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ABSTRACT 13 

Advanced solid-state device applications, including semiconductor lasers, waveguide Bragg 14 

gratings, and modulators, require nanoscale engineering of the electronic bandgap and 15 

refractive index. Heterostructures, which are semiconductor structures with a position-16 

dependent chemical composition, are building blocks of these devices, enabling control over 17 

the carriers and light. However, existing epitaxial growth methods are limited to fabrication of 18 

vertical heterostructures between dissimilar semiconductors successively grown layer by layer. 19 

Here, we report the use of three dimensional (3D) finite-element-method (FEM)-based non-20 

isothermal phase-field modelling with thermocapillary convection to investigate a new concept 21 

for laser inscription of in-plane longitudinal and transverse heterostructures within silicon-22 

germanium (Si1-xGex) alloy thin films. The modelling has been supported by exploratory 23 

experimental work using Si0.5Ge0.5 layers epitaxially grown on a silicon substrates. Results of 24 

the phase-field simulations reveal that various in-plane SiGe heterostructures and superlattices 25 

can be fabricated by controlling the steady-state and transient effects of the laser scanning on 26 

phase segregation through modulation of the laser power, scan speed and beam position during 27 

solidification of the SiGe epilayers. Optical simulations are used to demonstrate the potential 28 

for two new photonic devices based on in-plane SiGe heterostructures written at different scan 29 

speeds (1-200 mm s-1): (i) graded-index waveguides with Ge-rich (70%) cores, and (ii) 30 

waveguide Bragg gratings with nanoscale periods (Λ=100-500 nm). Periodic heterostructure 31 
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formation via sub-millisecond modulation of the laser processing parameters opens a route for 32 

post-growth fabrication of in-plane quantum wells and superlattices in semiconductor alloy 33 

epilayers. 34 

INTRODUCTION 35 

Modern-day applications of microelectronics, optoelectronics and photonics have become 36 

undoubtedly possible with the technological advancements in material growth and formation 37 

of interfaces between different materials. For example, the development of semiconductor 38 

heterostructures, quantum wells, and superlattices, which provide confinement for light and 39 

carriers via spatially engineered refractive index and bandgap profiles, has enabled the 40 

fabrication of various devices such as heterojunction bipolar transistors (HBT), double 41 

heterojunction lasers (DHL), quantum cascade lasers (QCL), distributed Bragg reflectors 42 

(DBR), semiconductor saturable absorber mirrors (SESAM), photodetectors, and modulators.1-43 

4 Methods commonly used to grow epitaxial layers of semiconductors are molecular beam 44 

epitaxy (MBE) and derivatives of chemical vapour deposition (CVD), which allow for material 45 

growth with atomic precision and control.5,6 However, these methods implement a layer-by-46 

layer growth approach; therefore, they can only be used to fabricate vertical heterostructures 47 

and superlattices,7 which are limited in total thickness (< 5 µm) due to the constraint of lattice 48 

matching and strain issues. Recently, fabrication of lateral and axial heterostructures have been 49 

demonstrated in semiconductor alloys of nanoribbons,8,9 and nanowires,10,11 respectively, by 50 

switching the precursors during material growth on planar substrates. However, a versatile 51 

strategy to fabricate in-plane heterostructures, quantum wells and superlattices within 52 

semiconductor alloy epilayers has yet to be demonstrated. 53 

As an alternative to heterostructure formation via successive epitaxial growth, post-54 

process approaches such as thermally-induced phase segregation have been applied to induce 55 

axial and lateral heterostructures in initially homogeneous alloys of nanowires,12 and 56 

monolayers,13 respectively. Similar manifestations of phase segregation resulting in quasi-57 
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regular in-plane heterostructures have also been observed in semiconductor superlattices due to 58 

the strain-induced lateral compositional self-modulation,14 and directionally solidified alloys 59 

where banding occurs due to oscillations of the solidification speed near the instability regime.15 60 

However, because of their spontaneous and elusive nature, it is challenging to control these 61 

effects to form heterostructures within semiconductor alloy thin films. Generally, phase 62 

segregation is an undesired phenomenon even for epitaxial growth of vertical heterostructures 63 

in semiconductor alloy epilayers. This is particularly true for SiGe alloys,16 which have a large 64 

miscibility gap between the liquidus and solidus curves in the equilibrium phase diagram.  65 

For stable growth from a melted SiGe alloy where phase segregation results in a Ge-66 

rich liquid phase, solidification speeds have to be smaller than a critical speed, which depends 67 

on the local temperature gradient and thermophysical properties of the alloy. Otherwise, 68 

constitutional undercooling can emerge ahead of the solid/liquid interface, breaking its 69 

stability.17 Consequently, the interface instability results in cellular or faceted structures during 70 

bulk crystal growth,18-20 and dendritic structures during laser annealing of SiGe thin films on 71 

glass substrates,21-23 leading to a random spatial redistribution of the initial homogenous 72 

composition. In order to exploit heat-induced phase segregation for the fabrication of regular 73 

in-plane heterostructures with well-defined morphologies, cellular or dendritic solidification of 74 

alloy thin films needs to be avoided by ensuring either low growth speeds or high temperature 75 

gradients at the liquid/solid interface. However, low solidification speeds, on the order of 10 76 

µm s-1 to allow for stable growth, are impractical in terms of process time. Another alternative 77 

is the application of non-conventional thermal sources, like lasers, to post-process 78 

semiconductor alloy thin films grown on substrates with high thermal conductivities.24,25 Such 79 

methods allow for achieving extremely high temperature gradients (109 K m-1) and cooling rates 80 

(105 K s-1), which are required to ensure the stability of the solid/liquid interface. Recently, by 81 

using laser processing of amorphous SiGe thin films deposited on silicon substrates, the 82 

fabrication of non-dendritic SiGe microstripes was demonstrated with steady-state 83 
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compositional profiles that can be tuned by applying different constant scan speeds in the range 84 

of 0.1-100 mm s-1.26 Additionally, it is known from classical theory of solidification that 85 

transient effects such as acceleration of the liquid/solid interface can be used to form localized 86 

compositional heterostructures,27 and this was recently demonstrated by laser processing of low 87 

Ge-content SiGe core silica clad fibers.28 88 

Over the past two decades, phase-field models have been extensively applied to study 89 

the formation of cellular and dendritic nanostructures during solidification of alloys,29-32 where 90 

an order parameter 𝜙(𝑟, 𝑡) is used to track the liquid/solid interface. Here we extend these 91 

studies to show that it can also be exploited for modelling non-dendritic solidification of laser-92 

melted semiconductor alloys. A 3D FEM-based phase-field model was used to investigate non-93 

dendritic non-isothermal solidification with thermocapillary convection, and transient and 94 

steady-state effects on phase segregation at the moving liquid/solid interface. The simulation 95 

results are supported with experimental data, which were obtained by optical microscopy and 96 

scanning transmission electron microscopy (STEM) with energy-dispersive X-ray spectroscopy 97 

(EDX), using Si0.5Ge0.5 alloy thin films epitaxially grown on silicon substrates. Based on this, 98 

we introduce a concept for post-process laser-writing of in-plane heterostructures and 99 

superlattices in semiconductor alloy epilayers. Our work focuses on SiGe alloy epilayers 100 

because of the increasing interest in Ge/SiGe heterostructures in micro/nanostructures,33 and 101 

their tantalizing prospect for quantum cascade lasers3 and parabolic quantum wells,34 etc. 102 

However, our method can be applied to pseudo-binary alloys of other materials, such as ternary 103 

semiconductors (AlxGa1-xAs) with isomorphous phase diagrams similar to that of SiGe. The 104 

potential to use our method for photonic applications is demonstrated via FEM-based optical 105 

simulations of two new devices based on laser-written in-plane SiGe heterostructures: (i) 106 

graded-index waveguides for mid-infrared photonic applications, and (ii) waveguide Bragg 107 

gratings for wavelength filtering in the mid-infrared spectrum. 108 

 109 
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RESULTS 110 

Calculation of the equilibrium phase diagram for SiGe alloys 111 

We followed a thermodynamically consistent phase-field approach to derive a convection-112 

diffusion-segregation equation and a heat transport equation, using the molar Gibbs free energy 113 

of SiGe alloys. By calculating the equilibrium phase diagram of SiGe alloys and fitting it to the 114 

experimental phase diagram data, we estimated the parameters in the molar Gibbs free energy 115 

F(𝜙,T, x), which is given at a constant pressure for a regular solution model of alloys by,35 116 

𝐹 = (1 − 𝑥)𝐹𝑆𝑖(𝜙 , 𝑇) + 𝑥𝐹𝐺𝑒(𝜙 , 𝑇) + 𝑅𝑇[(1 − 𝑥) ln(1 − 𝑥) + 𝑥ln(𝑥)] + 𝑤(𝜙)𝑥(1 − 𝑥),           (1)                      117 

where x is the molar fraction of Ge, R is the ideal gas constant, T is the temperature, 𝜙 is the 118 

phase-field representing the solid (𝜙 = 0) and liquid (𝜙 = 1) phases. 𝐹𝑆𝑖(𝜙 , 𝑇) and 𝐹𝐺𝑒(𝜙, 𝑇) 119 

are the Gibbs free energies in units of J mol-1 for pure silicon and germanium, respectively. The 120 

molar Gibbs free energy for a pure element A (Si or Ge) is given by 121 

𝐹𝐴(𝜙 , 𝑇) = 𝐻𝐴g(𝜙) + 𝐿𝐴 (1 − 𝑇𝑇𝑚𝐴) 𝑝(𝜙) + 𝐹𝐴,𝑆𝑜𝑙𝑖𝑑,                                                                    (2)  122 

where 𝐻𝐴 is the height of the energy barrier between the liquid and solid phases at the melting 123 

temperature 𝑇𝑚𝐴 ; 𝐿𝐴  is the latent heat of melting; g(𝜙) = 𝜙2(1 − 𝜙)2 is the double-well 124 

potential function with minima at 𝜙 = 0  and 𝜙 = 1 ; and 𝑝(𝜙) = 𝜙2(3 − 2𝜙)  is an 125 

interpolating function, which satisfies 𝑝(𝜙 = 0) = 0  and 𝑝(𝜙 = 1) = 1 . The height of the 126 

energy barrier 𝐻𝐴 is assumed to be the same for Si and Ge, due to the similar atomic properties. 127 𝐹𝐴,𝑆𝑜𝑙𝑖𝑑 is the Gibbs free energy of the solid pure element A, which is assumed to be zero as a 128 

reference for the Gibbs free energy. The last term in Eq. (1) is the molar excess Gibbs free 129 

energy for the regular solution, which is proportional to the parameter 𝑤(𝜙) given by 130 

 𝑤(𝜙) = 𝑤𝑆(1 − 𝜙) + 𝑤𝐿𝜙,                                                                                                               (3) 131 

where 𝑤𝑆 and 𝑤𝐿 are regular solution parameters corresponding to solid and liquid phases of 132 

the SiGe alloy, respectively.  133 
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The chemical potentials µ for silicon and germanium can be calculated from the molar 134 

Gibbs energy F(𝜙, T, x) in Eq. (1) as: 135 

µ𝑆𝑖(𝜙 , 𝑇, 𝑥) = 𝐹 − 𝑥 𝜕𝐹𝜕𝑥 = 𝑤(𝜙)𝑥2 + 𝐹𝑆𝑖(𝜙 , 𝑇) + 𝑅𝑇 ln(1 − 𝑥),                                         (4) 136 

µ𝐺𝑒(𝜙 , 𝑇, 𝑥) = 𝐹 + (1 − 𝑥) 𝜕𝐹𝜕𝑥 = 𝑤(𝜙)(1 − 𝑥)2 + 𝐹𝐺𝑒(𝜙 , 𝑇) + 𝑅𝑇ln(𝑥).                        (5) 137 

In the case of phase coexistence at thermal equilibrium, the chemical potential for each element 138 

in the solid (S) and liquid (L) solutions are equal, and given by  139 

µ𝑆𝑖𝑆 (𝜙 = 0, 𝑇, 𝑥𝑆) = µ𝑆𝑖𝐿 (𝜙 = 1, 𝑇, 𝑥𝐿),                                                                                              (6) 140 

µ𝐺𝑒𝑆 (𝜙 = 0, 𝑇, 𝑥𝑆) = µ𝐺𝑒𝐿 (𝜙 = 1, 𝑇, 𝑥𝐿),                                                                                            (7) 141 

where 𝑥𝑆  and 𝑥𝐿  are the Ge molar fractions in the solid and liquid solutions of Si1-xGex, 142 

respectively. By using Eqs. (2-5), Eqs. (6) and (7) can be rewritten explicitly in terms of the 143 

regular solution parameters, latent heats of melting, and melting temperatures of the alloy 144 

elements,36 as given below 145 

ln 1 − 𝑥𝑆1 − 𝑥𝐿 = 𝐿𝑆𝑖𝑅 (1𝑇 − 1𝑇𝑚𝑆𝑖) + 1𝑅𝑇 (𝑤𝐿𝑥𝐿2 − 𝑤𝑆𝑥𝑆2),                                                                        (8) 146 

ln 𝑥𝑆𝑥𝐿 = 𝐿𝐺𝑒𝑅 (1𝑇 − 1𝑇𝑚𝐺𝑒) + 1𝑅𝑇 [𝑤𝐿(1 − 𝑥𝐿)2 − 𝑤𝑆(1 − 𝑥𝑆)2],                                                     (9) 147 

which are implicit analytic expressions for the liquidus and solidus lines in the phase diagram 148 

of SiGe, corresponding to 𝑥𝐿(𝑇) and 𝑥𝑆(𝑇), respectively. The best fitting parameters for the 149 

experimental phase diagram of SiGe alloys, as shown in Supplementary Figure S1, were found 150 

to be 𝑇𝑚𝑆𝑖 = 1687  K, 𝐿𝑆𝑖/𝑅 = 6040  K, 𝑇𝑚𝐺𝑒 = 1211  K, 𝐿𝐺𝑒/𝑅 = 4441  K, 𝑤𝑆/𝑅 = 450  K 151 

and 𝑤𝐿/𝑅 = 800 K. 152 

 153 
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Non-isothermal phase-field formulation of convection-diffusion-segregation and heat 154 

transport equations with laser-induced thermocapillary effect 155 

To describe the laser heating process, a convection-diffusion-segregation equation needs to be 156 

formulated incorporating phase segregation in the laser-melted SiGe epilayers, as well as the 157 

convection in the molten pool, which is driven mainly by the thermocapillary (Marangoni) 158 

effect. For a non-isothermal derivation, we postulate an entropy functional S defined by the 159 

integral of the entropy density 𝑠(𝑒, 𝜙, 𝑥) over the whole SiGe thin film volume, as given by, 160 

𝑆 = ∫ [𝑠(𝑒, 𝜙, 𝑥) − 𝜀𝜙22 |𝛻𝜙|2] 𝑑𝑉,                                                                                                                 (10) 161 

where e is the energy density, 𝜙(𝑟, 𝑡)  is the phase-field parameter representing the solid 162 

domains and laser-induced traveling molten zone in the Si1-xGex thin film, and 𝜀𝜙 is a constant 163 

related to the thickness and energy of the solid/liquid interface. Time-dependent equations, 164 

which ensure the entropy functional S always increases according to the laws of 165 

thermodynamics,37 can be derived for the Ge molar fraction and energy density as 166 𝜕𝑥𝜕𝑡 = −𝛻 ∙ [𝑀𝑥𝛻 (𝜕𝑠𝜕𝑥)] = 𝛻 ∙ [𝑀𝑥𝛻 (1𝑇 𝜕𝑓𝜕𝑥)],                                                                              (11) 167 

𝜕𝑒𝜕𝑡 = −𝛻 ∙ [𝑀𝑒𝛻 (𝜕𝑠𝜕𝑒)] = −𝛻 ∙ [𝑀𝑒𝛻 (1𝑇)],                                                                                 (12) 168 

where 𝑀𝑒  and 𝑀𝑥  are positive mobility parameters related to the thermal conductivity and 169 

diffusion constant, respectively, T is the spatial distribution of temperature, and 𝑓(𝜙, 𝑇, 𝑥) is 170 

the Gibbs free energy density in units of J m-3, which is derived from the molar Gibbs free 171 

energy F given in Eq. (1), divided by the molar volume Vm of the alloy: 172 

𝑓(𝜙, 𝑇, 𝑥) = 𝐹(𝜙, 𝑇, 𝑥)𝑉𝑚 .                                                                                                                    (13) 173 
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The laser-processed SiGe thin films were treated as a highly viscous liquid with a 174 

dynamic viscosity 𝜇(𝜙)  varying by several orders of magnitude between the solid region 175 

(µS=1.0×103 N m-1 s) and laser-melted liquid region (µL=0.8×10-3 N m-1 s), which is given as 176 𝜇(𝜙) = 𝜇𝐿𝑝(𝜙) + 𝜇𝑆(1 − 𝑝(𝜙)),                                                                                                   (14) 177 

where 𝑝(𝜙) is the interpolation function. The surface tension σ for the liquid SiGe alloy, which 178 

was estimated using the surface tensions of liquid Si and Ge,38 is assumed to be a linear function 179 

of temperature T as 180 𝜎(𝑇) = 0.653 (𝑁 𝑚−1) − 10−4(𝑁 𝑚−1 𝐾−1)[𝑇 − 𝑇𝑚],                                                           (15) 181 

where Tm is the melting temperature of the alloy. To describe fluid motion due to the 182 

thermocapillary effect in the laser-induced molten pool, Navier-Stokes equations were solved 183 

assuming a laminar incompressible flow (𝛻 ∙ �⃗⃗� =0) with a velocity field of �⃗⃗�.39 By adding a 184 

conservative convection term on the left hand side of Eq. (11), a convection-diffusion-185 

segregation equation is finally derived as, 186 𝜕𝑥𝜕𝑡 + 𝛻 ∙ (�⃗⃗�𝑥) = 𝛻 ∙ {𝑀𝑥 [ 𝜕𝜕𝑥 (1𝑇 𝜕𝑓𝜕𝑥)∇𝑥 + 𝜕𝜕𝜙 (1𝑇 𝜕𝑓𝜕𝑥)∇𝜙 + 𝜕𝜕𝑇 (1𝑇 𝜕𝑓𝜕𝑥)∇𝑇]}.                    (16) 187 

Here, 𝜕𝑓/𝜕𝑥 is calculated from Eqs. (1) and (13) as 188 𝜕𝑓𝜕𝑥 = 1𝑉𝑚 {[𝐿𝐺𝑒 (1 − 𝑇𝑇𝑚𝐺𝑒) − 𝐿𝑆𝑖 (1 − 𝑇𝑇𝑚𝑆𝑖)] 𝑝(𝜙) + 𝑅𝑇𝑙𝑛 ( 𝑥1 − 𝑥) + 𝑤(𝜙)(1 − 2𝑥)} , (17) 189 

To ensure a composition independent diffusion coefficient D, the mobility Mx is taken as 190 

𝑀𝑥 = 𝐷(𝜙)𝑇𝜕2𝑓(𝜙, 𝑇, 𝑥)/𝜕2𝑥 = 𝑉𝑚𝐷(𝜙)𝑇(1 − 𝑥)𝑥𝑅𝑇 − 2𝑥(1 − 𝑥)𝑤(𝜙),                                                                     (18) 191 

where the phase-dependent diffusion coefficient is 192 

𝐷(𝜙) = 𝐷𝑆(1 − 𝜙) + 𝐷𝐿𝜙.                                                                                                              (19) 193 
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The diffusion coefficients in the liquid and solid SiGe phases are taken as DL = 3.0×10-8 m2 s-1 194 

and DS = 10-16 m2 s-1, respectively. When ∇𝜙 = 0 and ∇𝑇 = 0, the standard diffusion equation 195 

is obtained, as the Ge concentration C is related to the Ge molar fraction x by 𝐶 = 𝑥/𝑉𝑚. 196 

 For derivation of a heat transport equation, the energy density of a partially melted alloy 197 

at constant pressure and volume can be written in terms of the phase-field 𝜙 as,40 198 𝑒 = 𝜌[ℎ𝑝,𝑠(1 − 𝜙) + ℎ𝑝,𝑙𝜙],                                                                                                          (20) 199 

where ρ is the density of the SiGe alloy, which is assumed to be constant, and hp,s and hp,l, are 200 

the specific enthalpies of the solid and liquid phases, respectively. By inserting Eq. (20) into 201 

Eq. (12), we obtain 202 

𝜌 [𝑑ℎ𝑝,𝑠𝑑𝑇 (1 − 𝜙) + 𝑑ℎ𝑝,𝑙𝑑𝑇 𝜙] 𝑑𝑇𝑑𝑡 + 𝜌(ℎ𝑝,𝑙 − ℎ𝑝,𝑠) 𝑑𝜙𝑑𝑇 𝑑𝑇𝑑𝑡 = 𝛻 ∙ 𝑀𝑒𝑇2 𝛻𝑇,                                  (21) 203 

which can be recast into the conventional heat transport equation as 204 

𝜌 [𝑐𝑝,𝑠(1 − 𝜙) + 𝑐𝑝,𝑙𝜙 + 𝐿𝑑𝜙𝑑𝑇] 𝑑𝑇𝑑𝑡 = 𝛻 ∙ 𝑘𝛻𝑇.                                                                            (22) 205 

Here, k=Me/T
2 is the thermal conductivity, and  𝑐𝑝,𝑠 and 𝑐𝑝,𝑙 are the specific heat capacity of the 206 

solid and liquid phases, respectively. The terms in the square parenthesis can be defined as an 207 

apparent heat capacity 𝑐𝑝 208 𝑐𝑝=𝑐𝑝,𝑠(1 − 𝜙) + 𝑐𝑝,𝑙𝜙 + 𝐿 𝑑𝜙𝑑𝑇 ,                                                                                                        (23) 209 

where 𝐿 = 𝜌(ℎ𝑝,𝑙 − ℎ𝑝,𝑠) is the latent heat of melting for the SiGe alloy, which is estimated as 210 𝐿 = 𝑥𝐿𝐺𝑒 + (1 − 𝑥)𝐿𝑆𝑖  using Vegard’s law. By including the effect of the fluid flow with 211 

velocity field of �⃗⃗�, and a heat source, the final form of the heat transport equation in Eq. (22) 212 

can be written as 213 

𝜌𝑐𝑝 [𝑑𝑇𝑑𝑡 + �⃗⃗�  ∙ 𝛻𝑇] = 𝛻 ∙ 𝑘𝛻𝑇 + 𝑄.                                                                                                 (24) 214 

Here, the external heat source 𝑄, due to the volumetric absorption of the Gaussian laser beam, 215 

is given by Beer–Lambert law in terms of absorption coefficient α and laser intensity I as  216 



     

10 

 

𝑄 = 𝛼𝐼(x, y, z) = 𝛼 2(1 − 𝑅)𝑃0𝜋𝑟02 𝑒−2(x(𝑡)2+y2)/𝑟02𝑒𝛼z,                                                                (25) 219 

where R=0.4 is reflection coefficient, P0 is the optical power, r0 is the beam radius, and x(t) =217 𝑣𝑡 is given in terms of the time 𝑡 and constant scan speed 𝑣. 218 

 During laser scanning, the morphology of the liquid/solid interface, represented by the 220 

phase-field 𝜙, is dictated by the laser beam characteristics such as power, radius, scan speed, 221 

and wavelength, which determines the absorption coefficient. Additionally, the thickness of the 222 

solid/liquid interface doesn’t have a unique value, because it is determined by the temperature 223 

range (mushy zone) between the liquidus and solidus curves, and depends on the local 224 

temperature gradient 𝛻𝑇 and composition. For example, the smallest value for the thickness of 225 

the mushy interface occurs at the bottom of the molten zone, due to the highest temperature 226 

gradient. Therefore, to reduce the number of differential equations for the simulations of non-227 

dendritic alloy solidification, we assume that the phase-field 𝜙(𝑇) is an explicit function of the 228 

temperature T, smoothly rising from 𝜙 = 0  (solid) to 𝜙 = 1  (liquid) between the solidus 229 

temperature TS and liquidus temperature TL, which were calculated for the initial Ge molar 230 

fraction of x0=0.5. The temperature derivative of 𝜙  in Eq. (23) is defined by a unit area 231 

parabolic function, which moderates the capture and release of the latent heat as 232 

𝑑𝜙𝑑𝑇 = {  
  0,    𝑇 < 𝑇𝑚 − Δ𝑇/232Δ𝑇 (1 − (𝑇 − 𝑇𝑚)2(Δ𝑇/2)2 )0,   𝑇 > 𝑇𝑚 + Δ𝑇/2 ,  𝑇𝑚 − Δ𝑇/2 < 𝑇 < 𝑇𝑚 + Δ𝑇/2  }  

  ,                                      (26) 233 

where 𝑇𝑚 = (𝑇𝑆 + 𝑇𝐿)/2 is the melting temperature of the alloy, and Δ𝑇 = (𝑇𝐿 − 𝑇𝑆)/2 is the 234 

temperature range for the mushy zone. We also assumed that the thermal properties of the 235 

Si0.5Ge0.5 alloy such as the melting temperature and thermal conductivity are determined by the 236 

initial composition x0=0.5, and stay constant during the simulations.  237 

 238 
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Laser writing of in-plane longitudinal SiGe heterostructures with tunable 239 

compositionally-graded profiles at various constant scan speeds 240 

We begin our investigations of laser-driven heterostructure formation with some preliminary 241 

experimental work, by applying laser processing on homogenous SiGe epilayers with a 242 

thickness of 575 nm and a Ge concentration of 50%. The Si0.5Ge0.5 epilayers were epitaxially-243 

grown on (100) silicon substrates by reduced pressure chemical vapour deposition (RPCVD).16 244 

As a thermal source, we used a continuous wave (CW) laser operating at 532 nm and an 245 

experimental setup schematically shown in Supplementary Figure S2. The laser beam with a 246 

power of 3 W was focused to a spot with a diameter of 5 µm on the surface of the Si0.5Ge0.5 247 

epilayer by a 10× microscope objective. Scanning the stage under the fixed laser beam produces 248 

a traveling molten zone, where phase segregation occurs at the liquid/solid interface. Depending 249 

on the scan speed, the laser-driven liquid/solid interface produces microstripes solidified with 250 

varying Ge compositions on the top surface, as shown in the optical microscope image in Figure 251 

1(a). The laser-written SiGe microstripes for the low scan speeds of 0.1 and 1 mm s-1 are barely 252 

visible; however, wider microstripes emerge with a yellowish colour as the scan speed increases 253 

and Ge accumulates on the surface. 254 

We then carried out 3D FEM-based non-isothermal phase-field simulations to compare 255 

with the experimental results, conducted at the same power with different constant scan speeds. 256 

Buoyancy-driven convection within the laser-induced molten pool was neglected because the 257 

highest temperature is reached on the top surface, where the fluid with the lowest density 258 

already resides. On the other hand, the thermocapillary effect, which is due to the temperature 259 

dependent surface tension, is the dominant driving force for the convection, which can result in 260 

fluid flows with high speeds in a range of 1-10 m s-1 for semiconductors melted by lasers.41,42 261 

To understand the effect of the thermocapillary convection on the distribution of composition 262 

within the molten zone, Navier-Stokes equations were solved concurrently with Eqs. (16) and 263 

(24). To reduce the simulation volume and computational cost, we chose a beam spot size of 2 264 
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µm and a scan range of 10 µm, which are smaller in size compared to the experimental 265 

parameters. The other parameters used in the simulations were: optical power of 200 mW, scan 266 

speeds in the range of 1-500 mm s-1, and a Si0.5Ge0.5 epilayer (epi-SiGe) with a thickness of 500 267 

nm. The values used for the material and thermal properties of the SiGe alloys were taken from 268 

the literature (Supplementary Table 1). Further details regarding the implementation of the 269 

FEM-based phase-field simulations are given in the Methods. 270 
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Fig. 1: Laser writing of in-plane longitudinal SiGe heterostructures via scan-speed-272 

dependent spatial redistribution of Ge. a) Optical microscope image showing laser-written 273 

microstripes on a Si0.5Ge0.5 thin film epitaxially grown on Si substrates, for scan speeds in the 274 

range of 0.1-200 mm s-1. b) Results of FEM-based non-isothermal phase-field simulations for 275 

laser-driven phase segregation are given as composition colour maps showing the Ge molar 276 

fraction 𝑥(𝑟) for the short transient (blue) and indefinitely-long steady-state regions (yellow-277 

orange) solidified behind the laser-induced molten zone (red) traveling at a constant scan speed 278 

in the range of 1-500 mm s-1. c) A Ge-rich stagnant layer is formed due to the diffusion and d) 279 

thermocapillary-driven convection within the traveling molten zone, which is shown here only 280 

for at 1 mm s-1. e) Simulated spatial redistribution of the composition in the cross-section and 281 

on the top surface of a laser-written microstripe. An in-plane longitudinal SiGe heterostructure 282 

was formed with a Ge-rich strip core and Si-rich under-cladding. f) Optical microscope image 283 

showing the angle polished cross-section and top facet of a longitudinal SiGe heterostructure 284 

laser-written at 200 mm s-1 for the sake of experimental comparison. 285 



     

13 

 

The simulation results presented in Figure 1(b) show the spatial redistribution of the Ge 286 

molar fraction x within the laser-processed microstripes at various constant scan speeds. The 287 

laser-induced molten zone (in red colour) travels along the scan direction dragging the Ge-rich 288 

liquid, and solidifies at the trailing edge with a scan-speed-dependent redistribution of the initial 289 

composition x0=0.5. After a short Si-rich transient (blue colour), an indefinitely long steady-290 

state region emerges with a Ge-rich (x > 0.5) strip core (orange) and a Si-rich (x < 0.5) under-291 

cladding. Distribution of the composition in the molten zone is not homogenous as shown in 292 

Figure 1(c), because the thermocapillary convection pushes the liquid radially outwards from 293 

the centre as shown in Figure 1(d), forming a Ge-rich stagnant layer close to the boundary 294 

(darker red), where the flow speed decreases to 0 m s-1 from a maximum value of 2.3 m s-1. At 295 

high scan speeds, a build-up of Ge occurs at the trailing edge because of insufficient diffusion-296 

limited transport to reach complete mixing in the stagnant layer, as in the case for low scan 297 

speeds.  298 
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 299 

Fig. 2: STEM and EDX analysis of an in-plane laser-written longitudinal SiGe 300 

heterostructure at a scan speed of 200 mm s-1. a) High-angle annular dark-field image 301 

(HAADF) showing the material contrast at the cross-section of the laser-processed region. b) 302 

Simulated result showing SiGe composition at the cross-section for comparison. The image size 303 

was rescaled accordingly to match the beam size used in the experiments. EDX images showing 304 

c) Ge and d) Si spatial distributions at the cross-section.  305 
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To compare our simulation results with the experiments, a laser-processed SiGe epilayer 306 

was cleaved in the middle, and its cleaved edge was angle polished to reveal the cross-section 307 

of a longitudinal heterostructure laser-written at a scan speed of 200 mm s-1. The simulated 308 

redistribution of the composition on the top surface and in the cross section shown in Figure 309 

1(e), agrees well with the experimental result shown in the optical microscope image given in 310 

Figure 1(f). The Ge-rich top surface (yellow) and boundary of the Si-rich cladding (blue) are 311 

clearly observable via the natural colour contrast. Additionally, the SiGe microstripe was 312 

analysed using STEM with EDX. A high-angle annular dark-field (HAADF) image, which was 313 

taken with 14000× magnification of the cross-section at 200 keV, shows the material contrast 314 

due to the composition redistribution in the solidified region in Figure 2(a). Our simulated result, 315 

which was calculated from the simulation data in Figure 1(e), shows the Si1-xGex composition 316 

at the cross-section in Figure 2(b). It agrees qualitatively well with the EDX images revealing 317 

the spatial redistribution of Ge and Si separately in Figure 2(c,d). 318 

The calculated Ge molar fraction profiles along different directions at the top surface 319 

and cross-section are given in Figure 3(a-c) for the in-plane longitudinal SiGe heterostructures 320 

laser-written at different scan speeds. The increase of the Ge content in the stagnant layer close 321 

to the liquid/solid interface can be clearly seen in Figure 3(a). A maximum Ge molar fraction 322 

of x=0.7 is reached on the top surface in the solidified region for the scan speed of 200 mm s-1. 323 

Higher scan speeds result in the levelling off of the Ge composition x, widening the width of 324 

the Ge-rich strip core, as shown in Figure 3(b) for the scan speed of 500 mm s-1. The phase-325 

field gradient ∇𝜙 has the highest value at the bottom of the molten zone, which increases the 326 

effect of phase segregation according to Eq. (16). Therefore, the most Si-rich region in the 327 

under-cladding occurs at the bottom, as shown in Figure 3(c). The effect of laser driven phase 328 

segregation on the dispersion of the Ge molar fraction can be clearly seen by calculating 329 

histograms of the composition within the entire solidified volume in the steady-state region for 330 
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different scan speeds, as shown in Figure 3(d). These results complement our understanding of 331 

the formation of in-plane longitudinal heterostructures using laser processing.  332 
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Fig. 3: Simulation results showing the Si1-xGex composition profiles along different 334 

directions on various surfaces, and dispersion of the initial composition for scan speeds in 335 

the range of 1-500 mms-1. Inset figures show the surface and direction where the composition 336 

profile was taken. Ge molar fraction x(r) along the a) longitudinal and b) transverse directions 337 

on the top surface, and c) along the vertical direction at the cross-sections of laser-written SiGe 338 

microstripes. d) Normalized volume histogram showing the scan-speed-dependent dispersion 339 

of the initial composition x0= 0.5 within the whole solidified volume in terms of the Ge molar 340 

fraction. The bin size is ∆x=0.01. Inset shows the solidified volume in the steady-state region, 341 

where the histograms were calculated.  342 

The phase-field modelling provides good agreement when compared to the 343 

experimental observations of the scan-speed-dependent Ge redistribution. For example, both 344 

the experimental data given in Figure 1(a) and the simulation results given in Figure 3(b) show 345 

that the widening of the Ge-rich strip core on the top surface occurs as the scan speed increases. 346 
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Moreover, the simulated redistribution of the composition at the cross-section of the laser-347 

processed region displays similar features compared to the experimental result, as shown in 348 

Figure 2(b-d). Our FEM-based approach was not limited by the computer memory (<100 GB), 349 

but by the total time (>2 days) required to run the simulations. To reduce the total simulation 350 

time significantly, the thermocapillary-driven convection can be neglected, because the absence 351 

of the convection (Supplementary Figure S3) would only result in a slightly higher Ge content 352 

(∆x<0.02) at the centre of the top surface. This difference is experimentally insignificant, as we 353 

showed in our previous work that the achievable compositional resolution is typically on the 354 

order of 0.05 mol.26  355 

Modal analysis of in-plane longitudinal SiGe heterostructures, and their application as 356 

graded-index optical waveguides 357 

Similar to the double heterostructure semiconductor lasers, where optical guiding is achieved 358 

in a high index core sandwiched between two lower index claddings, a single longitudinal 359 

heterostructure formed with a Ge-rich stripe core and a surrounding Si-rich cladding can 360 

provide confinement for light. To illustrate this concept, Maxwell’s equations were solved in 361 

the frequency domain to calculate the optical modes supported by a longitudinal heterostructure 362 

laser-written at a scan speed of 200 mm s-1 by a focused beam of 2 µm in diameter. The 2D Ge 363 

molar fraction profile of the laser-written SiGe microstripe, which was obtained by a phase-364 

field simulation, is given in Figure 4(a). The corresponding refractive index profile n(x) at a 365 

wavelength of 2 µm was calculated by using,43 366 𝑛(𝑥) =  3.451 + 0.2951𝑥 + 0.3419𝑥2,                                                                                       (43) 367 

which is a parabolic function of x.  368 

The process temperatures, which are high enough to melt the surface, result in biaxial 369 

tensile strains within laser-processed SiGe thin films, due to the difference between the thermal 370 

expansion coefficients of Ge and Si. A maximum temperature of 1600 °C is typically reached 371 

during laser melting of the SiGe thin films, resulting in residual strains as high as 0.6%, as 372 
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demonstrated recently.26 Therefore, photo-elastic effects, which are strain-induced changes in 373 

the refractive index n, need to be considered.44 We found that an increase of 3% in the refractive 374 

index within the laser-processed strained region gives the best agreement with the optical 375 

experiments in terms of matching the mode profiles. The resulting refractive index profile n(x), 376 

which includes the photo-elastic effects, is shown in Figure 4(b). The simulated fundamental 377 

mode profiles for the transverse electric (TE) and transverse magnetic (TM) polarized light at 378 

a wavelength of 2 µm are shown in Figure 4(c,d), respectively.  379 
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Fig. 4: Laser-written in-plane longitudinal SiGe heterostructures as graded-index optical 381 

waveguides. a) Simulated Ge molar fraction and b) calculated refractive index of the cross-382 

section of a SiGe heterostructure laser-written at a scan speed of 200 mm s-1. Simulated c) TE 383 

and d) TM polarized mode profiles obtained by modal analysis using the refractive index profile 384 

in (b). IR camera image showing the experimentally captured intensity profiles for the e) TE 385 

and f) TM polarized modes of light, which was free space coupled into the waveguides using a 386 

fibre laser emitting at 2 µm wavelength. 387 

For a proof-of-principle experimental demonstration, we used a 1 cm long SiGe 388 

microstripe that was written using a laser with a spot size of 5 µm at a scan speed of 200 mm s-389 

1. The end facets were prepared by manual cleaving for optical coupling, and a fibre laser 390 

emitting light at a wavelength of 2 µm was first free space coupled into the SiGe graded-index 391 

waveguide by using a 60× objective. The light at the output was then collimated by a 40× 392 

objective and imaged by infra-red (IR) camera, which captured the images of the TE and TM 393 
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polarized modes shown in Figure 4(e,f), respectively. A schematic for the experimental setup 394 

used for optical coupling is given in Supplementary Figure S4. In agreement with the optical 395 

simulations, we observed that only the fundamental TE and TM polarized modes were guided 396 

through these 1 cm long embedded SiGe waveguides at a wavelength of 2 µm. Moreover, 397 

optical guiding was observed even for the waveguide written at the lowest scan speed of 0.1 398 

mm s-1, where the least compositional separation of Si and Ge occurs within the solidified 399 

region. This observation confirms our assumption that the residual tensile strains increase the 400 

refractive index in the laser-processed regions to allow for optical guiding. The TM polarized 401 

mode was found to be lossy; therefore, it leaks from the strip core decreasing the intensity of 402 

the coupled light during propagation. However, the thickness of the grown SiGe epilayer can 403 

be increased to obtain a deeper melted region, providing more confinement for the TM 404 

polarized mode. Graded-index SiGe waveguides have recently received increased interest for 405 

mid-infrared (MIR) applications in integrated photonics,45 due both to the low optical losses (1 406 

dB cm-1) and their tunable optical properties via compositional engineering. 407 

Simulations of in-plane transverse SiGe superlattices fabricated by modulation of the scan 408 

speed, optical power, and beam position during laser processing 409 

As the steady-state region within the laser-written microstripes is indefinitely long (depending 410 

only on the total scan range), the process parameters can be modulated to create transient effects 411 

superimposed on the constant scan speed during laser writing. We first performed simulations 412 

with the modulation of the stage scan speed to produce periodic heterostructures in the steady-413 

state region. A 77.6 kHz square wave modulation of the stage scan speed 𝑣 between 25-50 mm 414 

s-1 with a duty cycle of 1/3 resulted in a SiGe superlattice with a period of Λ=430 nm, as shown 415 

in Figure 5(a). The resulting periodic composition profile is embedded into the Ge-rich core 416 

strip and diminishes close to the surrounding Si-rich cladding (down to a depth of 300 nm), as 417 

shown in the inset figure. The composition profile (blue) along the longitudinal axis on the top 418 

surface shows the Ge molar fraction, where the DC level is determined by the initial scan speed, 419 
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as shown in Figure 3(a). It is possible to obtain a higher DC composition level up to the 420 

maximum Ge molar fraction of x=0.7 by increasing the scan speed; however, this requires 421 

application of much higher modulation frequencies to achieve the same superlattice period. To 422 

demonstrate a smaller period and a different DC level, we performed a 621.1 kHz modulation 423 

of the stage scan speed v between 100-200 mm s-1, which forms a SiGe superlattice with a 424 

period of Λ=220 nm, as shown in Figure 5(b). Although smaller periods down to 100 nm could 425 

be achieved, the finiteness of the mesh (minimum 20 nm) limits the resolution of the simulated 426 

heterostructures. 427 

Modulation of the scan speed by controlling the movement of the stage, where the 428 

sample is fixed, might be experimentally limited by the maximum achievable acceleration due 429 

to the inertia of the stage mechanism.  Much faster translational transients for the laser-induced 430 

molten zone can be realized by modulating either the laser power or position of the laser beam 431 

using electro-optic modulators and deflectors or acousto-optic scanners, while the stage moves 432 

independently at a constant scan speed. We performed 20% modulation of the laser power 433 

P0=200 mW with a duty cycle of 1/3 at 61.0 kHz to obtain an in-plane transverse SiGe 434 

superlattice with a period of Λ=402 nm, as shown in Figure 5(c). In this case, we were able to 435 

obtain a greater change in the Ge molar fraction in the range of ∆x=0.55-0.78 mol, via the higher 436 

acceleration of the solidification boundary when the spot size suddenly shrinks due to the 20% 437 

power reduction. Another convenient option for modulation is switching the position of the 438 

laser beam back and forth on the sample surface while the stage moves at a constant scan speed. 439 

A 61.1 kHz sawtooth modulation of the beam position with a displacement of D0=200 nm 440 

resulted in a SiGe superlattice with a period of Λ=410 nm, as shown in Figure 5(d). Slowing 441 

the speed of the beam spot in the return cycle helps to lower the Ge molar fraction down to the 442 

initial value of x0= 0.5 between the two maxima of the composition. Animated simulation 443 

results for modulation of the laser beam position and power are shown in Supplementary 444 

Movies S1 and S2, respectively.  445 
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Fig. 5: Laser-written in-plane transverse SiGe superlattices fabricated by sub-millisecond 447 

modulation of scan speed, optical power, and beam position. Composition colour maps 448 

show the Ge molar fraction x on the top surface of the laser-written microstripes. Inset figures 449 

show the periodic composition distributions at the transverse and longitudinal cross-sections to 450 

reveal the depth of the modulated regions. Modulated process parameters and resulting 451 

composition profiles on the top surface are given in red and blue colours, respectively. All 452 

square wave modulations have a duty cycle of 1/3. a) A 77.6 kHz square wave modulation of 453 

the stage scan speed v between 25-50 mm s-1 results in an in-plane SiGe superlattice with a 454 

period of Λ=430 nm. b)  621.1 kHz modulation of the stage scan speed v between 100-200 mm 455 

s-1 forms a SiGe superlattice with a period of Λ=220 nm. c) 61.0 kHz 20% modulation of the 456 

laser power P0=200 mW forms a SiGe superlattice with a period of Λ=402 nm. d) 61.1 kHz 457 

sawtooth wave modulation of the beam position with a back-and-forth displacement of D0=200 458 

nm forms a SiGe superlattice with a period of Λ=410 nm. 459 
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3D FEM-based optical simulations for transmission and reflection spectra of an in-plane 460 

transverse SiGe superlattice as a Bragg grating notch filter 461 

Waveguide Bragg gratings, which consist of alternating layers of materials with different 462 

refractive indices within a waveguide, is one of the basic elements used in integrated photonics 463 

today. Primary methods used to fabricate Bragg gratings are material removal by etching,46 and 464 

local refractive index modification induced by ultra-fast lasers.47 Laser-written in-plane 465 

transverse SiGe superlattices can be exploited as a waveguide Bragg grating if the pitch size 466 

(period) Λ of the grating satisfies the Bragg condition 467 𝜆 =  2𝑛𝑒𝑓𝑓Λ,                                                                                                                                       (28) 468 

where λ is the wavelength of interest, and neff is the effective index of the reflected optical mode 469 

in the waveguide.  470 
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Fig. 6: Laser-written in-plane transverse SiGe superlattice on a silicon substrate as a 472 

waveguide Bragg grating notch filter in the mid-IR regime. a) Composition colour map 473 

shows the periodic Ge molar fraction x on the top surface of an in-plane transverse SiGe 474 

superlattice written at a stage scan speed of 25 mm s-1, using a sawtooth wave modulation of 475 

the laser beam position. Calculated optical intensity profile of a TE polarized mode is shown as 476 

superimposed on the output facet of the simulated waveguide Bragg grating. b) Ge molar 477 

fraction profile as a function of position along the centre line on the top surface showing a 10-478 

period grating with a pitch size of 285 nm. c) Calculated transmission and reflection spectra of 479 

the 10-period SiGe waveguide Bragg grating by 3D FEM-based optical simulations. The 480 

reflection data (red) is magnified 10 times for clarity. 481 
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We simulated an in-plane transverse SiGe superlattice laser-written at a constant stage 482 

scan speed of 25 mm s-1, using a sawtooth modulation of the laser beam position with a 483 

displacement D of 200 nm. A 10-period Bragg grating with a pitch size of Λ0=285 nm was 484 

chosen for a wavelength filtering application at an IR wavelength range around 2 µm, as shown 485 

in Figure 6(a). The total length of the Bragg grating was kept short, due to the computational 486 

constraints for the FEM-based optical simulations in 3D. However, to increase the coupling 487 

between propagating and counter-propagating optical modes in such a short waveguide Bragg 488 

grating, we ensured that the maximum refractive index modulation was achieved in the periodic 489 

composition profile (∆x=0.45-0.75), as shown in Figure 6(b). The calculated transmission and 490 

reflection spectra of the 10-period waveguide Bragg grating are shown in Figure 6(c). Further 491 

details regarding implementation of the optical simulations are given in the Methods. 492 

 A dip in the transmission spectrum was observed at a wavelength of 2038.9 nm for the 493 

reflected TE mode with an effective index of neff = 3.5244. By using the Bragg condition in Eq. 494 

(28), we found that this corresponds to a pitch size Λ of 289.3 nm, which is close to the 495 

simulated pitch size Λ0 = 285 nm. A slight mismatch in the pitch is expected due to the coarser 496 

size of the mesh (40 nm) used for the optical simulations. Additionally, we noticed that the 497 

reflection was suppressed, which is desired for a notch filter application. The reduction in the 498 

reflection is common for single mode waveguides with asymmetric gratings, like a tilted fibre 499 

Bragg grating, which couple the reflected light into higher order lossy modes. As our laser-500 

written waveguides support only the fundamental TE mode at a wavelength of 2000 nm, we 501 

expect high losses for the reflected higher order mode. A waveguide Bragg grating with a high 502 

number of periods (>1000) and a longer total length (>300 µm) would be straightforward to 503 

fabricate to achieve better rejection ratios in the stop band and thus could find ready use in 504 

integrated photonics applications. 505 

 506 

 507 
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DISCUSSION 508 

Laser-driven phase segregation in alloy epilayers allows for achieving Ge concentrations 509 

remarkably higher (x=0.7) and lower (x=0.25) than the initial composition x0=0.5 within the 510 

solidified regions. The laser-processed region consists of a Ge-rich core and a Si-rich under-511 

cladding, forming an in-plane longitudinal heterostructure. At high scan speeds, Ge 512 

accumulates at the trailing edge of the annular stagnant layer, which is formed by the 513 

thermocapillary convection within the laser-induced molten zone. The solidified region 514 

becomes compositionally more uniform and wider on the top surface after a high scan speed, 515 

at which a maximum Ge concentration is reached. To obtain higher Ge concentrations, either 516 

SiGe epilayers with an initially higher Ge content or a multi-scan approach can be used.  517 

The transient effects superimposed on the constant stage scan speed via programmable 518 

modulation of the laser processing parameters allows for fabrication of versatile in-plane 519 

periodic heterostructures with interfaces transverse to the scan direction and in the morphology 520 

of the laser beam. Therefore, laser beam shapers can be used to obtain non-circular beam shapes 521 

such as square, super-ellipse or V-shape. For example, in-plane traverse heterostructures with 522 

straight interfaces perpendicular to the scan direction could be written using a rectangular-523 

shaped laser beam. Although the transverse size of the heterostructure is determined by the size 524 

of the laser beam spot, the pitch of the periodic heterostructures are not diffraction-limited. This 525 

is because it is not the spot area,48 but the displacement of the 2D liquid/solid interface in the 526 

scan direction that determines the pitch size, which in principle can be as small as the resolution 527 

of the beam scanner/deflector allows. Moreover, laser-driven phase segregation with 528 

modulation of the process parameters could be applied to fabricate in-plane heterostructures in 529 

other pseudo-binary systems, such as metal alloys (Ni–Cu), ternary alloys of group III-V 530 

semiconductors (AlxGa1-xAs), quaternary alloys of transition metal dichalcogenides 531 

(MoxW1−xSySe1−y),
13 and ceramics (Al2O3–Cr2O3), which have a miscibility gap in their phase 532 
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diagrams similar to that of SiGe. Finally, other thermal sources of directed energy, such e-533 

beams, could be used to melt the surface and to induce similar in-plane heterostructures. 534 

 In conclusion, we have introduced a concept for direct laser writing of in-plane 535 

heterostructures and superlattices within SiGe epilayers, controlling the steady-state and 536 

transient effects during non-dendritic solidification by modulating the laser scan speed, optical 537 

power, and beam position. 3D FEM-based non-isothermal phase-field simulations including 538 

the effects of laser-induced thermocapillary convection were carried out to investigate the 539 

formation of in-plane heterostructures with longitudinal and transverse interfaces. We also 540 

provided experimental support for laser-driven phase segregation in epitaxially grown Si0.5Ge0.5 541 

films, and demonstrated optical coupling into in-plane longitudinal SiGe heterostructures, 542 

which can function as graded-index optical waveguides in a wavelength range of 2-8 µm. 543 

Another photonic application was demonstrated by calculating the transmission and reflection 544 

of a waveguide Bragg grating based on in-plane transverse SiGe superlattices with a period of 545 

285 nm. On-chip, post-process laser writing of in-plane nanoscale heterostructures and 546 

superlattices within epilayers of semiconductor alloys without the strain and lattice matching 547 

limitations could pave the way for new device applications in the fields of microelectronics, 548 

optoelectronics, and photonics. 549 

METHODS 550 

Implementation of 3D FEM-based phase-field simulations for laser processing 551 

We used the IRIDIS-5 supercomputer (1 node with 40 cores and 192 GB memory) in the 552 

University of Southampton to run simulations in 3D with a finite element analysis software 553 

(COMSOL Multiphysics 5.5). Time dependent Navier-Stokes equations, which are fully 554 

coupled with the heat transport equation in Eq. (24), were solved using the generalized 555 

minimum residual iterative solver (GMRES) with an algebraic multigrid preconditioner (AMG). 556 

We also accounted for cooling of the top surface of the laser-processed SiGe epilayer, due to 557 

the air convection and surface-to-ambient radiation, using boundary conditions. The 558 
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convection-diffusion-segregation equation in Eq. (16), which is coupled to the Navier-Stokes 559 

and heat transport equations, was solved in a segregated way using a parallel sparse direct solver 560 

(PARDISO). Time discretization was done using the backwards differentiation formula (BDF). 561 

The minimum mesh size was taken as 20 nm to resolve the thickness of the solid/liquid interface. 562 

To confirm conservation of Ge content in the Si1-xGex epilayer, we calculated volume average 563 

of x in the total simulation volume VSiGe, which satisfied the mass conservation constraint 564 ∫𝑥(𝑟, 𝑡)𝑑𝑉 /𝑉𝑆𝑖𝐺𝑒 = 𝑥0 during simulations. On the other hand, the instantaneous value of the 565 

Ge molar fraction 𝑥(𝑟, 𝑡) was also monitored to ensure that it always stays in the range 0 < x < 566 

1. All simulation parameters are given in Supplementary Table S1.  567 

Implementation of FEM-based optical simulations for photonic devices 568 

We used the COMSOL wave optics module for modal analysis of the graded-index waveguides 569 

and waveguide Bragg gratings. The fundamental optical modes were found by solving the 570 

vector Helmholtz equation, using a multi-frontal massively parallel sparse direct solver 571 

(MUMPS). The transmission and reflection spectra of the laser-written SiGe waveguide Bragg 572 

grating in the wavelength range of 2030-2050 nm were calculated from the scattering matrix sij 573 

elements found by the 3D FEM-based optical simulations with a wavelength step of ∆λ=0.1 nm.  574 
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