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Abstract

The ability to manipulate the composition of semiconductor alloys on-demand and at nanometer-
scale resolutions is a powerful tool that could be exploited to tune key properties such as the
electronic bandgap, mobility, and refractive index. However, existing methods to modify the
composition involve altering the stoichiometry by temporal or spatial modulation of the process
parameters during material growth, limiting the scalability and flexibility for device fabrication.
Here, we report a laser processing method for localized tailoring of the composition in amorphous
silicon-germanium (a-SiGe) nanoscale thin films on silicon substrates, post-deposition, by
controlling phase segregation through the scan speed of the laser-induced molten zone. Laser-
driven phase segregation at speeds adjustable from 0.1 to 100 mm s allows access to previously
unexplored solidification dynamics. The steady-state spatial distribution of the alloy constituents
can be tuned directly by setting the constant laser scan speed to achieve indefinitely long Si1-xGex
microstructures exhibiting the full range of compositions (0<x<1). To illustrate the potential, we
demonstrate a photodetection application by exploiting the laser-written polycrystalline SiGe
microstripes, showing tunability of the optical absorption edge over a wavelength range of 200
nm. Our method can be applied to pseudo-binary alloys of ternary semiconductors, metals,
ceramics and organic crystals, which have phase diagrams similar to that of SiGe alloys. This study
opens a route for direct laser writing of novel devices made of alloy microstructures with tunable
composition profiles, including graded-index waveguides and meta-surfaces, multi-spectral

photodetectors, full-spectrum solar cells, and lateral heterostructures.
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Lasers have been used intensively for material processing ever since their invention, owing to
the ability to control their energy delivery precisely in time and space. Decades of research have
culminated in the development of various laser material processing methods that can be used for
crystallization, alloying, cutting, etc."? Recently, a new interest has emerged whereby lasers are
employed to gain control over the phase segregation or transformation in liquid mixtures® and
multi-component solids*® for nanoscale manipulation of the material properties. Clearly, the
ability to engineer the electrical and optical properties of semiconductor alloys in chip-based
architectures at any stage of the fabrication process would be highly desirable for many
applications. However, as of to date, localized control of phase segregation in semiconductor
alloys using laser processing has yet to be demonstrated in nanoscale thin films on planar
substrates, as the nature of the nonlinear solidification dynamics remains elusive. At present, the
composition in semiconductor alloy micro/nanostructures must be controlled by temporal or
spatial modulation of the process parameters over large area substrates during material growth,’
compromising the determination over the position and orientation of the structures.

As a binary alloy, silicon-germanium (SiGe) is the simplest compound semiconductor, which
makes it an ideal material to explore the capabilities of laser processing. The electronic bandgap
and optical properties of Sii1xGex can be modified by changing the composition through the Ge
molar fraction x.2 Thanks to their superior material properties such as extended mid-infrared
transparency windows, low thermal conductivity, high hole and electron mobility, and
complementary metal-oxide-semiconductor (CMOS) compatibility, SiGe alloys have been
extensively used in a very broad range of fields, such as microelectronics,’ optoelectronics,'%*
thermo-photovoltaics,'>** synchrotron optics,”® photonics,'®*® and nonlinear optics.'*%

Additionally, there is a growing interest in full-spectrum solar cells and multispectral



photodetectors, which has given impetus to the fabrication of composition-graded SiGe
micro/nanostructures in both one (1D) and two-dimensional (2D) platforms.?*-%*

Over the last two decades, lasers have been applied for annealing and crystallization of
amorphous SiGe thin films on glass and silicon substrates.?>*” Up to now, laser-treated SiGe alloys
have been reported to possess two laser-induced phenomena: formation of morphological surface
structures,’®?° and uncontrolled phase segregation.*** SiGe alloys display a large miscibility gap
in the equilibrium phase diagram, which manifests itself as strong phase segregation of Si and Ge
atoms, as observed during various heat treatments.>*-*® Laser heating of the alloy creates a moving
solid/liquid interface, where phase segregation occurs, producing a Ge-rich melt and a Si-rich
solidified region. However, depending on the temperature gradient, constitutional undercooling
can emerge, which breaks the stability of the solid/liquid interface. The interface instability results
in cellular or dendritic solidification of the alloy, with a random spatial distribution of the initial
overall composition.>*** Therefore, phase segregation of SiGe has mostly been treated in the
literature as an undesired phenomenon and a challenge for material processing. Although an
example of local modification of the structure and composition of a SiGe alloy using laser
processing has been achieved recently in the confined geometry of a fibre,***® these methods
require transient effects such as acceleration or deceleration of the solidification front to be able to
alter the local composition during the laser processing.

In this work, we report the results of laser crystallization and modification of the local
composition in amorphous SiGe (a-SiosGeos) nanoscale thin films deposited on c-Si planar
substrates. Material characterization of the laser-melted polycrystalline SiixGex regions reveals
the formation of a Ge-rich strip core on the surface, surrounded by a Si-rich under-cladding. The

laser-induced travelling molten zone with a curved solid/liquid interface enables the fabrication of



composition-graded microstructures over the full range of Ge molar fractions (0<x<1), simply by
varying the laser scan speed. The observations are in excellent agreement with numerical
modelling of phase segregation using finite element methods (FEM) and phase-field approaches.
The potential to use these spatially graded polycrystalline SiGe microstructures for photodetection
applications is demonstrated using metal-semiconductor-metal (MSM) Schottky type contacts on
the laser-written microstripes, with the bandgap tunability achieved via the laser scan speed during
processing.
Results and Discussion
Laser processing of SiGe nanoscale thin films on Si substrates

Amorphous SiGe (a-SiGe) thin films of 400 nm thickness were deposited by plasma-enhanced
chemical vapour deposition (PECVD) on crystalline Si (100) wafers (see Methods). We chose an
alloy composition of SiosGeos to leverage the large miscibility gap between the liquidus and
solidus curves in the phase diagram. Here, the use of a silicon substrate offers two key benefits.
Firstly, it means that our platform is immediately compatible with conventional silicon-based
microelectronics, helping to facilitate convergence between photonic and electronic systems.
Secondly, compared to laser processing on glass substrates®® or within glass-clad optical fibers,*
the higher thermal conductivity of silicon increases the range of laser scan speeds to more practical
levels (>1 mm s), enabling higher thermal gradients (~10° K m™), which force the solid/liquid
interface instability to occur at a higher critical velocity of solidification.** As can be seen in the
schematic of the laser processing (Figure 1a), a continuous wave (CW) argon-ion laser of 488 nm
wavelength is focused on the surface of an a-SiGe thin film to create a molten zone in the alloy.
High precision motorized stages are then used to move the sample, scanning the laser spot across

the surface, to produce stripes of processed material (see Methods and Supporting Information



Figure S1 for the experimental setup). To help with the visual inspection of the laser-treated
regions, the laser spot diameter was initially set to write 7 um wide stripes on the surface with an
optical power of 250 mW at scan speeds of 1 and 10 mm s™. The optical microscope image (Figure
1b), taken with a 100X objective and without any polarization control, shows two distinct colours
at the centre of the laser-written microstripes, with darker boundaries at the edges, revealing
different Ge concentrations in the Ge-rich strip cores and Si-rich under-claddings. To investigate
the process at higher optical intensities, the 250 mW laser beam was then refocused to a spot
diameter of 3 um, and the speed was varied over a wider scanning range, from 0.1 mm s up to
100 mm s, The optical microscope image (Figure 1c) shows the highly reflective surface of the
various laser-written polycrystalline SiGe (poly-SiGe) microstripes with a natural colour shading
ranging from blue to yellow moving from top to bottom. These colour variations indicate a scan-
speed dependent spatial redistribution of Ge concentration during solidification (see Supporting
Information Figure S2 for a larger field of view).

Although the scanning electron microscope (SEM) micrograph (Figure 1d) shows similar
topographical features for all of the laser-written microstripes, the back-scattered electron detector
(BSED) micrograph (Figure 1e) highlights the differences in the material compositions, as the Ge-
rich regions are brighter than the Si-rich regions (due to Ge’s higher atomic number). Scan-speed-
dependent evolution of the SiixGex composition in the solidified regions is clearly visible in the
magnified SEM and BSED micrographs of the microstripes written at different scan speeds, as
given in Figure 1f,g for 0.1 mm s%; in Figure 1h,i for 10 mm s; and in Figure 1k,I for 50 mm s,
respectively. For the low scan speeds, the average Ge composition is higher at both sides of the
laser-written microstripes; however, it gradually accumulates at the centre for scan speeds faster

than 5 mm s™. As the interaction volume (>1 um in depth) of the back-scattered electrons is



comparable in size to those of the laser-written microstripes, BSED imaging has a limited spatial
resolution, therefore it can only provide a spatially averaged SiixGex composition distribution,

underestimating the composition gradient.
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Figure 1. Laser-driven phase segregation of amorphous silicon-germanium (a-Sio.sGeo.)
nanoscale thin films on Si substrates. a) Schematic of laser writing and composition redistribution
after phase segregation in the SiGe thin film. b) Optical image of two laser-processed 7 pum wide
polycrystalline SiGe (poly-SiGe) microstripes written at scan speeds 1 and 10 mm s, as labelled,
showing the Ge-rich strip core and Si-rich under-cladding regions. The difference in the natural
color contrast reveals the scan-speed-dependent Ge redistribution. c) Optical image of 3 um wide
laser-written microstripes showing a natural color shading from blue to yellow depending on the
Ge composition on the surface. d) SEM micrograph of the laser written microstripes displaying
the topographical features of the sample surface after laser processing. ) Back-scattered electron
detector (BSED) micrograph shows the material contrast between Ge-rich (bright) and Si-rich
(dark) regions. f) Magnified SEM and g) BSED micrograph of the laser-written microstripe written
at a scan speed of 0.1 mm s™. h-I) Same as above but for 10 mm s (h,i), and 50 mm st (k,|).



Investigation of laser-driven phase segregation via numerical simulations

We numerically investigated laser-driven phase segregation and composition redistribution
during solidification by a phase-field approach,*® running 3D FEM-based simulations (Methods).
Assuming a phase-field parameter ¢ (7,t), which describes the laser-induced travelling molten
zone with smooth transitions between the solid (¢ = 0) and liquid (¢ = 1) regions, and the SiGe
alloy as a regular solution (see Supporting Information Section S1 for calculation of the phase
diagram), we derived a generalized nonlinear diffusion equation (see Supporting Information

Section S2) in terms of the Ge molar fraction x of Si1xGex as:
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Here, D(¢) = Ds (1 — ¢) + D, ¢ is the diffusion coefficient dependent on the solid and liquid
phases; R is the ideal gas constant; T'(7 t) is the temperature distribution; T,¢¢and T3¢ are the
melting temperatures of Ge and Si, respectively; Lce and Lsi are the latent heats of melting for Ge
and Si, respectively; w; and wg are the regular solution parameters for liquid and solid solutions
of the SiGe alloy, respectively. All regular solution parameters were determined by fitting the
experimental phase diagram data of the SiGe alloy with a thermodynamically valid model (see
Supporting Information Figure S3 and Table S1). Values for the material and thermal properties
of the SiGe alloys were taken from the literature (Supporting Information Table S2). The second
term on the right hand side of equation (1) is the phase segregation term, which drives the
compositional separation of Si and Ge at the liquid/solid interface. Far from the liquid/solid
interface (V¢ = 0), equation (1) is reduced to the conventional diffusion equation in the liquid and
solid regions, as expected. We solved equation (1), coupled with the time-dependent heat transfer

equation, which takes the optical absorption of the laser beam as a heat source travelling at the



scan speed v. We used the experimental values for the optical power (250 mW), focused laser spot
diameter (3 um), laser scan speed range (0.1-100 mm s1), and SiGe film thickness (400 nm) in the
simulations.

We estimated a maximum temperature of 1,600 °C on the top surface at the centre of the laser
spot, which creates a molten zone with a semi-elliptical cross-section. See Supporting Information
Figure S4 for the simulated temperature distribution T'(#,t) and the phase-field parameter ¢ (7, t)
during laser processing. The applied optical power, which was limited to 250 mW due to the onset
of surface ablation, was insufficient to melt the SiGe thin film completely. A thermal gradient of
4.5x108 K m? and a cooling rate of -1.0x10° K s were estimated on the trailing edge of the
travelling molten zone. The laser-induced molten zone creates compositional segregation in the
alloy and becomes Ge-rich after an initial transient, which was experimentally observed during
laser processing (Supporting Information Figure S5). The molten zone subsequently reaches a
steady-state, dragging the Ge-rich liquid while redistributing the Si1xGex composition depending
on the scan speed (see Supporting Information Movies S1 and S2), as illustrated in the colour
composition maps given in Figure 2a-c, for the speeds 0.1, 10, and 100 mm s, respectively. The
Ge concentration builds up at the trailing edge (up to x=0.95 mol at 100 mm s), due to insufficient
diffusion-limited transport in the travelling molten zone at higher scan speeds, and solidification
eventually occurs with a Ge-rich composition on the top. On the other hand, phase segregation is
higher at the bottom of the molten zone than close to the top surface, due to the higher gradient
V¢ of the phase-field parameter ¢, resulting in a Si-rich composition deeper in the SiGe thin film.
The emergence of a Ge-rich strip core and a Si-rich under-cladding in the solidified volume of the

steady-state region agrees well with the experimental observations. The SiixGex composition on



the lateral and longitudinal cross-sections of the steady-state region for different scan speeds can
be seen in Figure 2d-f.

To simulate the averaging effect of BSED in the vertical direction, we calculated the surface-
normal averaged composition in the steady-state region, by integrating the Ge molar fraction
x(7, t) over the spatial coordinate variable z from the top surface to the SiGe/c-Si interface. The
simulated BSED micrographs (Figure 2g-i) show a good qualitative agreement with the
experimental BSED micrographs shown in Figure 1g,i,l (see Supporting Information Figure S6 for
the transverse profiles of the surface-normal averaged composition). The BSED micrographs
underestimate the composition gradients, because the high Ge content in the Ge-rich strip core is
compensated by the low Ge content in the Si-rich under-cladding. As shown in Figure 2k, the
steady-state Ge composition x of the solidified material at the top surface (as extracted from Figure
2a-c) can, for example, be greater than that of the initial alloy (xo=0.6 mol), and it can increase up
to x=0.87 mol (87 at% Ge) at the scan speed of 100 mm s*. To make a quantitative comparison
with the experimental data, we calculated volume histograms of the Sii1xGex composition with a
bin size of 4x=0.05 mol within the solidified volume in the steady-state regions for different scan
speeds, which reveal the volume distributions of the Ge molar fraction x(#, t) in the composition
space (Figure 2I). The volume histograms can be deconvolved into two peaks by calculating the
volume histograms of the composition x separately in the Ge-rich strip core and Si-rich under-
cladding, which are divided by the isosurface of x=0.6 in the solidified volume, as shown for the
scan speed of 100 mm st in Figure 2m.

The simulation results suggest that our experimental observations display a solidification
behaviour that is distinctly different from predictions of conventional directional solidification,

where a moving planar solid/liquid interface and a diffusion-limited mixing in the molten material
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are assumed.** The classic models predict that the solidified material has a steady-state
composition equal to the initial overall average xo, independent of the absolute value of the
solidification speed v, although the phase segregation coefficient k is still affected. The steady-
state composition can be altered only momentarily by acceleration or deceleration of the
solidification front, modulating the power of the heating source or changing its scan speed.*>*3
However, in our case, laser heating of the alloy thin film, which induces a moving bounded molten
zone with a curved interface, results in a spatially graded SiixGex alloy with a steady-state
composition profile determined by the absolute value of the constant laser scan speed. Steady-state
Ge compositions remarkably higher and lower than the initial Ge composition Xo can be obtained
at the top surface of the strip core (Figure 2k), and at the bottom of the under-cladding,

respectively.
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Figure 2. FEM-based phase-field simulations of laser-driven phase segregation in Sio.4Geo.s
nanoscale thin films on Si substrates. a-c) Color maps show the composition of Si1xGex films as a
spatial function of Ge molar fraction x (7, t) after laser processing at the scan speeds of 0.1 mm s’
1(a), 10 mm s (b), and 100 mm s (c). d-f) Lateral and longitudinal cross-sections of the steady-
state region within the laser-written microstripe is given for the speeds of 0.1 mm s* (d), 10 mm
st (e), and 100 mm st (). g-i) Simulated BSED micrographs (see Figure 1g,i,I for comparison)
for the speeds of 0.1 mm s? (g), 10 mm s? (h), and 100 mm s? (i), showing the average
composition of Si1-xGex calculated in the steady-state region in the vertical direction from the top
surface to the Si-substrate interface. k) Profiles of the Ge composition x at the center of the top
surface along poly-SiGe microstripes written at different scan speeds. 1) Volume histograms of the
Si1xGex composition calculated within the solidified volume in the steady-state region showing
the spreading of Ge molar fraction x for different laser scan speeds. m) Deconvolution of the
volume histogram for the speed of 100 mm s into the two peaks corresponding to the volumes of
the Ge-rich strip core (red) and Si-rich under-cladding (blue), which are separated in the solidified
volume of semi-elliptical cross-section by the isosurface of x = 0.6, as shown by the inset
schematic.
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Material characterizations of laser-written microstripes in amorphous SiGe films

We used micro-focused synchrotron X-ray diffraction (XRD) for structural analysis of the laser-
written microstripes in the a-SiGe thin films (see Methods and Figure 3a for the experimental
setup). The dominant XRD peak in the laser-treated regions corresponds to the (111) lattice planes,
as shown in the 1D diffractograms (Figure 3b). The 2D diffractogram (Figure 3c) taken on an a-
SiGe thin film processed at a scan speed of 0.1 mm s, shows the polycrystalline nature of the
laser-written microstripe with grainy XRD rings. This is expected as the SiGe film is only partially
melted, down to an estimated depth of 310 nm, so that epitaxial crystal growth cannot be seeded
from the c-Si substrate.?’” Application of higher powers leads to ablation of the Ge-rich top surface
before full melting of the SiGe thin film can be reached. On the other hand, decreasing the
thickness of the deposited SiGe film does not enable full melting either, because of the higher
thermal dissipation limiting the molten depth. To overcome this restriction, longer laser
wavelengths (1 > 532 nm) in the visible range could be employed to obtain deeper optical
penetration in the SiGe alloy. As can be seen from the close-up view of the (111) peak in the 1D
diffractogram (Figure 3d) of the SiGe microstripe written at a speed of 0.1 mm s, it is only
possible to fit the XRD data with a single peak, indicating that the compositional segregation is
overshadowed by the instrument resolution. However, for scan speeds higher than 1 mm s, there
IS a noticeable line broadening in the XRD rings and peaks, as displayed in the 2D and 1D
diffractograms (Figure 3e,f) for a speed of 100 mm s™. The measured width of an XRD peak for
an alloy is composed of various contributions, such as the crystallite size, composition gradient,
strain gradient, and instrumental broadening, which makes deconvolution of the distinct
components complicated. However, the peak position is determined by the mean composition in

the alloy. Therefore, the appearance of the shoulder in the 1D diffractogram (Figure 3f) indicates
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the formation of two distinct peaks,®’ corresponding to the Ge-rich and Si-rich regions in the laser-
treated region, which can be deconvolved as shown.

1D diffractograms for the (111) peaks of the laser-written poly-SiGe microstripes are given in
Figure 3g for the full range of experimental scan speeds. Fitting the peaks with pseudo-Voigt line
profiles, we were able to deconvolve the Ge-rich and Si-rich peaks for each data set, except for the
two lowest speeds of 0.1 and 1 mm s, Applying Vegard’s law with the formula for the dnw spacing
of lattice planes given in terms of the Miller indices (h k I), we obtain equation (2) for the
conversion of the (111) XRD peak positions in d-space to composition space of the Ge molar
fraction x, which is given by
Asige(X) = (1 — X)as; + xage = dpVh? + k% + 12, (2)
where asice, asi and ace are the lattice parameters of the Si1-xGex alloy at the deconvolved peaks in
the XRD spectra, Si (5.431 A) and Ge (5.658 A), respectively. The SiixGex compositions
corresponding to the (111) peak positions of the Si-rich and Ge-rich domains are given in Figure
3h, along with the compositions of the peak positions predicted by the simulations via
deconvolution of the volume histograms (Figure 21,m). The instrument resolution in dnk Space
corresponds to a resolution of 6x=0.075 mol in composition space x. However, we set the bin size
as 4x=0.05 mol in the volume histograms to be able to resolve the predicted Si-rich and Ge-rich
peaks for the two lowest speeds of 0.1 and 1 mm s. The numerical results agree with the
experimental XRD data up to the scan speed of 50 mm s, after which the XRD peak positions in
composition space x deviate from the predicted trend for the Si-rich and Ge-rich peaks. In our
simulations, we assume that the solid/liquid interface remains stable in the experimental scan speed
range. However, the critical velocity of solidification vc for the onset of solid/liquid interface

instability was estimated to be 79.9 mm s, using predictions of solidification models (Supporting
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Information Section S3). A manifestation of solidification instability was indeed encountered
during the laser processing, as we observed Si-rich nanoparticles randomly dispersed within the
laser-treated region at a scan speed of 100 mm s (Supporting Information Figure S7). The critical
velocity vec is marked in Figure 3h with the vertical dashed line. We also employed X-ray
fluorescence (XRF) spectroscopy to provide additional information regarding the average Ge
composition in the poly-SiGe microstripes (see Methods and Supporting Information Figure S8).
These narrowband measurements provide a fluorescence intensity for Ge Koi emissions
proportional to the amount of Ge in the Sii-xGex thin film. The 2D XRF maps show similar Ge
distributions compared to those in both the experimentally measured (Figure 1g,i,l) and
numerically simulated (Figure 2g-i) BSED micrographs, helping to complete our picture of the

laser-driven phase segregation in the processed microstripes.
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Figure 3. Micro-focus synchrotron X-ray diffraction (XRD) analysis of the laser-written poly-
SiGe microstripes. a) Schematic of the experimental setup for the XRD measurements. b) 1D
diffractograms show XRD peaks of different lattice planes over the experimentally accessible
diffraction angles for the poly-SiGe microstripes written at speeds of 0.1 and 100 mm s*. XRD
data is shown only for two scan speeds for clarity. ¢) 2D diffractogram showing XRD rings of the
poly-SiGe stripe produced at a speed of 0.1 mm s1. d) 1D diffractogram showing only a single fit
to the (111) peak, which corresponds to a small composition gradient that is insufficient to resolve
against the instrument resolution. e,f) 2D (e) and 1D (f) diffractograms showing the effect of a
larger phase segregation for laser writing at the speed of 100 mm s*. The 1D diffractogram can be
resolved into two peaks corresponding to Ge-rich and Si-rich regions, as shown by the inset BSED
micrograph. g) 1D diffractograms of the (111) peaks showing line broadening for higher scan
speeds, which can be deconvolved into a Ge-rich peak and a Si-rich peak. h) Sii1-xGex compositions
corresponding to the deconvolved peaks in the XRD data are shown along with the peak
compositions predicted by simulations (see Figure 2I,m). Inset schematic shows the Si-rich (blue)
and Ge-rich (red) solidified regions. The estimated critical velocity of solidification is illustrated
in the figure by the dashed vertical line.
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The Ge composition x close to the top surface of the laser-written poly-SiGe microstripes
embedded in the 400 nm thick a-SiGe film can also be measured by using Raman spectroscopy
with an excitation laser wavelength of 532 nm, which has an optical penetration depth of less than
100 nm in the Ge-rich strip cores. Figure 4a shows Raman peaks of the Ge-Ge, Si-Ge and Si-Si
vibration modes taken at the centre of the top surface from the laser-written poly-SiGe microstripes
processed at scan speeds of 0.1 and 25 mm s™. Measuring the shift in the experimental Raman
peaks wSS! S-Ce (hCe-Ce from their unstrained positions (Supporting Information Section S4),
we found that the Ge compositions are x=0.604 +0.03 mol for 0.1 mm s, and x=0.746+0.03 mol
for 25 mm s?, which agrees with the Ge compositions estimated by the simulations (Figure 2Kk),
and measured by the XRD (Figure 3h). By monitoring the evolution of the peak positions in the
Raman spectra taken at different points across the poly-SiGe microstripes (see Figure 4b for a scan
speed of 25 mm s1), we can build up a picture of the spatial profile of the Ge composition x (Figure
4c) and in-plane strain ¢, (Figure 4d). The average in-plane strains across the laser-written
microstripes of 0.1 and 25 mm s* are ¢,;=0.63+t0.2% and ¢,=0.25+0.2%, respectively.
Additionally, a 2D strain analysis based on the azimuthal distortions of the XRD rings (Supporting
Information Section S5 and Figure S9), was applied to the laser-written microstripes of 0.1 mm s’
1 where the least compositional spreading occurs. The result of the Raman spectroscopy agrees
with the in-plane strain (,=0.53%) estimated by the XRD-based strain analysis. The mismatch
between the thermal expansion coefficients of the polycrystalline and amorphous SiGe materials
results in residual biaxial tensile strains in the laser-processed regions, decreasing with the
accumulation of the Ge-rich material on the top surface. Topographical measurements conducted
using atomic force microscopy (Supporting Information Figure S10) show that the laser-treated

regions have their thickness reduced by 50 nm from the amorphous film surface, due to the
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densification of the poly-SiGe. Root-mean-square roughness is 2.5 nm on the surface of poly-SiGe
microstripes written at the speeds of 0.1 and 1 mm s, and this increases up to ~10 nm at the higher
speeds.

As a complementary, but destructive material characterization, we used Secco wet etching to
enhance the visualization of the crystalline domains. Moreover, as the etch rate is monotonously
dependent on composition (being higher for the Si-rich regions), when applied to our laser
processed platforms, the Si-rich under-cladding etches preferentially to suspend or fully release
the Ge-rich strip cores (Supporting Information Figure S11). By controlling the etch time, it is
possible to selectively release poly-SiGe microstripes of nanometre thickness with different
compositions. SEM micrographs of the Secco-etched laser-written SiGe microstripes are given in
Supporting Information Figure S12, which shows the under etching of the Ge-rich strip cores and

removal of the Si-rich claddings.
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Figure 4. Micro-Raman spectroscopy of the laser-written polycrystalline SiGe microstripes. a)
Raman spectra acquired at the center of the top surface from the poly-SiGe microstripes laser-
written at scan speeds of 0.1 and 25 mm s™. Ge-Ge, Si-Ge, and Si-Si Raman peaks are indicated
on the figure. The Raman spectrum taken at the surface of the non-irradiated surrounding
amorphous SiGe film was rescaled to match the background profile. b) Raman spectroscopy
measurements taken across a laser-written SiGe microstripe of 25 mm s shows the evolution of
the spectra starting from the amorphous region, through the Si-rich side to the Ge-rich center, then
through the other Si-rich side to the amorphous region. The Raman intensity decreases at the
center, due to the higher back reflection of the laser beam from the Ge-rich strip core. c,d) Spatial
distribution of the Ge molar fractions x (c) and in-plane strains ¢, (d) across the laser-written
microstripes processed at scan speeds of 0.1 and 25 mm s™. The solid lines connecting the data
points in (c) serve as a guide for the eye. The dashed lines in (d) represent the average strain values.
The standard deviation in the estimation error for the Raman analysis of the composition and strain
data are 0x=0.03 mol and ¢.=0.2%, respectively.

19



Optoelectronic characterizations of the laser-written poly-SiGe microstripes

As a proof-of-concept optoelectronic application for on-chip laser engineering of the bandgap
in semiconductor alloy nanoscale thin films, we demonstrated photodetection of light with our
composition-graded poly-SiGe microstripes. We tested a series of surface-normal-illuminated
photoconductive detectors with metal-semiconductor-metal (MSM) contacts, by placing two
stainless steel metal probes with a separation of 300 pum onto the surface of the 3 um wide laser-
written poly-SiGe stripes. Figure 5a shows the experimental configuration used for the
optoelectronic characterization (Methods). An excitation laser beam of wavelength 800 nm,
focused onto the surface between the two contacts, was used to generate photo-carriers, increasing
the conductivity of the exposed polycrystalline region. When a voltage is applied on the probes,
the system behaves as two back-to-back symmetric Schottky diodes connected with a serial
resistance R that is dependent on the light intensity. The current (1)-voltage (V) characteristics,
measured under dark and illuminated conditions, can be seen in Figure 5b for two poly-SiGe
microstripes written with different scan speeds. The laser-written polycrystalline regions are
highly conductive compared to the amorphous thin film, with a two to four orders of magnitude
difference in the measured dark currents for the same contact separation (Supporting Information
Figure S13). In addition, the excitation laser beam was modulated by blocking the beam at 2 second
intervals and the temporal response of the photocurrent lphoto=I-ldark Was recorded at a bias of
Vbias=5V (Figure 5¢). An average responsivity of 48 mA W-! was achieved for both laser-written
microstripes, which is close to the reported values for SiGe MSM photodetectors without any
surface passivation.'

Spectral responsivity measurements were also conducted over the wavelength range of 980-1550

nm (Methods). The normalized detector responsivities as a function of wavelength are given in
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Figure 5d. As the thickness of the deposited a-SiGe film (400 nm) is smaller than the optical
penetration depth for this wavelength range, the Si substrate has a large contribution to the
measured bandgap, as expected. The fundamental indirect bandgap of the unstrained Sio.sGeos
alloy (Supporting Information Section S6) is Eg = 0.968 eV, which corresponds to a cut-off
wavelength of 1,281 nm, as marked in Figure 5d. The residual tensile strain in the laser-written
microstripes reduces the bandgap, resulting in an offset towards longer wavelengths. The spectral
onset of the measurable Iphoto OF each laser-written poly-SiGe microstripe progressively shifts from
the absorption edge of Sio.4«Geo.s to longer wavelengths up to 1,500 nm, presenting a tuning range
of almost 200 nm, with the increasing Ge composition on the top surface associated with the faster
scan speeds. Thus, laser-driven phase segregation provides a scan-speed-dependent bandgap
tunability. Although similar tunability in the bandgap has been demonstrated with Sii-xGex
nanowires®* and Ge1xSnx heterostructures,*® the composition in these alloys had to be controlled
during the material growth and a separate fabrication process had to be conducted for each

structure, increasing the cost and complexity of future systems.
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Figure 5. MSM Schottky photoconductor detectors constructed on the 3 um wide laser-written
poly-SiGe microstripes with scan-speed-tunable absorption edge. a) Schematic showing the
experimental configuration used for the optoelectronic characterizations. The excitation laser beam
was focused on the area between the Schottky contacts, which are placed 300 um apart on the
laser-written poly-SiGe microstripes. b) 1-V characteristics taken in the dark and under
illumination were measured at the Schottky contacts on poly-SiGe microstripes written at scan
speeds of 0.1 and 25 mm s™. The data of the 1-V measurement taken from the amorphous region
with the same separation of the metal contacts was rescaled by 1000 times for visual comparison.
c¢) On-off modulation of the photocurrent measured on the poly-SiGe microstripes written at 0.1
and 25 mm s scan speeds. d) Normalized spectral responsivity of the photodetectors produced on
the laser-written poly-SiGe microstripes with various composition profiles induced by phase
segregation at different scan speeds. The spectral onset of the measurable photocurrents
progressively shifts to longer wavelengths by increasing laser-writing speeds. The arrow in the
figure marks the fundamental indirect bandgap E(0.968 eV) of the unstrained Sio.4Geos alloy.
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Conclusions
Alternative methods exist to modify the composition spatially in semiconductor alloys either by
applying elemental source and temperature gradients across a substrate during the material growth’
or by applying stress fields on the surface after deposition.*” However, none of these approaches
can offer the flexibility of the laser processing procedure, where it is possible to control the shape,
size, position, and orientation of the processed region on-demand. Such precise spatial control of
the material properties opens a route for the fabrication of complex devices based on alloy
microstructures such as graded-index optical waveguides and lens, meta-surfaces, Bragg gratings,
laterally modulated compositional heterostructures, full-spectrum solar cells, multispectral
photodetectors, and graded-base transistors, for example. The unexposed material and solute-poor
under-claddings surrounding the laser-written regions can be selectively etched to release solute-
rich microstripes of nanometre thickness (see Supporting Information Figure S11), which could
be used for the development of micro-bolometers, thermo-electric generators, and micro-electro-
mechanical (MEMS) systems, where suspended microstructures are required for thermal isolation
from the substrate*® or to allow for movement of parts.*® Furthermore, this laser writing procedure
could be applied to other multi-component material systems, including epitaxially-grown
crystalline SiGe films, metal alloys (Ni-Cu, Sb-Bi), ternary semiconductors (AlixGaxAs, Hg1-
xCdxTe, CdixZnxTe), ceramics (Al203-Cr203, V203-Cr203), and organic crystals (p-
chlorobromobenzene—p-dibromobenzene), which behave as pseudo-binary systems, having
isomorphous phase diagrams similar to that of SiGe alloys.*
In conclusion, we have shown that compositional segregation of Si and Ge in laser-
processed SiGe alloys can be controlled directly via the scan speed and that this capability can be

leveraged to modify the local optoelectronic properties of the alloys during solidification. Using
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the laser-driven phase segregation in amorphous Sio.4Geo.s nanoscale thin films deposited on planar
c-Si substrates, we produced composition-graded polycrystalline SiGe microstructures composed
of Ge-rich strip cores and Si-rich under-claddings, which have steady-state Ge compositions
remarkably higher and lower than the starting material, respectively. Laser writing with adjustable
speeds allows for full control over the composition profile, size, and layout of the SiGe
microstructures on the planar substrates. As a proof-of-principle application of lasers for bandgap
engineering in the semiconductor alloys, we have demonstrated photoconductor-based detection
using the laser-written SiGe microstripes and shown that the absorption edge can be tuned over a
200 nm wavelength range by simply setting the constant scan speed during laser processing. On-
chip, post-deposition laser tailoring of the composition could also be applied to other multi-
component material systems possessing phase diagrams similar to that of the SiGe alloys.
Fabrication of embedded or suspended composition-graded alloy microstructures in nanoscale thin
films could have a far-reaching impact on a wide range of applications in various fields, including
microelectronics, optoelectronics, photonics, nonlinear optics, and thermo-photovoltaics.
Methods
Deposition of amorphous SiGe films on Si wafers

The silicon samples were dipped in buffered hydrofluoric acid, HF (7:1) for 3 minutes to remove
the native oxide, which was followed by a quick dump rinse for 10 minutes at room temperature.
The 400 nm thick a-SiGe film was deposited by plasma-enhanced chemical vapour deposition
(PECVD) using the parameters: SiH4=5 sccm, GeHs =50 sccm, RF=15 W, pressure=300 mTorr,
temperature=200 °C. To ensure uniform temperature across the silicon chip, the samples were
preheated for 5 minutes inside the chamber.

Laser writing of polycrystalline microstripes in a-SiGe
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The samples were placed on a set of high precision translation stages (Aerotech, ABL1500),
which allowed for excellent positional control with adjustable speeds. The radiation source was a
CW Argon ion laser operating at a wavelength of 488 nm. The beam was focused on the top surface
of the sample using two different microscope objectives 10X (NA=0.25) and 20X (NA=0.40),
which produced laser spots of 7 um and 3 pum in diameter at the focus, respectively. The optical
power after the objectives was set as high as possible to increase the molten zone depth in the SiGe
thin film. Linear stripes of 1 cm in length were written on the sample surface with scan speeds in
the range of 0.1-100 mm s,

Micro-focus X-ray diffraction (XRD) and X-ray fluorescence (XRF) spectroscopy

We used a bright energy-tunable (2-20keV) X-ray micro-beam available at the 118 beamline of
the Diamond Light Source Synchrotron Facility in Oxfordshire, UK. A focused (16.4 keV, 0.756
A) X-ray beam with a size comparable to the width of laser-written microstripes was used to
determine the structural properties of the laser-treated volume. The X-ray beam was projected on
the sample surface at near grazing incidence (10°) to minimize the interaction of the beam with
the Si substrate. In this geometry, the beam’s footprint forms an elliptical shape with a long axis
of 30 um and a short axis of 2 um. The long axis was aligned along the laser-written microstripes
to maximize beam overlap. On the other hand, spatial resolution was maintained in the transverse
direction. A single quadrant of the Debye cones for each laser-written microstripes was recorded
on a 2D CMOS detector, which was positioned 117.38 mm away from the sample surface. We
used a silicon standard reference (NIST-Si640D) to calibrate the diffraction ring positions in the
2D diffractograms with the DAWN Science software. The 2D diffractograms were converted into
1D diffractograms, by azimuthally integrating along the Debye rings and using a rolling ball

baseline correction. For XRF mapping, Ge Kaa (9.886 keV) emissions were recorded on the laser-
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written microstripes while scanning the sample in transverse and longitudinal directions with steps
of 0.2 um and 10 pum, respectively.
I-V and spectral responsivity measurements of photodetectors on laser-written stripes

A pulsed broadband supercontinuum laser (Fianium FemtoPower1060) with an acousto-optic
tunable filter (AOTF) was used as an excitation source for I-V and spectral responsivity
measurements. Optical power after the focusing objective (18X, NA-0.32) was set to 4 uW at a
wavelength of 800 nm for the 1-V measurements. For the spectral measurements, the optical power
(2.5 uW) was calibrated at every wavelength in the range 980-1540 nm with a step size of 20 nm,
by setting the RF amplitudes driving the AOFT. A c-Si wafer was used as a bandgap reference to
ensure that the applied optical power was low enough that the effects of two-photon absorption
had no influence on our responsivity measurements. Electrical measurements were conducted with
a Keithley 2182A Nanovoltmeter and a 6221 DC current source. Metal probes were positioned on
the sample surface and pushed against the laser-written microstripes until a stable dark current at
a5V bias was recorded.
Raman spectroscopy on the laser-written poly-SiGe microstripes

Raman spectroscopy (Renishaw Invia) was applied for the complementary characterization of
the laser-written poly-SiGe microstripes. The measurements were taken in the backscattered mode
via 50X Leica objective lens (NA-0.75) using a Nd:YAG excitation laser source (532 nm, 1 mW)
with a silicon grating of 2400 lines mm™. The Raman microscope can resolve the spectral features
narrower than 5o»=0.5 cm™ with a high spectral stability (0.02 cm™).
FEM-based phase-field simulations of laser-driven phase segregation in SiGe thin films

We used IRIDIS-5 supercomputer in the University of Southampton to run simulations in 3D

with COMSOL Multiphysics software. The nonlinear diffusion equation (see equation (1)), which
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was derived in Supporting Information Section S5, was solved simultaneously with the time-
dependent heat transfer equations. Laser heating was modelled by using the Beer-Lambert law.
The mesh size was taken as 25 nm to resolve the solid/liquid interface. Conservation of the total
Ge content in the Si1-xGex thin film was checked by calculating the volume average of x in the total

volume Vsim of the thin film, which should satisfy the conditionf x (%, t)dV /Vsitm = Xo. The

instantaneous value of x (7, t) at any position within the total volume was observed to always stay
in the range 0 < x < 1. Simulation parameters are given in Supporting Information Table S2.
Associated Content

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:
XXX XX XXX XX XXX,

Experimental setup for laser processing, optical microscope image showing a large-area laser-
processed region, theoretical calculation of SiGe phase diagram and fitting to the experimental
data, derivation of the generalized nonlinear diffusion equation, simulation results for the
temperature distribution and phase-field parameter, experimental observation of the initial
transient region during laser processing, transverse profiles of the simulated BSED micrographs,
calculation of the critical velocity of solidification, observation of Si-rich nanoparticles within the
laser-written SiGe microstripes, XRF spectroscopy data, Raman analysis for the composition and
strain estimation, 2D strain analysis on the XRD data, AFM data, optical microscope images and
SEM micrographs after Secco wet etching, IV measurements without illumination, estimation of
indirect bandgap of the unstrained SiosGeos, video captions for simulations of the laser-driven

phase segregation, tables for the experimental SiGe phase diagram data and simulation parameters.
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