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Abstract

In the quest to expand the functionality and capacity of group IV semiconductor photonic
systems, new materials and production methods are constantly being explored. In particular,
flexible fabrication and post-processing approaches that are compatible with different materials
and allow for tuning of the components and systems are of great interest. Within this research
area, laser thermal processing has emerged as an indispensable tool that can be applied to
enhance and/or modify the material, structural, electrical and optical properties of group 1V
elemental and compound semiconductors at various stages of the production process. This
review evaluates the recent progress made in the application of laser processing techniques to
develop integrated semiconductor systems in both fiber and planar-based platforms. Laser
processing has allowed for the production of semiconductor waveguides with high crystallinity
in the core and low optical losses, as well as post-fabrication trimming of device characteristics
and direct writing of tunable strain and composition profiles for bandgap engineering and
optical waveguiding. For each platform, the current challenges and opportunities for the future

development of laser-processed integrated semiconductor photonic systems are presented.
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1. Introduction

Over the past two decades, remarkable progress has been made in the development of group 1V
semiconductor waveguide components for photonics applications.1 Most of this work has
focused on the development of planar integrated circuits and, in particular, on devices
constructed from silicon-on-insulator (SOI) platforms.[®1 The dominance of SOI platforms has
been driven by the high yields and compact photonic components that are achievable from
leveraging the standard microelectronics foundry processes.®! However, despite these efforts,
there are still considerable challenges to integrating photonic devices produced in this platform,
both in terms of merging them with electronic components, which are predominantly built on
bulk silicon (Si) wafers, and optical fiber components used for the interconnection of systems.
Moreover, as a photonic material, Si suffers from some limitations, such as its indirect
electronic bandgap and lack of a second order susceptibility y®?. Therefore, high performing
systems can benefit from its properties being modified,[’! and/or integration with components
produced from other group IV semiconductor materials such as germanium (Ge) and tin
(Sn).1B Certainly, there is a great need to develop more flexible production methods that allow
for the integration of high quality components produced from various group 1V materials, which
can be adapted to achieve the required functionality within different architectures.

In this regard, group-1V semiconductors that can be produced via non-epitaxial growth
methods have gained much attention over the past decade. These materials are typically
produced in either amorphous or polycrystalline phases, and are compatible with both fiber and
planar geometries. For example, polycrystalline silicon (poly-Si) has been exploited in both
geometries for the construction of passive photonic devices, and has also been used to develop
active devices and gate electrodes in planar electronic circuits, which represents an important
step towards the convergence of electronics and photonics.[*®) However, although these
materials have clear advantages in terms of cost and flexibility in the way the components can

be fabricated and integrated, the reduced quality of the material compared to the single
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crystalline form limits the overall optical and electronic performance.*! As a result, various
post-processing methods have been developed based on thermal treatments to anneal these
materials with the goal to enhancing device performance as well as improving fabrication
yields.[*?]

Perhaps the most commonly employed thermal treatment is furnace annealing, but this
approach requires the entire sample to be heated to very high temperatures, which can alter or
damage any integrated components, especially those with electrical connections. More recently
there has been growing interest in laser processing procedures as these offer a more directed
source of energy, and thus can be used to process individual components, or even parts of
components, with extreme precision. In particular, the morphology of the heat zone can be
manipulated by adjusting the wavelength, polarization, optical power, scan speed, micron-scale
spot size and shape of the laser beam,!*3! allowing for control over the heating and cooling
dynamics across the sample that is not possible using more conventional heat sources. The key
laser processing parameters need to be chosen and optimized depending on the material,
photonic platform, and application of interest. An introduction to light-matter interactions and
general guidelines for laser processing of photonic structures can be found in Ref.[*4l. Although
laser thermal annealing was initially conceived to remove defects in the crystal structure caused
by ion-implantation,*® the current scope and impact of laser processing is much broader and
far-reaching.[*®! This has been aided by the increased availability of powerful and versatile laser
sources, such as CO2 gas lasers emitting at 10.6 pm, argon-ion continuous wave (CW) lasers
emitting at 488 nm, pulsed ultraviolet (UV) excimer lasers, Nd:YAG solid state lasers emitting
at 1064 nm, or their second harmonic 532 nm, to name but a few. Drawing on this excellent
tool box, laser thermal processing, as schematically shown in Figure 1, can be applied to
modify and enhance the structural, thermal, electrical and optical properties of the full range of
group IV semiconductors, thus opening a route to the construction of high performance

integrated systems.
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In this review, we focus on laser processing of group IV elemental and compound
semiconductors via thermal treatments induced by the optical absorption of both CW and pulsed
laser radiation. Specifically, we cover work that has been conducted in both fiber and planar
photonic platforms as much can be learned from comparing and contrasting the efforts in the
respective areas. We begin by presenting an overview of laser processing in the semiconductor
core glass-clad fibers, where significant progress has been made to improve and modify the
optical properties of the core via annealing, directional solidification, crystallization, as well as
engineering of strain, bandgap, composition, structure and morphology. This is then followed
by a discussion of some of the key applications of laser processing on planar photonic systems,
including crystallization and trimming of waveguide components, composition engineering in
semiconductor alloys, laser-assisted diffusion and alloying for selective area growth, and direct
writing of semiconductor nanostructures. As well as highlighting the important advances made
in the application of laser treatments, this review also identifies technological challenges and
areas for future work, helping to set the scene for the wide spread adoption of laser-processed

group IV semiconductors across both fiber and planar integrated photonic systems.
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Figure 1. Schematic showing the process flow starting from growth of the group IV
semiconductor materials, followed by laser thermal treatment to modify or enhance the material
and/or structural properties of the components for various target applications. The processes
can be adapted for both fiber and planar systems.
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2. Laser-processed fiber-based photonic devices

The idea of incorporating group IV semiconductors within the cores of glass-clad fibers is quite
appealing, as it is possible to turn a passive light conduit into an active medium where the
electronic and/or nonlinear optical properties of the semiconductors can be leveraged to
modulate or detect light within the fiber geometry. Moreover, these semiconductor fibers
support integration with other fiber-based components, such as fiber laser pump sources,
opening a route to producing a wide range of robust and efficient systems for applications in
nonlinear opticst*, all-optical signal processing,[*®! and optoelectronics.*®. As well as
elemental Si,[?°! Gel?!l and Snl?? core materials, compound semiconductor core fibers such as
SiGel?® and SnSel®l have also been fabricated, highlighting the versatility of the production
processes. However, post-process thermal treatments are generally required to enhance the
material and optical qualities of as-fabricated semiconductor core fibers. Of the various post-
fabrication methods developed to date, 251 which includes furnace annealing, photo-thermal
annealing, etc., the most promising approach is laser thermal processing as this can not only be
applied to improve the transmission properties via annealing, crystallization, and
homogenization of the core, but it can also be used to engineer the bandgap, composition,
refractive index, structure and even morphology. We start this section by first outlining the
various fabrication methods for semiconductor core fibers before showcasing some of the most
important applications of laser processing.

2.1 Fabrication of semiconductor core glass-clad fibers

There have been two primary methods developed to date for the fabrication of semiconductor
core glass-clad fibers.[?621 The first is the high pressure chemical vapor deposition (HPCVD)
method,?® which deposits semiconductors within the pore of a silica capillary by thermal
decomposition of a pressurized mixture of precursor and carrier gases during their flow through
the heated capillary. Deposition of Si via HPCVD is schematically shown in Figure 2a, where

SiH4 and He are used as a precursor and a carrier gas, respectively. Deposition of the
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semiconductor is continued until a desired shell thickness or full enclosure of the pore is
achieved. The carrier gas and byproducts for this reaction are sufficiently small that they
eventually diffuse out through the capillary wall. Typical sizes of capillary pores that can be
filled via the HPCVD method range between hundreds of nanometers to several tens of
micrometers. Optical microscope images (Figure 2b) show the cross-section of a silica capillary
before and after the core was filled with Si.?®1 By choosing different precursors and adjusting
the pressure, a variety of core materials can be deposited, including both elemental and
compound semiconductors.* Moreover, by controlling the decomposition temperature, it is
possible to tune the deposition to achieve both amorphous and crystalline phases.** However,
perhaps the biggest advantage of this technique is the ability to deposit concentric homo and
heterojunctions within the capillary pore by switching the precursor during the process, and/or
via in situ doping if necessary. The major drawback of this approach is that it can take a couple
of weeks for some materials to produce fibers of only a few centimeters in length. Moreover,
when depositing the core materials in a crystalline form, due to difficulties in controlling the
crystal growth, these will typically be produced in a polycrystalline phase with quite small grain
sizes (a few microns at best). In this case, the optical fiber can suffer from high scattering losses.

The second fabrication method is molten core fiber drawing (MCD), which has been
adopted more globally because it offers high yields and lower production costs.[*2%¢l The fibers
are drawn from a preform that consists of a glass cladding tube and a semiconductor material
core that can be inserted into the pore in the form of a solid rod or powder. The preform is
heated above the glass transition temperature of the cladding (>2000 °C for silica), which is
high enough to melt the semiconductor core material. The softened glass cladding encapsulates
the molten semiconductor material during the fiber drawing, preserving the cylindrical
symmetry. As the fiber is drawn out of the furnace, it rapidly cools and the liquid core solidifies
into a polycrystalline form. The core sizes of the MCD fibers are relatively large compared to

those produced by HPCVD (tens of micrometers in diameter, or larger), but subsequent tapering
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can be used to reduce the size of the cores down to the micrometer sizes required for infrared
waveguiding.B7l The key advantage of the MCD method is that kilometer long fibers of
elemental or compound group 1V semiconductors can be drawn in a single process. A schematic
showing semiconductor core fiber production via the MCD method is depicted in Figure 2c,
and an optical microscope image of an as-drawn SiGe core fiber is shown in Figure 2d.12®l Due
to the high temperatures the fiber is exposed to during the process, oxygen getters or interface
modifiers are required to eliminate oxygen in-diffusion to the core from the cladding.l® The
MCD method also produces polycrystalline core materials, due to difficulty in controlling the
cooling rate of the high temperature process. However, when compared to the HPCVD fibers,
the crystal grain size is usually larger (can be millimeters in length), resulting in slightly
improved material and optical properties, but still below acceptable levels for most photonic

applications.[®!
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Figure 2. a) Schematic showing Si deposition within the void core of a silica capillary via a
HPCVD process. b) Optical microscope images showing a silica capillary and the resultant Si
core fiber after HPCVD. Reprinted with permission.!?®! Copyright 2016, American Chemical
Society. ¢) Schematic showing the MCD method. d) Optical microscope image of an as-drawn
SiGe core silica-clad fiber. Reproduced under terms of the CC-BY license.?®! Copyright 2016,
The Authors, published by Springer Nature. €) Schematic showing the PAMF method used for
fabrication of a germanium core silica cladding fiber.

Another emerging method to produce semiconductor core fibers is the pressure-assisted

melt-filling (PAMF) method,“%-42 which is similar to HPCVD. However, as the name implies,

7



WILEY-VCH

the molten material is forced to infiltrate into the micron-sized pore of a silica capillary at high
pressures, as schematically shown in Figure 2e for a Ge core fiber. Obviously, the melting
temperature of the core material should be lower than the glass transition temperature of the
silica capillary. Therefore, fabrication of Si core fibers by PAMF is challenging due to silicon’s
relatively high melting temperature. On the other hand, Ge, Sn, and their alloys, as well as other
materials with low melting temperatures, including chalcogenide glasses and metals like gold,
are compatible with PAMF. Typical outer diameters for the capillaries used in this approach
are ~200 um, and the pore size to be filled can be as small as 1 um. As for the previous methods,
the crystallinity of the core material cannot easily be controlled during the filling process,
resulting in a polycrystalline material. Thus, the common theme for all of the semiconductor
fiber production methods is that they require post-fabrication thermal processing to improve
the material and optical quality of the fibers.

2.2 Laser annealing and crystallization of semiconductor core glass-clad fibers
Monocrystalline semiconductor core optical fibers are of great interest for the realization of all-
fiber optoelectronics, because of their superior electrical, optical and thermal properties
compared to those of amorphous and polycrystalline cores. Therefore, two primary approaches
have been developed to date for post-fabrication laser annealing and crystallization of
semiconductor core glass-clad fibers: i) direct melting of the semiconductor core via optical
absorption of laser irradiance, and ii) indirect melting of the core via thermal conduction from
the heated glass cladding. In the first case, a laser source emitting at UV or visible wavelengths,
where the photon energy is larger than the electronic bandgap of the semiconductor but less
than that of the cladding, is used, so that the light is strongly absorbed by the core. In general,
crystallizing only the core with minimum softening of the glass cladding helps to reduce oxygen
contamination, particularly when an interface modifier is absent. However, keeping the
cladding rigid during laser processing induces residual tensile stresses within the core, due to

the thermal expansion mismatch between the semiconductor core and glass cladding. In the
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second case, a laser emitting light in the mid-infrared spectral region, where the glass cladding
has high optical absorption, is used, so that the accumulated heat is transferred to the core via
thermal conduction. Softening of the cladding during laser processing reduces the risk of
cracking and the buildup of residual stresses on the core, though at the expense of increased
laser power required for the crystallization and a greater chance of oxygen contamination.

As schematically shown in Figure 3a, for the short wavelength light, solidification
occurs in the core at the trailing edge of the laser-induced molten zone, following the scanned
beam focused on the fiber core. An example for CW argon-ion laser crystallization of an
amorphous Si (a-Si) core fiber produced by HPCVD can be seen in the optical microscope
image (Figure 3b),[*®l where the structural change is evident from the color contrast in the
transmission. The transmission electron microscope (TEM) micrograph of the single crystal Si
(c-Si) core (Figure 3c) shows that the core/cladding interface is well defined within a 1 nm
range. Similar to the bulk growth of semiconductors via directional crystallization, the quality
of laser crystallization in semiconductor core fibers is determined by the maximum temperature,
thermal gradient at the crystallization front, and cooling rate. These parameters are functions of
the laser power and scan speed, which can be experimentally controlled. The laser power should
be high enough to melt the entire semiconductor core, but low enough not to cause any
vaporization and chemical reaction with the cladding, which would impair single crystal
formation. By way of example, for the Si core fibers this temperature range is 1400-1600 °C.
On the other hand, a large thermal gradient and a fast scan speed are required to stabilize the
solid/liquid interface and arrest nucleation ahead of the crystallization front, respectively.
However, increasing the scan speed while keeping the power constant decreases the thermal
gradient, as inferred by finite element modeling.**! Moreover, thermal supercooling and
subsequent interface instability can occur if the scan speed exceeds a critical growth rate.
Therefore, it is clear that there are optimum ranges for the laser power and scan speed (in this

case 0.4-0.8 W and 1-3 mm s, respectively), which allow for long lengths of c-Si core fibers,
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corresponding to the gray area in the laser processing diagram (Figure 3d). The lowest optical
loss measured at a wavelength of 1550 nm for a 1.7 um diameter c-Si core fiber, which was
laser-crystallized with a power of 0.45 W at a scan speed of 1 mm s?, is 0.47 dB cm™, a value
which is approaching the best losses reported in conventional SOl waveguides. As expected for
visible laser processing where the softening of the cladding is minimized, residual tensile
stresses occur due to the thermal expansion mismatch between the Si core and glass cladding,
which will be discussed in more detail in Section 2.3.

Visible laser crystallization has also been applied to a-Ge core fibers.[*! The a-Ge fiber
had a core size of 5.6 um and was processed using a laser power of 0.45 W, at a scan speed of
1 mm s, to produce a high quality c-Ge core with grain sizes as long as 9 mm. Figures 3f,g
show the cross-sections of the Ge fiber before and after crystallization. The TEM micrograph
in Figure 3h shows the interface roughness after laser crystallization of the a-Ge core fiber. A
remarkable reduction in optical losses (down to 1.33 dB cm™?) at a wavelength of 2 um has been
achieved by laser crystallization of the a-Ge fiber, as compared to the un-processed a-Ge:H core
fibers produced by HPCVD in Figure 3i.

COz2 gas lasers have also been applied for laser crystallization of as-drawn Si, Ge,
SiGel?® and SnSel?* core fibers, using the characteristic radiation at 10.6 um where the glass
cladding has high optical absorption. A schematic for a typical experimental setup used for laser
processing of poly-Si core fibers is shown in Figure 3j.151 The cross-section of a Si fiber with
a 12 um core that has been crystallized at a laser power of 14 W is shown in Figure 3k. An
optimal range for both laser power and scan speed also exists for the case of laser crystallization
via indirect core heating. It was found that the fibers laser-processed either at low scan speeds
or low powers (100 um s* and < 10 W, respectively, for this fiber type) had optical losses >20
dB cm?, similar to the losses in un-processed fibers. The optical losses measured at a
wavelength of 1550 nm, as a function of the laser power and cooling rate at three different scan

speeds, are shown in Figure 31,m. A minimum optical loss of 2 dB cm™ was achieved, though
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the loss values seemed to level off at powers higher than 14 W and scan speeds faster than 3
mm s. However, this trend is expected to reverse, i.e., optical losses increasing, if excessively
large powers are applied introducing structural defects in the core, as demonstrated for a Ge
core fiber crystallized by a CO2 laser.[*! On the other hand, scan speeds higher than a critical
speed could also adversely affect the crystallization of the unary semiconductor core, due to
thermal supercooling inducing dendritic solidification.

In addition to the work on elemental group IV materials, some efforts to laser process
alloyed SiGe core fibers have also been made. Processing of multi-constituent materials offers
new possibilities in terms of compositional tuning of the core, however, there are some
challenges originating from the different thermophysical properties of each element in the core.
For example, constitutional undercooling, which occurs at high fiber drawing speeds, results in
an instability of the solidification interface, so that SiGe core fibers produced by MCD have
non-uniform composition distributions in the core with segregated Ge-rich and Si-rich regions.
This is illustrated in the energy dispersive X-ray (EDX) analysis of the cross-section of an as-
drawn SiGe core fiber shown in Figure 3n.[2°l Laser crystallization at scan speeds relatively
slower than those used in fiber drawing can be used to homogenize the core composition (Figure
30). More details regarding the compositional segregation occurring in compound

semiconductor fibers during laser processing will be given in Section 2.4.

11



WILEY-VCH

a CW visible laser ot b d # Single crystal, thiswork @ % This work
‘(,oa{\on fro! Silica o Polycrystal, this work B Si SOl waveguide
ne Nony . . 1.0—=o Polycrystal, Healy et. al. 10— ® Si poly fiber (HPCVD)
ckalit i — S0 - __ 1% AaSiHfiber (HPCVD)
ofP W 5um § gal  orP-gradent, Jetat S e{ | ¥sSifiber MCD
Q! B o v = I P
‘ < a0 o \e
o 03t 0§ " Max, Temp. m b I'. H
2 o8 g ., AR
g osh—4 5 0 L : a
o > 3 8 24 &, v
04t ¢ \ Sibulk e
- 00,8 1600
] P —— o\ 0 ——a 2 et
o 1 2 3 4 0 1 1100 1200 1300 1400 1500 160
Speed (mm s™) Wavelength (um)
[
* € a-Ge:H fiber (HPCVD)
— * m 5.6 um a-Ge:H fiber
- ® 300 pum Ge fiber (MCD)
IS ¥ This work 5.6 um
© ~O-Simulation (HE;; mode)
% I !
Z
)
[%2]
o]
A
0- —o—g-0— A
Wavelength (um)
k m
20
Camera
\ i Eplr -+ 14.4W
N, e =18 W
‘."\. O 4
ZnSlens = = N a
Filters B{-=-3mmish\N a
4l -m-0.1mmfs Seeee S
CO; laser Scannin Untreated © 0
\{ g 0 12 1 1. 18 100 ) 1000 10000
Q© direction Laser power (W) Cooling rate (K/s)

Laser-processed SiGe core fiber

200 pm
I

Figure 3. a) Schematic showing CW visible laser crystallization of a semiconductor core glass-
clad fiber. b) Optical microscope image showing the color contrast between a-Si and c-Si in the
core. ¢) TEM micrograph showing the c-Si core and amorphous cladding. d) Laser processing
diagram showing optimum parameters (gray area) resulting in a single crystal core. e) Optical
losses compared for various Si waveguides. (b-e) Reprinted with permission.*3l Copyright
2017, American Chemical Society. SEM micrograph and optical microscope image showing
the cross-sections of f) an a-Ge core, and g) a laser-crystallized c-Ge core, respectively. h) TEM
micrograph showing the lateral cross-section of a laser-crystallized c-Ge core fiber. i) Optical
losses compared for various Ge core fibers. (f-i) Reproduced with permission.[*l Copyright
2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. j) Schematic showing CO:2 laser
annealing of a poly-Si core fiber. k) Optical microscope image showing the cross-section of the
crystallized Si core fiber. Optical losses obtained at different I) laser powers for various scan
speeds and m) cooling rates for various powers. (j-m) Reproduced with permission."!
Copyright 2016, The Authors, published by Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. n) EDX micrographs showing non-uniform distribution of Ge and Si in the cross-
section of an as-drawn SiGe core fiber. 0) XCT images showing the distribution of the
composition in the longitudinal cross-section of a SiGe core fiber before and after laser
annealing. (n,0) Reproduced under terms of the CC-BY license.[?®l Copyright 2016, The
Authors, published by Springer Nature.
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2.3 Laser-induced strain and bandgap engineering in unary semiconductor core fibers
The transmission window of Si spans a wavelength range of 1100-8000 nm. Whilst this makes
it useful for light transmission across the telecom bands, it offers limited functionality in terms
of optical detection. However, it was demonstrated by Healy et al.[*”l that extreme tensile
stresses can be induced in a c-Si core fiber by using localized laser heating of an a-Si core,
which significantly alters the optoelectronic properties of the fiber. These residual stresses
emerge because c-Si is denser than a-Si, causing the material to shrink, but at the same time the
core stays firmly attached to the rigid native oxide cladding. Moreover, it was shown that the
residual stresses were a function of the scan speed (which essentially translates to how much
heat is transferred to the cladding), thus enabling engineering of strain, and hence electronic
bandgap, along the Si core fiber. Figure 4a shows Raman spectra of two 1.7 um diameter c-Si
core silica-clad fibers, which were crystalized by laser processing at scans speeds of 0.1 mm s
1 (F2) and 1 mm s (F1), showing how this maps to the induced strain. Photoconductivity
measurements, which were carried out as schematically depicted in Figure 4b, indicate a
bandgap reduction from 1.05 eV to 0.59 eV (Figure 4c), enabling optical detection up to a
wavelength of 2.1 um. On the other hand, as laser-induced strain is a deformation of the cubic
crystal, resulting in isotropic and anisotropic components within the core, the centrosymmetric
crystal structure of the Si is also modified. This opens a route to writing a sizable ¥ in c-Si
core glass-clad fibers for second order nonlinear optical processes*® and linear electro-optic
modulation (Pockels effect).*®l Therefore, by using laser-induced spatial modulation of the
strain and bandgap in the core, highly efficient detectors, low-loss optical waveguides, and high
speed modulators could be integrated in c-Si core glass-clad fibers.

Local strain modification by laser processing can also be used for engineering the
refractive index in the semiconductor core fibers. Recently, a Bragg grating was written into a
post-processed c-Si core, silica clad fiber using a 220 fs laser emitting at 517 nm and 5 kHz to

induce a periodic strain profile at the core/cladding interface.[*% The focused laser spot of | um
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diameter was raster scanned across the core at a speed of 50 um s, while the fiber was moved
step by step by translating the stage in the axial direction, as illustrated in Figure 4d. Discrete
movements of the stage correspond to the period (1820 nm) of an 8" order Bragg grating, which
has a reflection spectrum with a linewidth of 0.9 nm at a wavelength of 1565 nm (Figure 4e).
During the laser writing, a strong plasma was also observed as shown in the inset figure.
Importantly, the use of a 517 nm wavelength femtosecond laser enables strain and refractive
index modification at the core/cladding interface without significantly compromising the
quality of the c-Si core, because of the small optical penetration depth and ultrashort duration
of the heating process. However, inscription of first-order Bragg gratings remains a challenge

by this line-by-line laser writing process, due to the diffraction-limited laser spot size.
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Figure 4. a) Raman spectra showing the effect of residual tensile strains for two laser-processed
c-Si core fibers using different scan speeds of 1 mm s (F1) and 0.1 mm s (F2). b) Schematic
showing the experimental setup used for current and voltage (I-V) measurements at different
excitation wavelengths. c) Bandgap shifts of the c-Si core fibers shown in (a). (a,c) Reproduced
with permission.[*’l Copyright 2014, Springer Nature. d) Laser-written 8" order Bragg grating
reflector with a period of 1820 nm, and e) its reflection spectrum. Inset figure shows the plasma
created by the laser spot during laser writing. (d,e) Adapted with permission.>% Copyright 2017,
The Optical Society.
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2.4 Laser-induced phase segregation for composition engineering in compound
semiconductor core fibers

There is growing interest in fibers with compound semiconductor cores consisting of binary
alloys to extend the operational wavelength range and increase the diversity of
applications.[?>2 Moreover, it is also possible to tune the bandgap and optical properties, which
depend on the precise composition of the constituents,®! both before and after the fiber
fabrication. Initially, the stoichiometry of a semiconductor alloy core is determined by either
setting the flow ratio of precursors during the HPCVD process or adjusting the mole fraction
of the semiconductor elements inserted into the core at the preform preparation stage.
Subsequent laser thermal processing allows for post-process on-demand tunability of the local
composition along the core, as well as improvement of the crystallinity and homogenization, as
discussed earlier. Owing to the small, micron scale, laser-induced heat zone within the core,
large thermal gradients (1-2x10* K cm™), as well as fine control over the scan speed (1-1000
um s1) and optical power, it is possible to achieve precise, nano/micron scale, adjustments of
the composition in the core.

Of the various compound semiconductor fibers that have been produced to date, SiGe
is the most straightforward core material to fabricate, making it the prime candidate for
application of laser post-processing to engineer the composition, bandgap and refractive index.
However, SiGe alloys present challenges for laser processing because of the large gap between
the liquidus and solidus in the equilibrium phase diagram.? When a molten zone is induced
in an initially homogenous SiGe alloy by laser heating, compositional separation of Si and Ge
elements spontaneously occurs at the interface of the coexisting liquid and solid phases, which
is referred to as phase segregation. As the solubility of Ge is higher in the liquid phase, the
excess Ge at the liquid/solid interface quickly diffuses away into the molten zone, making it
Ge-rich, and the solidified region surrounding the molten zone becomes Si-rich as a result of

phase segregation.
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If the molten zone shrinks in size, for example by slowly decreasing the laser power
absorbed in the core, it gathers more Ge and eventually solidifies with a higher Ge content when
the temperature drops below the melting temperature. By using laser-induced phase segregation,
a 35 at.% Ge region was obtained on the side of a 6 at.% Ge core fiber, by slowly defocusing a
CO: laser beam,!?®] as shown in the X-ray computed tomography (XCT) images in Figure 5a,b.
On the other hand, if the laser beam is scanned along the core, it produces a travelling molten
zone with an increasing Ge composition, which eventually saturates at a dynamic equilibrium
where the solidified core at the trailing edge has the same initial Ge composition as in the un-
treated SiGe core. This provides a mechanism to obtain a homogenous core all the way down
to the other distal end of the fiber, using laser scanning at low constant scan speeds (<10 pm s’
1. Periodic Ge-rich regions (Figure 5¢) can also be created in the core by using transient effects
such as on-off modulation of the laser power (Figure 5d), which basically corresponds to the
acceleration of the solidification front. Similarly, by focusing a laser beam vertically on the top
end of a SiGe fiber (Figure 5e) and applying a stepwise reduction of the power, Ge-rich caps
on the SiGe core fiber can be obtained, as shown in the Figure 5f.[°]

For stable growth from the solidification front following the laser-induced molten zone
in a SiGe core fiber, the laser scan speed has to be smaller than a critical value, which depends
on the local temperature gradient, composition, and thermophysical properties of the alloy in
the core. Otherwise, constitutional undercooling can emerge ahead of the solid/liquid interface,
breaking its stability.[?®l Consequently, the interface instability results in dendritic structures
during laser annealing of the SiGe core fibers, leading to a random spatial redistribution of the
composition. This is shown in Figure 5g where cross-sectional images of SiGe core fibers are
displayed for laser crystallization at increasing scan speeds.® Here the brighter regions
represent Ge-rich regions. In contrast, under stable growth conditions, if convective cooling of
a SiGe core fiber is established by a forced air flow around the fiber, radially symmetric

compositional structures in the core can be obtained by laser thermal processing (Figure 5h). A
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graded-index (GRIN) SiGe core with a Ge-rich center is shown in Figure 5i. However, it is
important to note that laser-assisted compositional engineering is not limited to the group IV
semiconductor core fibers. For example, incorporation of I11-V semiconductors, such as GaSb,
into Si core materials offers new avenues for the formation of direct bandgap regions in the
core by laser-induced phase segregation, as shown in Figure 5j.°*l EDX elemental maps (Figure
5k) show the composition of the phase-segregated regions in the core along the fiber
corresponding to A and B positions, where the dominant semiconductor materials in these
regions are Si and GaSb, respectively. The ability to produce isolated I1I-V compound
semiconductors within the Si core is an important step towards incorporating light sources and

detectors within Si core optical fibers.
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Figure 5. XCT images showing phase segregation in the a) transverse and b) longitudinal cross-
sections of laser-processed SiGe core fibers. ¢) Periodic Ge-rich regions written within the core
by d) modulation of the laser power. (a-d) Reproduced under terms of the CC-BY license.[?]
Copyright 2016, The Authors, published by Springer Nature. e) Schematic showing laser
processing of the end facet of a SiGe core fiber. f) XCT image showing Ge-rich caps formed
on the tips of SiGe fibers. Adapted with permission.[>31 Copyright 2019, The Optical Society.
g) XCT images of the fiber cross-sections showing the effect of laser annealing on the
compositional homogeneity of a SiGe core fiber at different scan speeds. h) Schematic and
XCT image showing the cross-section of a laser-processed SiGe fiber, which was exposed to
radially symmetric convective cooling. i) XCT image of the longitudinal cross-section showing
radially symmetric concentration gradients obtained along the SiGe core. (g-i) Adapted with
permission.[! Copyright 2020, The Optical Society. j) Laser-induced phase segregation in a
GaShb/Si core fiber. k) EDX showing elemental compositions at A and B positions marked on
the fiber. Scale bar is 100 pm. (j,k) Reproduced under terms of the CC-BY license.
Copyright 2019, The Authors, published by Springer Nature.
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2.5 Laser-induced thermocapillary instability in sesmiconductor core glass-clad fibers
The formation of microspheres that arise from the break-up of a fiber core due to Plateau—
Rayleigh (PR) instability during thermal processing is a useful method to produce micro/nano
particles for optoelectronic and photonic applications. First observed in chalcogenide glass core
fibers,® several examples have now been demonstrated using semiconductor core fibers.[] In
contrast to the previous examples of laser crystallization of the semiconductor fiber cores, here
higher power CO:2 lasers are employed to liquefy the glass cladding so that surface tension
dominates the viscous forces, initiating thermocapillary instability in the core, as schematically
illustrated in Figure 6a.l%%! Figure 6b shows an ordered array of Si microspheres within a glass
cladding after laser thermal processing.

With regard to microstructuring, laser thermal processing provides unique advantages
compared to isothermal furnace heating®™ and axial thermal gradient heating via a flame.[®"]
For example, the length of the heat zone, maximum temperature, and thermal gradient can be
precisely controlled, which helps to avoid small satellite sphere formation between the primary
spheres. By modifying the laser power and scanning velocity (or fiber feed-in velocity), it
has been demonstrated that both the size of the particles and the induced residual stresses can
be engineered.’] An immediate application of the resulting Si microspheres is to exploit them
as whispering gallery mode (WGM) resonators, as shown in Figure 6c, where the Si
microsphere was released from the glass cladding by hydrofluoric (HF) acid etching.
Transmission spectra for a wavelength range of 1561-1564 nm and a resonance dip at a
wavelength of 1563.34 nm are given in Figure 6d,e.l®) The quality factor of the WGM Si
microresonator was measured to be 7.1x10°, demonstrating that high-quality (high crystallinity
and low loss) microcavity resonators can fabricated by using laser-induced PR instability in
semiconductor core glass-clad fibers. It is also possible to transfer these arrays of microspheres

to planar substrates without compromising their positional order and spherical symmetry by
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applying a similar technique used for on-chip integration of chalcogenide glass microspheres

produced in a polymer-clad fiber.[5!
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Figure 6. a) Schematic showing laser-induced PR instability in a semiconductor core glass-
clad fiber. b) Optical microscope image showing an array of Si micro-spheres encapsulated by
a glass cladding after the core breakup. (a,b) Reprinted with permission.[®® Copyright 2019,
American Chemical Society. c) A tapered silica fiber is used for optical coupling into a Si
microsphere resonator. d) Transmission spectrum of the Si microsphere resonator and e) a
zoomed-in spectrum at a resonance wavelength of 1563.34 nm. (c-e) Reproduced with
permission.[5 Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. f) Dual
laser treatment of SiGe microspheres in a glass-clad fiber. g) SEM micrographs showing the
cross-sections of Janus microspheres with Ge-rich (bright) and Si-rich (dark) regions, which
were cooled at (A, B) slow and (C) fast shut-off rates of the laser power. Arrows show the
direction of the diode laser beam (purple), which was used to control the cooling rate. (f,g)
Reproduced with permission.[®? Copyright 2017, National Academy of Sciences. h) Schematic
showing positional manipulation of the Ge and Si microspheres within a glass-clad fiber via
laser-driven thermocapillary convection. Reproduced under terms of the CC-BY license.[
Copyright 2019, The Authors, published by Springer Nature.

In addition to mass production of spherical particles, laser thermal processing can also
be used as a post-breakup treatment for the fiber, for example, to control phase segregation in
semiconductor alloy particles via the cooling rate, or to manipulate the position of single or
multiple microspheres in the cladding. Using a dual laser arrangement schematically illustrated

in Figure 6f, softening of the glass-clad fiber and the solidification rate of the SiGe microspheres
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can be independently controlled by a CO: laser and a visible diode laser, respectively. SiGe
Janus particles with non-dendritic Ge-rich and Si-rich regions can be produced using slow shut-
off rates for the diode laser, as shown in Figure 6g,1¢?l where the arrows in A and B correspond
to the direction of the diode laser beam. On the other hand, abrupt shut-off rates result in cellular
or dendritic microstructures shown in the subfigure C in Figure 6g, due to the interface
instability and constitutional undercooling occurring after the fast cooling. By using laser-
induced thermocapillary convention, single or multiple microspheres can be migrated toward
any desired position in the cladding, enabling formation of heterojunctions between n-doped Si
and p-doped Ge microspheres (Figure 6h).[%] This is an important capability for fabrication of
optoelectronic devices within semiconductor core glass-clad fibers.

2.6 Future prospects for laser-processed semiconductor core fibers

There are numerous potential directions for further development in laser thermal processing of
semiconductor core glass-clad fibers along the lines discussed above. Here we highlight some
new directions of travel where there could be significant impact.

2.6.1 Laser thermal processing of compound semiconductor core fibers for index modulation
As of to date, laser induced composition engineering in compound semiconductor core fibers
has been limited to SiGe alloy core fibers processed via CO: lasers. However, visible lasers can
provide direct heating of the alloy core through the glass cladding, enabling more flexibility to
control the solidification rate and the size of the heat zone. Moreover, if the core is directly
heated instead of the cladding, more efficient cooling of the fiber cladding via forced air
convection can be achieved, which is required to obtain a radially symmetric Ge-rich region in
the center of the core. On the other hand, laser writing of axial and radial compositional
structures could be achieved using fibers with cores made from other pseudo-binary alloys,
such as ternary semiconductor alloys (AlxGai-xAs), which have isomorphous equilibrium phase
diagrams similar to that of the SiGe alloys. Additionally, to further increase the Ge content in

the core region solidified after the acceleration of the solidification front, faster transient effects
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can be accomplished during laser scanning by using electro-optic beam modulators/deflectors
or acousto-optic beam scanners, which can operate at MHz rates.

2.6.2 Laser processing of Sn-based compound semiconductor core fibers for lasing applications
Semiconductor alloys with tin, such as SiGeSn and GeSn, have recently been attracting great
interest within the planar photonics community because alloying with Sn (>8 at.%) allows for
a real direct bandgap compound needed for the construction of light sources and
photodetectors.54-661 However, the fiber community is yet to take full advantage of Sn-based
alloys, with only one example of incorporating Sn as a interfacial metallic layer around a Ge
core fiber to date.l®” Laser processing could be used to complement the fabrication of these
fibers, both by improving the crystalline quality of the core, but also by writing in tensile strains
to tune the bandgap post-fabrication. For example, laser crystallization has been demonstrated
to achieve residual tensile strains up to 4% in a c-Si core fiber*’, and relatively lower uniaxial
tensile strains (2%) could be sufficient to achieve a pseudo-direct bandgap in Ge core glass-
clad fibers. Similarly, residual tensile strains would facilitate the indirect-to-direct bandgap
conversion in laser-processed GeSn core fibers with Sn contents lower than the equilibrium
solubility of Sn (<1 at.%). This could prove to be a useful way to develop semiconductor core
fiber lasers and amplifiers for the wavelength range of 2.0-2.4 pm,[ which is becoming
increasingly important for broadband communications. However, there are significant
challenges for laser annealing of as-drawn Sn-doped semiconductor fibers, due to the extreme
segregation of Sn and constitutional supercooling, which can be prohibitive.

2.6.3 Laser-induced in-fiber reactive phase transformation from Al to Si core fibers

Reactive fiber drawing is an emerging fabrication method, which allows for the production of
fibers that have completely different constituents to the preform composition and structure. !
For example, starting with a metallic aluminum (Al) core, a silica-clad preform was drawn into
a Si core fiber.[’ At high temperatures, the Al core reacts with the SiO2 cladding to produce Si

in the core and a surrounding Al2Os interfacial layer. As an alternative fabrication method,
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micrometer-sized Al core fibers could be produced directly by pressure-assisted melt filling of
Al into the pore of a silica capillary, as Al has a melting temperature lower than that of silica.
Subsequently, local laser heating could be used to induce a reactive phase transformation of Al
to produce a Si core, with axial modulation of the core from metal to semiconductor along the
fiber. The ability to produce Si from cheap Al and silica by local laser processing could be a
simple method to incorporate both metal and Si inside the fiber geometry for integrated
photonic and optoelectronic devices.

2.6.4 Laser fusion of Si core fibers and planar waveguides for fiber-to-chip optical coupling
Semiconductor core fibers (SCFs) can be directly spliced to conventional single mode fibers
(SMFs) ["+721 However, these methods suffer from high losses due to the mode mismatch and
fragility of the splice. To address these issues, integration of tapered Si core glass-clad fibers to
tapered SMFs has been demonstrated by using Si nano-spike couplers at the splice joint.l"s]
Although an optical coupling loss of 4 dB was achieved in this first attempt, it was shown by
using simulations that the coupling losses could be reduced below 1 dB by optimizing the core-
to-cladding ratio and tapering parameters. Unlike the SCF-to-SMF connection, integration of
SCFs to their planar waveguide counterparts has yet to be demonstrated. However, as
conventional splicing cannot be used for planar platforms, laser fusion of an end-tapered Si core
fiber with the facet of an on-chip Si waveguide could be an option to realize permanent and
effective optical coupling, which is in high demand for low-cost integration of packaged
photonic devices to conventional fibers.

3. Laser-processed planar photonic devices

Owing to their low cost, energy efficiency, and small footprints, integrated planar photonic
systems offer several advantages over their fiber-based counterparts across application areas
that require high densities of components. These systems typically consist of various active and
passive optical components, which can be produced from both elemental and compound

semiconductors, either epitaxially grown as a monocrystalline material on crystalline substrates,
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or deposited in amorphous and polycrystalline phases on glass substrates, depending on the
deposition temperature. Of all the different integrated material platforms, over the past two
decades silicon photonic systems have become the most widely developed thanks to their
compatibility with Si-based microelectronic processors. However, owing to the limited
photonic functionality of Si, there is currently an increasing impetus towards incorporating
other group 1V semiconductors, such as Ge and Sn, within these systems to modify, enhance
and/or expand the optical and electrical characteristics.l”#7¢! Similar to the fiber materials, many
of the fabrication methods applied to produce multi-material, multi-functional integrated planar
systems require post-processing thermal treatments to improve the quality and thus
performance of the system. Whilst furnace treatments, such as rapid thermal processing (RTP),
are the most widely used approach, these cannot be applied locally to individual components,
and they also lack the precision needed to fine tune the operating characteristics of devices.
Thus, in recent years there has been growing interest in adapting laser processing treatments
for the specific purpose of developing flexible fabrication approaches for planar photonic
systems. We start this section with a brief introduction to commonly used deposition and growth
methods for group IV semiconductors before highlighting some of the most important
applications of laser thermal processing on planar photonic systems.

3.1 Primary deposition and growth methods for group 1V semiconductor thin films.
Over the last decade, there has been growing interest to incorporate group IV elemental
semiconductors (Si, Ge, Sn), as well as their binary (SiGe, GeSn) and ternary compounds
(SiGeSn), within integrated photonic systems.l’”-"®1 In particular, heterostructures, quantum
wells, and superlattices made from group 1V semiconductors are in high demand for photonic
devices such as detectors, modulators, and lasers.?%831 Methods for semiconductor growth can
be grouped into two broad categories: physical vapor deposition (PVD) and chemical vapor
deposition (CVD).B4 The most advanced and mature method of PVD is molecular beam

epitaxy (MBE), which is a sophisticated form of vacuum evaporation.[®>®l A schematic
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diagram of a MBE growth chamber is shown in Figure 7a. In MBE, neutral atomic and
molecular sources, provided by effusion cells (Knudsen cells), are deposited on the surface of
heated substrates under ultrahigh vacuum conditions. Using MBE, complex structures such as
quantum wells and superlattices can be epitaxially grown by atomic layers, with precise control
of their thickness, alloy composition, doping level, and in situ analysis via reflection high-
energy electron diffraction (RHEED). The great advantage of MBE is that the stoichiometry of
a compound semiconductor film is mainly determined by the flux ratios of the sources. The

substrate temperature controls the surface morphology of strained or relaxed layers.
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Figure 7. Schematics showing various components in the material growth chambers of a)
molecular beam epitaxy (MBE), b) plasma enhanced chemical vapor deposition (PECVD), and
c) hot-wire chemical vapor deposition (HWCVD).

On the other hand, material growth in CVD occurs when precursors, typically volatile
gases such as SiHa4 and GeHa, react via a chemical process near or on the surface of a substrate,
resulting in deposition of the reaction product and removal of the gaseous byproduct.®”l CvVD
is a resourceful, but complex process, where the pressure, temperature, and flow rates of the
precursors can all affect the growth rate and composition of the deposited films. Compared to
MBE, CVD is less precise, but still the film thickness can be controlled down to sub-nanometers.
However, CVD is capable of large area thin film deposition at lower costs, which is preferable
for fabrication of high volume integrated photonic systems. Furthermore, the chemical reactions
can be activated by thermal, laser-assisted, and plasma-assisted sources.®®l A schematic

diagram of a plasma-enhanced CVD (PECVD) is shown in Figure 7b. The precursors are
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decomposed in a plasma via the collisions between energetic electrons and gas molecules. The
advantage of PECVD over thermal CVD is that the deposition of semiconductor films can be
achieved at relatively low temperatures, (%1 which is critical for complementary metal-oxide-
semiconductor (CMOQOS) compatibility. Moreover, low temperatures enable growth at non-
equilibrium conditions, which has been used to produce compound semiconductor films
without phase segregation.

A relatively new version of the CVD process, which has recently gained popularity to
deposit various materials on planar substrates for the fabrication of photonic components,®%:%2
is hot wire CVD (HWCVD). A schematic configuration for the HWCVD process is shown in
Figure 7c, where the precursors decompose on the hot filament to produce the deposition
species.[®® Significantly, HWCVD not only allows for improved control over the deposition
parameters such as deposition rate, but as the heating is largely confined to the wire, it allows
for depositions at low substrate temperatures. Further advantages of HWCVD are:[* i) the
semiconductor films can be produced with higher deposition rates; ii) it enables more conformal
deposition without any plasma-induced damage; and iii) it allows for deposition of highly
condensed films with low hydrogen content. This latter point is particularly important for laser
processing treatments to prevent violent out-diffusion of the hydrogen, which can cause
significant damage to the films.

For epitaxial growth, MBE and CVD require crystalline substrates with lattice matching
to that of the material to be grown. However, there are large lattice mismatches of 14.7%
(19.8%) between Sn and Ge (Si), and 4.2% between Ge and Si. Therefore, a direct epitaxial
growth of Ge, Sn, and their alloys on Si substrates results in either partially or fully relaxed thin
films, with misfit and threading dislocations for film thicknesses above a critical value (<10 nm
for Ge on a Si substrate) where the pseudomorphic structure becomes unstable. These crystal
defects are detrimental to the performances of photonic devices, degrading electrical and optical

properties. Similarly, dangling bonds and a large number of grains can lead to optical absorption
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and scattering in amorphous and polycrystalline semiconductor films deposited on glass
substrates. As a complementary process, laser thermal annealing and crystallization provides a
post-deposition approach to enhance the structural, electrical, and optical qualities, as covered
in the following section.

3.2 Laser annealing, crystallization, and reflowing of semiconductors on planar
substrates for fabrication of optical waveguides

Poly-Si potentially offers similar electrical and optical properties compared to c-Si, but can be
more flexibly produced on various substrates using the CVD-based deposition methods
discussed above. This makes poly-Si a promising material for the fabrication of three-
dimensional (3D) multilayered and multi-material photonic systems.[*>°! However, poly-Si
optical components typically suffer from high absorption losses due to dangling bonds at the
grain boundaries, as well as high scattering losses due to density fluctuations within the material
and surface roughness. Therefore, either high temperature deposition (>1000 °C) of poly-Si
films or post-deposition thermal annealing of a-Si films is required to reduce the number of
grain boundaries, which serves to enhance the material, electrical, and optical properties of
deposited films.’7%81 As an alternative to furnace annealing, where the entire chip is exposed
to high temperatures, laser annealing provides localized heating, reducing the risk of damage
to other components. For completeness, we note that CW and pulsed lasers have extensively
been used to anneal semiconductors since the 1980°s.1° In particular, excimer laser annealing
(ELA) has been used to crystallize large areas of a-Si films deposited on glass substrates leading
to the fabrication of low-cost active-matrix-driven flat panel displays.[%!

A wide range of laser sources operating at UV, visible (VIS), and near infrared (NIR)
wavelengths, in pulsed and CW modes, have been exploited to crystallize group 1V
semiconductors, including Si,*% Ge,[*%1 SiGe, 1% and GeSnl'%41%] thin films and components.
These materials have been deposited both on crystalline (i.e., bulk Si) as well as on insulator

substrates, which can be further exploited to alter the crystallization process. Irrespective of the
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laser source, two different annealing regimes occur that are related to the laser power, which is
adjusted to set the process temperature either below or above the melting point of the
semiconductor thin film. Solid phase crystallization, i.e., low laser power, results in poor quality
polycrystalline material with nanoscale-sized grains, and requires long hours of annealing (>
24 h at 600 °C). In contrast, high power processing that promotes liquid phase crystallization is
employed to achieve better crystallinity within practical processing times (<1 h). This can be
illustrated for the case of pulsed ELA, where the optimum crystallization condition occurs when
the power is set to realize near complete melting of the film, such that nucleation seeds from
small grains at the film/substrate interface, growing radially outwards.[*%! Typical pulse
durations for ELA are a few tens of nanoseconds. Short pulse durations are particularly
advantageous to eliminate dopant diffusion, and intermixing effects at the interface.l! In
particular, if rapid solidification occurs far from equilibrium conditions, for example via
nanosecond pulsed laser annealing of alloy thin films on substrates with high thermal
conductivities such as silicon, this could allow for crystallization of supersaturated alloy thin
films, for example, GeSn with a Sn content exceeding the equilibrium solid-solubility (> 1 at.%)
in Ge.[198.1091 However, it is worth noting that laser annealing of semiconductor alloys with
higher Sn contents can suffer from effects such as surface segregation and cellular breakdown
limiting the photonic applications.

On the other hand, the annealing time in CW laser crystallization (CLC) is on the order
of milliseconds, as determined by the ratio of the spot size and scan speed. In this instance, the
optimum condition to get large grains is achieved when the laser power is the close to the
ablation threshold of the material.*'°! The biggest advantage of CLC is that elongated grains in
the direction of the laser scan are produced due to continuous lateral crystallization following
the laser-induced molten zone, and the size of the elongated grains (~200 um) is typically larger

than those obtained in ELA (< 1 um), due to the low cooling rates. In addition, it has been
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demonstrated that the density of defects and number of dangling bonds in grain boundaries in
CLC are smaller compared to those produced via ELA. [0

Bulk Si platforms, which are widely employed by electronics industries, enables low-
cost photonic integration compared to SOI substrates. Laser-crystallized poly-Si waveguides
can be fabricated on bulk Si in several steps, as schematically shown in Figure 8a.['*!
Oxidation of the trenches etched in bulk Si provides optical isolation similar to SOI substrates.
After deposition of the a-Si thin film on the local buffer oxide (BOX) layer, lateral crystal
growth can be seeded from the c-Si at the sides using thermal annealing, where both furnace
and laser treatments have been explored. As the crystal growth laterally proceeds from both
edges toward the center of the trench, there is a high number of grain boundaries in the center
of the processed films where the growth fronts intersect. Therefore, the waveguide structures
are subsequently patterned with an offset from the center to minimize the number of grain
boundaries, and thus scattering losses, in the core. On the other hand, surface roughness-related
scattering will still be present due to the patterning of the poly-Si waveguides after the
crystallization process. So far, only the optical properties of the furnace annealed samples have
been measured, revealing losses of 6.1 dB cm™. However, the losses are expected to be lower
for the laser-processed waveguides, which were annealed by using a frequency-doubled (532
nm) high-power pulsed Nd:YAG laser, because the processed material quality was found to be
as good as that of the bulk Si substrate when evaluating via TEM measurements.

Another way of integrating optical waveguides on bulk Si is lithographical patterning
of the surface to produce c-Si fins, followed by laser processing (248 nm KrF excimer laser
with a pulse duration of 25 ns and pulse energies up to 700 mJ) to reshape the top half and
subsequent oxidation to produce a cladding,*'?1%3 as schematically illustrated in Figure 8b.
Moreover, the laser thermal processing helps to reduce surface scattering losses after the
patterning process by melting and subsequent reflowing of the c-Si waveguides due to the

surface tension. However, so far these structures have only been produced using a large-area (4
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mmx4mm), uniform (5% variation), static laser exposure, which can induce thermocapillary
instability on the waveguides, creating long range surface undulations, similar to those observed
within the cores of thermally annealed fibers, as discussed previously. Thus, the optical losses

in these waveguides have been limited to values of 6.9 dB cm™,
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Figure 8. a) Fabrication steps to integrate laser-crystallized poly-Si waveguides on bulk Si
substrates. b) Laser reflowing of patterned c-Si fin waveguides and their subsequent thermal
oxidation to produce silica cladding layers. Schematics and SEM micrographs showing pre-
patterned a-Si waveguides c) before and d) after laser annealing and reflowing. e) Simulated
and f) experimental TE mode profiles of a poly-Si waveguide with a surface-tension-induced
parabolic cross-section. (c-f) Reproduced under terms of the CC-BY license.['*41%6] Copyright
2020 and 2019, The Authors, published by The Optical Society. g) Laser annealing of a
patterned a-Ge stripe after encapsulation by a silica capping layer. Crystallization starts seeding
from the Si substrate below. Reproduced with permission.[**8l Copyright 2016, Elsevier.

Along a similar vein, our group has recently demonstrated both laser crystallization and
reflowing of pre-patterned a-Si optical waveguides on silica-on-silicon substrates.[**4 In
contrast to ELA, where typically an entire amorphous thin film is processed,*** we made use
of a CW visible laser to individually process the patterned a-Si waveguides. Scanning of the

focused laser beam along the waveguides offered a key advantage in that the laser-induced
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heating is highly localized to the patterned waveguide, reducing the power required to melt the
smaller material volume and lowering the thermal budget. By optimization of the scan speed to
allow for complete melting of the a-Si waveguides, and with the laser power close to the
ablation threshold, grain sizes longer than 1 mm were obtained in the longitudinal direction.*®!
The transverse grain size can span the entire micron-sized width of the waveguide, thus
reducing the number of grain boundaries that the propagating light interacts with. For
comparison, large-area CW laser processing without pre-pattering thin films typically results in
relatively small grain sizes (2 umx20 um) due to difficulties in controlling the crystallization
mechanism.[** Furthermore, as in the case of the processed fins, laser reflowing of the molten
Si after patterning enables smooth waveguide surfaces (a root-mean-square roughness of 0.5
nm for our case), which is critical to reduce optical losses due to the surface scattering. As
illustrated in Figure 8c,d, the rectangular cross-section of the waveguide transforms into a
parabolic shape to minimize the surface tension. As a result, we have obtained poly-Si
waveguides with optical losses as low as 4 dB cm®, which is the lowest loss reported in micron-
sized poly-Si waveguides to date. Significantly, this enabled us to observe third-order nonlinear
effects, such as two-photon-absorption (TPA)-induced nonlinear losses and self-phase-
modulation-induced spectral broadening. The simulated and experimentally captured profiles
for a transverse electric (TE) polarized mode are shown in Figure 8e,f, respectively.

Finally, it is worth mentioning that the initial rectangular cross-section can be preserved
if the molten material is covered by a silica capping layer, as schematically shown in Figure 8g,
where pulsed laser annealing has been used to process a silica-encapsulated a-Ge microstripe
on an insulator layer.l'®1 Moreover, it has recently been demonstrated that a silica cap is
necessary to be able to obtain grain-boundary-free lateral crystallization of a-Si thin films on
glass substrates, using a fast CW laser scan.[**®l Therefore, laser thermal processing of patterned

and glass-encapsulated Si waveguides could result in low optical losses similar to those
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achieved in SOI platforms and in the Si core glass-clad fibers, but with the prospect of allowing
for photonic integration within multi-layered systems built on cheaper, bulk Si platforms.
3.3 Laser-assisted diffusion, alloying and intermixing of semiconductor elements for
selective area growth
Complementary to the conventional epitaxial growth methods such as MBE and CVD, selective
area heteroepitaxial growth of compound semiconductors can be achieved by deposition
through a mask and thermally-assisted diffusion of the deposited elemental semiconductor into
the substrate. The best example is the fabrication of graded-index SiGe waveguides within bulk
Si wafers. Here, the waveguides are produced by using furnace annealing to in-diffuse Ge from
a Ge-rich SiGe strip source deposited on the substrate surface.[??1 Although optical losses less
than 0.5 dB cm™ were demonstrated at telecom wavelengths (largely due to the excellent Si
substrate quality), this approach has not been widely adopted because of the long process times
(65 h at 1200 °C) required by the furnace annealing, which renders the fabrication of
waveguides impractical.*21 However, UV or visible laser annealing can be used to accelerate
the diffusion process for practical fabrication of low-loss diffused waveguides based on
compound group IV semiconductors.*??1 Selective area growth of a SiGe epilayer via laser-
assisted in-diffusion of Ge is schematically shown in Figure 9a, where the Ge stripe is
deposited via a lift-off process. The width of the diffused region is primarily determined by the
photolithography process, while the diffusion depth is controlled by the deposited Ge film
thickness and the laser processing parameters. Additionally, the a-Ge strip can be encapsulated
by a silica layer to minimize evaporation during in-diffusion. Similarly, growth of GeSn and
SiGeSn alloy epilayers have been demonstrated using laser annealing of Sn thin films deposited
on Ge-on-Si substrates.[*23124]

Laser processing can also be used to assist constituent mixing after ion implantation for
the construction of optoelectronic devices. For example, group IV elements (Ge or Sn) can be

implanted within a few hundred nm of the surface to form either patterned or un-patterned
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amorphous semiconductor layers, as shown in Figure 9b. Subsequently, pulsed laser melt
annealing is used to produce compound semiconductor layers (Figure 9c),1*?] recovering ion-
implantation-related defects in the crystal structure. Although this works well for the SiGe
materials, laser processed GeSn can suffer from Sn phase segregation. However, if short pulses
are used, nanosecond or less, the annealing becomes a non-equilibrium process,*?®! and it is
possible that GeSn alloy epilayers could be produced. Though this will limited by the solid
phase solubility limit of Sn, and defects in the crystal structure are also expected to occur due
to the relaxation.'?”] Nevertheless, selective area fabrication of semiconductor alloy epilayers
such as SiGe and GeSn on Si substrates has tremendous implications for active and passive
photonic devices, including graded-index waveguides, modulators and lasers, and is thus worth
further investigation. Last, but not least, another application of laser thermal annealing is
intermixing of elements in multilayer semiconductor heterostructures with digital interfaces,
such as multi-quantum wells or superlattices.[*?81291 |_aser-induced intermixing of Si and Ge in
a Si/Ge superlattice is illustrated in Figure 9d. Laser-controlled and selective area intermixing
of the quantum well and barrier materials, which is referred to as quantum well intermixing
(QWI1), provides an alternative route to monolithical fabrication of integrated photonic devices

with different bandgaps.
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Figure 9. a) Schematic showing Ge in-diffusion by using laser annealing after deposition of a
Ge stripe via a lift-off process on a Si substrate. Schematic showing b) Sn (Ge) ion implantation
into a Ge (Si) substrate and ¢) subsequent laser annealing to obtain on-chip patterned layers of
a GeSn (SiGe) alloy. d) Laser-induced intermixing of Si and Ge in a Si/Ge superlattice to
produce bandgap-shifted regions.
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3.4 Laser-driven phase segregation in SiGe alloy thin films with uniform composition

As a reverse of the diffusion processes discussed above, laser processing can also be used to
promote phase segregation of the alloy constituents in initially uniform SiGe thin films to
produce graded alloy layers or micro-stripe structures, depending on whether the laser is used
in static or scanning conditions. However, laser thermal processing of SiixGex alloys faces
some challenges like constitutional undercooling, which can emerge ahead of the solid/liquid
interface when the solidification speed is above a critical value,?® breaking the stability of the
interface. This is particularly restrictive for processing SiGe alloy thin films on glass substrates,
because laser thermal annealing of the thin films results in cellular or dendritic structures,
leading to a random redistribution of the initially homogenous composition.[*3%131 The
interface instability in laser-annealed Ge-rich SiGe alloys is even more severe, as the critical
speed for stable solidification drops when the Ge content increases.[**? To prevent cellular and
dendritic solidification in SiGe thin films, either low solidification speeds or high temperature
gradients at the liquid/solid interface must be ensured during directional solidification.
However, solidification speeds (<10 um s™) for stable growth are too low to be practical in
terms of process time. On the other hand, semiconductor alloy thin films grown on substrates
with high thermal conductivity, such as bulk Si, allow for achieving extremely high temperature
gradients (~10° K m™), which maintain the stability of the solid/liquid interface during
solidification.

In the case of large-area static laser exposure of SiGe thin films epitaxially grown on Si
substrates using pulsed lasers, the solidification front moves from the film/substrate interface
to the top surface in the vertical direction. Due to phase segregation in the laser-melted SiGe
film, the shrinking molten region collects more Ge, as the solidification front moves towards
the top surface until the entire laser-exposed area solidifies. Therefore, after pulsed laser

annealing, initially uniform SiGe thin films transform into compositionally-graded thin films
33



WILEY-VCH

with a high Ge concentration on the top surface.[*33-1351 Moreover, the depth of the melted SiGe
film and Ge concentration at the top surface can be controlled by the laser fluence. This is quite
appealing for applications such as contact resistance lowering in doped SiGe films, and the
formation of graded SiGe buffer layers for epitaxial growth of group I111-V semiconductor-based
photonic devices.

Alternatively, if the laser beam is focused and scanned along the SiGe film surface, we
have recently shown that it is possible to fabricate graded-index microstripes, suitable for
optical waveguiding applications. In this case the starting film material was amorphous SiGe
(a-SiGe) with uniform composition (60% Ge), deposited via PECVD, and the resulting
microstripes, which were processed using a 488 nm 0.25 W CW argon-ion laser, were
polycrystalline (poly-SiGe), as shown schematically shown in Figure 10a.[*% Significantly,
by adjusting the scanning speed (0.1-100 mm s), it was possible to achieve microstripes with
differing Ge concentrations on the top surface, as illustrated by the variation in the color shade
(ranging from blue to yellow) in the optical microscope images in Figure 10b. Scanning electron
microscopy (SEM) and back-scattered electron detector (BSED) micrographs (Figure 10c-e)
show the topography of the surface, and compositional contrast between Ge-rich and Si-rich
regions, respectively, as given for scan speeds of 0.1, 10, and 50 mm s. The steady-state
compositional profiles of the laser-written SiGe microstripes were completely determined by
the constant scan speed set before the laser scanning. As this process doesn’t require any
transient effects such as acceleration or deceleration of the solidification front, indefinitely long
Si1xGex microstripes with scan-speed-dependent composition profiles can be produced.

This work has been complemented with finite-element-method (FEM)-based phase-
field simulations to investigate laser-driven phase segregation at different scan speeds. Color
maps in Figure 10 f-h show the spatial distribution of the Ge molar fraction x after laser writing
at different speeds. The initial Ge molar fraction was xo = 0.6 mol within the entire volume of

the thin film. The laser-induced molten zone (red color) travels along the scan direction
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dragging the Ge-rich liquid, which solidifies at the trailing edge. After a Si-rich initial short
transient (cyan color), a steady-state region emerges with a Ge-rich strip core and a Si-rich
under-cladding. Complete mixing occurs in the molten zone for low scan speeds. However, the
Ge content x builds up at the trailing edge (darker red) at high scan speeds, due to insufficient
diffusion-limited Ge transport. Therefore, the scan speed can be directly used to control the
maximum Ge concentration on the surface, as well as the composition distribution within the
solidified region. On-chip post-deposition laser writing of semiconductor alloy microstructures
with tunable composition profiles could be exploited to fabricate novel devices, including

graded-index waveguides,*-13% multispectral photodetectors, and in-plane heterostructures.
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Figure 10. a) Schematic of the laser writing process to achieve scan-speed-dependent phase
segregation in an initially homogenous SiGe thin film deposited on a Si substrate. b) Optical
microscope image showing indefinitely long 3 um wide laser-written poly-SiGe microstripes
with a color shading from blue to yellow depending on the Ge concentration on the top surface.
SEM and BSED micrographs show the structural and compositional contrast between Ge-
rich (bright) and Si-rich (dark) regions, as given for scan speeds of ¢) 0.1 mm s?, d) 10 mm s’
1 and €) 50 mm s, respectively. Results of FEM-based phase-field simulations, given in color
maps, show the spatial distribution of the composition in a SiGe alloy film after laser processing
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at scan speeds of f) 0.1, g) 10, and h) 100 mm s*. (a-h) Reprinted with permission.[t3!
Copyright 2020, American Chemical Society.

3.5 Post-fabrication laser trimming of integrated photonic circuits
Traditional SOI platforms enable the fabrication of highly compact photonic circuits, thanks to
the large refractive index difference between the Si core and silica cladding, allowing for strong
optical confinement in waveguides. However, high-index-contrast photonic platforms pose
fabrication challenges, because the performance of the components are strongly dependent on
the waveguide dimensions and any refractive index perturbations, which can be difficult to
control at the wafer scale. In particular, resonant and interferometric devices such as micro-ring
resonators (MRR)!4% and Mach-Zehnder interferometers (MZ1)[*41] are highly sensitive to the
variations of the effective mode index and phase, respectively. This can lead to poor device
performance if there is any variation from the original design. Therefore, it is imperative to be
able to compensate for fabrication tolerances and to tune individual components within
integrated photonic circuits, even when the most advanced fabrication tools such as e-beam
lithography are used. To date, various active trimming methods have been developed. For
example, photonic components can be actively tuned by micro-heaters**?! and charge carrier
injections through p-n junctions,*® using thermo-optic and free-carrier dispersion (FCD)
effects. However, the layout design becomes increasingly complex and power consumption can
be prohibitive for hundreds of devices integrated on the same wafer. As an alternative approach,
post-fabrication trimming methods have been investigated to permanently modify the refractive
index of either the waveguide core or the cladding material through various laser-assisted
processes including oxidation,**4 dehydrogenization,**°! and annealing.[*4°!

One of the post-fabrication trimming methods attracting considerable attention over the
past decade is laser annealing of ion-implanted silicon photonic devices, such as MRRs!*4¢1 and
MZIs.'*11 Ge jon implantation is particularly promising as it is CMOS compatible and

isoelectronic to Si, hence doesn’t cause any unintentional doping. Moreover, due to the large
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atomic radius of Ge compared to other ion sources, it allows for amorphization of the Si lattice
at relatively low implantation doses (~10%° Ge-ions cm2), at room temperatures. Ge-implanted
Si has a refractive index n of 3.96,1*”1 which can be gradually reduced to that of initial c-Si
(nsi=3.46) by restoration of the crystal structure through limited laser-induced crystallization.
This process can be controlled by the laser power, scan speed, and length of the annealed section
in the Ge-implanted region. For rib waveguide structures, either the core or the cladding slab
can be implanted, which allows for direct modulation of the core guided light or modification
of the coupling region between different components, such as a bus waveguide and resonator
as schematically shown in Figure 11a. Using pulsed laser annealing of the Ge-implanted stripe
(Figure 11b), both the resonant wavelengths and the critical coupling condition of the racetrack
resonator could be tuned post-fabrication,[*4 as shown in the transmission spectra before and
after laser trimming (Figure 11c). Ge implantation was also used to produce 1000 um long
Bragg grating reflectors in Si waveguides with extinction ratios up to 25 dB.[**"] The Bragg
grating reflectors, which consist of Ge-implanted a-Si regions with a period of 212 nm, were
selectively removed by UV pulsed laser annealing, and the original flat transmission of the
waveguides were recovered.

CW laser annealing is another post-fabrication trimming tool, which can be applied to
photonic components based on Ge-implanted silicon. Compared to pulsed laser annealing,™®!
it can perform better at removing residual absorption losses as it is capable of producing larger
grain sizes with fewer defects after crystallization, due to the lower cooling rates. By using a
488 nm CW Argon ion laser set to a power of 0.18 W, Topley et al.[**®1 demonstrated erasing
of a Ge-implanted vertical grating coupler, which can be used to couple light into and out from
a waveguide at an arbitrary point along the optical circuit. After laser annealing, the output
coupling efficiency drops by 21 dB, while the transmission through the annealed regions
increases by 5.7 dB compared to the grating transmission before laser annealing. Laser-erasable

vertical grating couplers enable in situ measuring of single-pass transmission characteristics at
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the individual component level in integrated photonics systems, hence allowing for early
detection of devices with poor performance or failure.

Additionally, CW laser annealing has been used by Chen et al.[**% to trim the operational
point of a directional coupler (DC), shown in Figure 11d. Step by step transverse raster scanning
of the laser beam (Figure 11e) allows for precise selective annealing of the Ge-implanted stripe
(red). The transmission spectra of the drop and through ports as a function of the length of the
laser-annealed section are given in Figure 11f. Ge-implanted components in integrated silicon
photonic systems,*> which are either erasable (waveguides) or tunable (MZI, MRR, and DC)
by post-fabrication laser annealing, offer an on-demand non-volatile configurability, which can
be used to permanently switch optical signals among different ports and perform various

functions. Thus this application of laser processing opens up a new era for programmable multi-

purpose photonic circuits.
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Figure 11. a) Schematics showing Ge-implanted regions (green) in top and cross-section views.
b) Laser trimming of critical coupling in a racetrack resonator by thermal annealing of the Ge-
implanted stripe using a 417 nm pulsed laser. ¢) Transmission spectrum of the race-track
resonator before and after laser trimming. (a-c) Reproduced under terms of the CC-BY
license.*81 Copyright 2020, The Authors, published by IEEE. d) Optical microscope image
showing a directional coupler that consists of two Si waveguides and a Ge-implanted stripe
between them. e) Schematic showing laser annealing of the Ge-implanted stripe using
transverse raster scan. f) Transmission spectra of the drop and through ports versus the length
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of the laser-annealed section in the Ge-implanted stripe. (d-f) Reproduced under terms of the
CC-BY license.*> Copyright 2020, The Authors, published by The Optical Society.

3.6 Surface nanostructures via laser-induced phase and morphological transformations

The prospect of CMOS-compatible configurable meta-surfaces has stimulated intense research
efforts in the fabrication of ordered Si nanostructures with sub-wavelength features.™>! Si-
based dielectric nanostructures present opportunities similar to metallic nanostructures in terms
of their optical response, which can be tuned by geometry. However, Si offers additional
benefits due to its high refractive index and low absorption in the telecom wavelength band.
Furthermore, reversible transformations between amorphous and crystalline phases can be
induced in isolated geometries by pulsed laser annealing, enabling applications such as
structural coloring, dynamic wave-front control, and so forth. Figure 12a shows a photonic
device consisting of 30 nm thick a-Si nano-disk arrays deposited and patterned on a silica
substrate, functioning as a pixelated surface, which modulates the wave-front of a read/probe
laser.[*5%] Each pixel can be addressed by a 532 nm pulsed laser to either crystallize or amorphize
the Si nano-disks, using 13 nanosecond pulses, but with different fluences. A fluence of 1.8 J
cm 2 was shown to deposit sufficient energy to transform an a-Si nano-disk into a c-Si nano-
disk. However, a higher fluence of 2.1 J cm™ melted the ¢-Si disk entirely down to the silica
substrate, resulting in transformation back to the amorphous phase after quenching. Figure 12b
illustrates the phase transformation cycle, where the intermediate state is liquid Si (I-Si). The
a-Si (red) and c-Si (green) display different colors in bright-field optical microscopy, due to the
shift in the Mie resonances in the visible spectrum. The phase transformation allows for a
nonvolatile 20% change in the reflectivity. Two different laser-written Fresnel zone plates
(FZPs), which are based on the reconfigurable pixelated meta-surface, are shown in Figure 12c.
The diameter and pitch of the Si nano-disks in the FZPs are 215 nm and 550 nm, respectively.

The FZPs have been demonstrated to possess focal points of 353 um and 207 um by measuring
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the intensity distribution in the cross-section at different distances in the normal direction
(Figure 12d).

Self-organized nanostructures can also be directly induced on the surface of almost any
material, including semiconductors, by laser processing with single as well as dual beams. This
universal phenomenon is known as laser-induced periodic surface structures (LIPSS), which
emerge as periodic surface protrusions and depressions upon laser radiation.!>31 By using
different laser types, optical powers, number of laser beams, and processing conditions, various
LIPSS have been demonstrated to date, with control over the length, height, and direction of
the nanostructures, as well as their periods, which can be smaller than the diffraction limit or
larger than the wavelength. Depending on the laser processing parameters and material, LIPPS
originate from electromagnetic effects such as the interference of the incident and surface
scattered beams, or matter organization due to thermocapillary effects.[*>
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Figure 12. a) Schematic showing a pixel-addressable rewritable visible meta-surface that
consists of arrays of Si nano-disks on a silica substrate, where each can be transformed into
crystal or amorphous phases by pulsed laser annealing. b) Phase transformation cycle controlled
by laser-induced melting with 13 ns pulses at different fluences. c,d) Two different laser-written
Fresnel zone plates with on-demand modification with corresponding focal points in (d). (a-d)
Reproduced with permission.[*>?l Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. e) Schematic showing writing of periodic surface structures using two CW lasers
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on a Si substrate amorphized by ion-implantation. f) SEM micrograph showing laser-written
microstripes with periodic nanostructures, which can be used as g) a large-area visible
diffraction grating. (f,g) Reproduced with permission.[*>* Copyright 2011, IOP Publishing Ltd.

LIPSS on a Si surface, which was amorphized down to a depth of 250 nm by ion
implantation, was demonstrated by using a 532 nm CW laser and a 797 nm CW NIR laser, %]
as schematically shown in Figure 12e. The dual laser processing resulted in nano-stripe grating
lines (Figure 12f) with periods adjustable in the range 530-800 nm by controlling the power of
the green laser (12-18 W), while keeping the power of the NIR laser constant. The direction of
the nano-stripes is perpendicular to the polarization of the beam, which is along the laser
scanning. One application of these periodic nanostructures on Si substrates is diffraction
gratings in the visible spectrum (Figure 12g). Similar periodic nanostructures have been
produced on SiGe thin films epitaxially grown on Si substrates by using a 248 nm excimer laser
with a pulse duration of 25 ns.['l Both periodic ripples and self-organized cone-like
protrusions have been produced using different power levels. It is worth to note that the surface
modulation on SiGe thin films can couple to the composition modulation at high power
levels.[t57]

3.7 Future prospects

As we have seen, there are already numerous applications for laser processing of planar
semiconductor components and circuits of use for photonic applications. Here we outline some
potential directions for further development.

3.7.1 Fabrication of photonic components on bulk silicon incorporating laser processing
Bulk Si wafers are likely to be used in the future for integration of electronic/photonic circuits,
due to the lower cost and superior heat dissipation compared to SOI platforms. Therefore, there
Is a strong desire to establish efficient fabrication methods for photonic components on such
wafers. For optical isolation of the waveguides, local buried oxide layers have been used under
poly-Si waveguides crystallized using heat treatments. Capitalizing on our recent work, ™4l we

expect that laser annealing of patterned and glass-encapsulated a-Si waveguides can provide
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better results in terms of crystallinity, enabling the optical losses close to those of c-Si
waveguides. On the other hand, modification of the material properties via nonlinear
multiphoton effects using ultrafast lasers presents an etch-free maskless approach for
fabrication optical waveguides with optical losses as low as 2.2 dB cm™ within bulk Si.[t58:5
Another approach would be using SiGe epilayers grown on bulk Si and direct CW laser writing
to produce graded-index waveguides via phase segregation. Last, but not least, laser-induced
surface nanostructures could be used as both vertical grating optical couplers and Bragg grating
reflectors, if fabricated on conventional optical waveguides.

3.7.2 Fabrication of Sn-based active devices using pulsed laser annealing

In recent years, Ge1xSnx alloys have attracted great interest for the fabrication of CMOS-
compatible optoelectronic devices such as photodetectors, light emitting diodes and lasers,[®*
%1 pecause alloying Ge with 8 at.% Sn in an unstrained state allows for a true direct electronic
bandgap material. Therefore, various epitaxial growth methods have been developed to grow
GeSn alloy thin films on Si substrates.[*®°) However, these methods suffer from i) the low
equilibrium solid solubility of Sn in Ge, ii) segregation of Sn on the surface at high deposition
temperatures, and iii) a large lattice mismatch (>4%) between Ge1-xSnx and Si. On the other
hand, complementary to the meta-stability via direct epitaxy, non-equilibrium regrowth could
be achieved by nanosecond (and shorter) pulsed laser annealing of either amorphous GeSn thin
films or Sn-implanted Ge thin films on substrates with high thermal conductivities, as recently
demonstrated.[*?” Furthermore, laser thermal processing generally results in residual tensile
strains in semiconductor thin films on Si substrates, which may assist in obtaining a direct
bandgap for low Sn content GeSn alloys.[**Y However, despite these prospects, laser-processed
GeSn thin films have yet to be used for fabrication of active photonic devices, due to the
ongoing challenges such as high Sn segregation and constitutional supercooling, leading to
cellular breakdown.

3.7.3 Laser-written in-plane periodic heterostructures in semiconductor alloy epilayers
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Transient effects such as acceleration or deceleration of the liquid/solid interface during
directional solidification can be used to produce localized compositional heterostructures in
binary alloys. Grating-like periodic compositional structures have been already demonstrated
in SiGe core fibers, by periodic modulation of the laser power and scan speed during laser
processing,®! as covered in Section 2.4. However, this has yet to be demonstrated in
semiconductor alloy epilayers on planar substrates. We anticipate that in-plane transverse
heterostructures and superlattices could be fabricated in SiGe epilayers grown on Si substrates
by controlling phase segregation through modulation of the laser power, scan speed and beam
position during directional solidification.[**2 This would be complementary to vertical
heterostructure formation via epitaxial growth on planar substrates layer by layer using
convectional deposition methods (MBE, CVD). Post-deposition laser writing of periodic
nanoscale heterostructures in the plane of semiconductor alloy epilayers by modulation of laser
processing parameters could pave the way for new device applications in the fields of
optoelectronics and photonics such as waveguide Bragg gratings and multi-quantum-wire lasers.
4. Conclusion
This paper has reviewed some of the key applications of laser thermal processing of group 1V
semiconductors and their compounds used for the fabrication of integrated photonic systems,
including both fiber and planar platforms. We note that our focus here has been on thermal
processing induced by the optical absorption of laser radiation, excluding nonlinear multi-
photon effects and ablation induced by ultrafast lasers (sub-ps). In this sense, this review is
complementary to the existing reviews that cover application of ultrafast lasers for patterning,
deposition, and machining of materials in general.[14 16.163-168] More historical progress for laser
annealing of ion-implanted semiconductors are given in Refs,[169-171]

By applying laser thermal processing to the semiconductor core fibers, it is possible not
only to produce fibers with monocrystalline core materials with the lowest optical losses of this

fiber class, but also to engineer the bandgap, composition, structure, and morphology of these
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cores. Thus these results are of great technological importance in the quest to realize fully
integrated multi-material and multi-functional fiber-based photonic and optoelectronic systems.
For the planar photonic devices, in addition to enhancing the structural and optical properties
of waveguides fabricated from deposited materials, laser processing can also be used for the
direct writing of waveguides and photonic meta-surfaces in semiconductor thin films, as well
as for programming of general-purpose integrated photonic circuits to perform various
functions. In addition to highlighting the current state-of-the-art and existing challenges facing
laser processing of semiconductor materials, this review also sets out some exciting future
prospects for the field. We hope that it will serve to stimulate new avenues for experimental
exploitation of laser processing as a multipurpose powerful tool, and contribute to the future
fabrication of integrated group IV photonic systems.[*72
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This review focuses on laser processing of group 1V elemental and compound semiconductors
via thermal effects induced by CW and pulsed lasers, which have been used to enhance or tailor
the material, structural, electrical, and optical properties. Applications of laser thermal
processing are highlighted in fabrication of photonic systems integrated within fiber and planar
platforms, presenting challenges and opportunities.

(59 words)

CO; laser

Visible

55



