∼ 5 or more) , these larger dimensions are more suited
for characterizing the losses of the processed poly-crystalline material as the light is well confined
to the core, reducing contributions from the interface and light guided in the substrate/cladding.
To illustrate this, Fig. 5(a) shows the mode profile of the fundamental TE mode in a 2 µm
wide waveguide calculated for a wavelength of 1550 nm, as used in the experiments. Light
from a TE polarized CW laser diode was coupled into the waveguides using a 60× microscope
objective (MO) lens with a numerical aperture (NA) of 0.85, and collimated on a power-meter
for collection at the output using a 25× MO lens (NA=0.2). Infrared CCD cameras were used at
both the input and output facets to help optimize coupling into the fundamental mode. Figure
5(b) shows the far field output mode for the 2 µm waveguide, confirming that the light is well
confined to the core. Cutback measurements were then performed by repeatedly polishing off
∼ 1 mm sections of the samples and recording the transmission as a function of length. The
results of these measurements are shown in Fig. 5(c), where the loss values for the 1.5 µm
(blue) and 2 µm (orange) wide waveguides are 5.31 dB/cm and 6.23 dB/cm, respectively. These
transmission losses represent a significant reduction compared to values previously reported
for low temperature (< 450 ◦ C) laser processed poly-Si materials, which were estimated to be
∼ 20 dB/cm [9]. Indeed, such losses indicate that the formation of millimeter long crystals
greatly reduces the absorption and scattering points within the material. We expect that further
increases in the grain size will result in even lower losses being achievable. Future work will also
focus on optimizing the growth in the waveguides with smaller dimensions, particularly those
with the 500 nm widths to access the single mode conditions preferred in integrated circuits.
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Fig. 5. (a) Fundamental TE mode profile calculated for a 2 µm wide waveguide at a
wavelength of 1550 nm (red arrows indicate the electric field). (b) Far field output mode
profile measured from a 2 µm wide waveguide using an infrared camera. (c) Cutback loss
measurements for i) a 1.5 µm wide waveguide processed with a laser power of 230 mW
(blue) and ii) a 2 µm wide waveguide processed with 180 mW (orange). In both cases the
scan speed is 0.1 mm/s.

7.

Conclusion

In conclusion, we have reported the fabrication of laser crystallized, low-loss and low temperature
deposited poly-Si waveguides. A key feature of our technique is the low thermal budget, which
makes it compatible with CMOS fabrication processes and multi-layer architectures without the
need for wafer bonding. Furthermore, this method is highly flexible in that it could be applied to
different amorphous semiconductor materials deposited on a wide range of substrates [26]. The
high crystalline quality of the laser processed material has been assessed using micro-Raman
spectroscopy, Secco etching and XRD measurements, with the observation of large crystals up to

1.8 mm in length. Finally, the low linear losses of ∼ 5 dB/cm of the waveguides obtained with
this method indicate that these materials could find numerous applications within high density
integrated photonic circuits.
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