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A B S T R A C T

This study investigates the lattice strain induced by Ge:Sb alloy films on Ge substrates. Metastable films are 
formed by UV pulsed laser melting (PLM) of a Sb-coated Ge substrate. We fabricate thin Ge:Sb layers, system
atically varying processing parameters and crystal orientation to study strain and strain-relaxation-induced de
fects. High-resolution X-Ray diffraction and electrical characterization revealed extremely high strain values as 
well as ultra-low resistivity induced by Sb. Maximum strain before the onset of strain relaxation was found to 
depend on crystal orientation with the Ge (111) orientation yielding the highest strain values. By combining 
structural as well as electrical information, we estimated Sb contribution to lattice expansion, separating elec
tronically active from inactive fractions. Strain optimization was applied to an innovative application that is the 
production of bent crystals for high energy particle beam deflection and radiation production. Bending tests on 
thin Ge substrates confirmed the method, with controlled PLM processing allowing inducing quantifiable cur
vature with smallest achievable radii of 4.5 m. Exploiting non-equilibrium doping/alloying to exceed equilibrium 
Sb solubility is promising for applications ranging from ultra-low-resistivity layers in scaled nano-electronic 
devices to bent crystals for advanced systems like crystal-based undulators, enabling new approaches to high- 
energy photon production.

1. Introduction

Germanium crystals are currently a widely used material in cutting- 
edge scientific research for applications ranging from gamma [1–3] and 
IR sensing [4–7] to medical imaging applications [8] and uses in micro- 
nanoelectronics [9] as well as photonics [10], and for applications in 
accelerated beam physics [11–14]. Common features among these ap
plications are the availability of germanium crystals with excellent 
crystalline quality, i.e. a very low or negligible concentration of lattice 
defects, high control of doping impurities from high purity germanium 
bulk material to hyper doped germanium films [3,15,16], and high 
control of lattice strain.

In the development of Ge-based devices, crystal lattice strain is a 
fundamental parameter that directly influences the intrinsic properties 
of germanium, such as its band structure [17–19]. Strain can be 

introduced by stressor layers or through direct mechanical deformation. 
In micro- and nano-electronic applications, epitaxial layers of alloys or 
highly doped crystals can induce strain and modify electronic proper
ties. For example, Ge:Sn alloys [20,21] have attracted significant in
terest in recent studies [18,22–24], as well as for emerging quantum 
technologies, such as the realization of germanium-based qubits [25] for 
quantum computing [26,27]. Furthermore, lattice strain can be har
nessed to produce bent crystals, which are crucial in experiments 
involving the coherent interaction of accelerated beams with crystals 
[28–33].

Pulsed laser melting (PLM) has yielded promising results in the for
mation of alloyed films, as it enables the synthesis of highly concen
trated alloys and doped layers. This advantage arises from its non- 
equilibrium processing conditions, which allow surpassing the solubil
ity limits of alloying and doping elements [15,16,34,35]. This is 
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particularly relevant for several applications, such as ultra-low re
sistivity layers for nanoelectronics, hyper-doped layers for photonic and 
plasmonic applications in the NIR range with low plasma wavelength, 
etc. Furthermore, a highly promising new application of this research 
explored in this paper lies in the fabrication of curved crystals for high- 
energy beam manipulation [11]. As widely reported in the literature, 
single curved crystals can bend particle beams ranging from a few MeV 
up to ultra-relativistic energies through the channeling effect. These 
crystals are increasingly recognized as promising candidates for 
advanced beam optics in next-generation accelerators [36] and for the 
generation of high-energy electromagnetic radiation [13,37].

Exploiting the ability to deflect beam trajectories using only the 
electrostatic potential of the crystal, thus avoiding the need for super
conducting magnets operating at extremely high fields, curved crystals 
can enable the production of electromagnetic radiation from energetic 
beams that surpasses the limits imposed by current magnet, and 
undulator-based technologies [13,37,38]. At the forefront of current 
research is the development of crystal undulators with periods on the 
order of hundreds of microns, which could enable radiation generation 
at energies equal to or exceeding the MeV scale [39]. This would be 
achieved by imposing a periodic sinusoidal deformation in a bent single 
crystal, thereby inducing undulation in an ultra-relativistic particle 
beam [40,41].

In the case of germanium employed for coherent interaction with 
accelerator beams, sample deformation induced by strain is most often 
applied at the macroscopic scale through mechanical methods, such as 
anticlastic or quasi-mosaic bending. While for silicon several approaches 
have been proposed that exploit stress-inducing films to deform the 
crystalline lattice [42–44], only limited effort has been directed toward 
germanium, despite its potential advantages for beam interaction effi
ciency arising from its higher atomic mass [45,46].

Over the past decades, considerable research has focused on the 
development of crystalline undulators [37,39,47–50], devices designed 
to generate high-brilliance radiation when a periodically deformed lat
tice is traversed by an accelerated beam. In this case, pure mechanical 
bending is not a feasible solution, and surface stressor layers suitable for 
micro-patterning are required. To date, however, such approaches have 
been proposed almost exclusively for silicon [42,48].

Beyond accelerator-beam applications, strain engineering in Ge is 
also highly relevant to Si-integrated platforms, particularly Ge-on-Si and 
Ge-on-insulator (GOI), including SOI-based architectures, where high 
crystalline quality is pursued for electronic and photonic devices [51]. In 
parallel, Ge-on-Si and GOI platforms have enabled key device concepts 
such as Ge-on-Si photodetectors and Ge waveguides on GOI wafers, as 
well as local Ge-on-insulator structures where strain is used to tailor the 
electronic band structure [51].

In this context, the stressor-layer approach investigated here namely, 
PLM-enabled formation of epitaxial Ge:Sb layers with large, controllable 
strain, can be viewed as a potentially transferable building block for Si- 
compatible Ge stacks, while recognizing that Ge-on-Si/GOI structures 
may include pre-existing epitaxial/thermal strain and interface-related 
defect distributions that must be accounted for in future integration 
studies.

The aim of this work is to establish a foundation for bridging micro- 
and nano-electronic pulsed laser melting processing (used to produce 
thin-film alloys) with the fabrication of crystalline devices for acceler
ated beam applications. Specifically, we investigate the limits of strain 
deformation that can be achieved by Sb incorporation in Ge through 
PLM. Previous studies have shown that Sb can be very efficiently 
introduced into the Ge lattice via PLM, reaching both very high doping 
levels and strain values [16,52]. Notably, the lattice expansion induced 
by Sb is larger than that induced by Sn, even though Sb and Sn atoms 
have comparable atomic dimensions. In fact, according to the expression 
aGe:dopant = aGe +Δadopantx which relates the lattice parameter aGe:dopant to 
the dopant atomic concentration x, the specific expansion for Sn ΔaSn =

0.8 Å [21] increases up to about ΔaSb ~1.7 Å [16,53,54] for Sb. This 

difference arises from the electronic contribution associated with the 
dopant nature of Sb [55]. These characteristics make Sb alloying/doping 
a highly promising route for strain engineering in Ge.

Despite this understanding, the maximum strain achievable through 
Sb alloying/doping using PLM remains unclear, and no studies have 
addressed so far the feasibility of employing different substrate orien
tations, as required for advanced beam devices. In this work, we perform 
a systematic investigation by varying the laser energy density, number 
of pulses, Sb precursor film thickness, and crystallographic orientation 
of Ge substrates. For each set of process parameters, both the absence of 
strain relaxation defects and the strain profile, i.e. the strain deformation 
(∊‖ = (aGe − aGe:Sb)/aGe:Sb) as a function of the depth of the PLM- 
processed layer, are evaluated. High-Resolution X-Ray diffraction 
(HRXRD) is employed, enabling precise determination of the onset of 
strain relaxation and the maximum strain deformation attainable in the 
layer. A further unresolved aspect of the PLM Ge:Sb process concerns the 
role of non-active Sb. Not all Sb atoms contribute electrons to the con
duction band, and the structural nature as well as the strain contribution 
of these electrically inactive Sb atoms remain to be clarified. Bearing in 
mind the potential applications that involve inducing bending in the 
bulk, we also evaluated in specific samples the curvature induced by the 
homogeneous film into the substrate.

Stoney’s formula [56] relates the substrate radius of curvature R to 
the mechanical properties of the stressor layer acting on it: 

σf tf =
Esh2

6(1 − νs)

1
R

(1) 

where σf tf is the product of the in-plane stress component and the film 
thickness [57], Es is the Young's modulus of the substrate, h is the 
thickness of the substrate and νs is the Poisson ratio of the substrate.

When the lattice constants of the film are equal (or can be approxi
mated as equal) to those of the substrate, as in the case of Ge:Sb alloys, 
Eq. (1) can be simplified to: 

∊‖tf =
h2

6
1
R

(2) 

where ∊‖ is the strain parallel component. We note that, while in the first 
case the curvature may change when different crystal directions are 
considered, due to the anisotropy of the elastic constant characteristic of 
a crystalline substrate, in the second case the elastic constants of the film 
and the substrate are the same in every direction and simplify to yield a 
single curvature in all directions.

Eq. (2) can be further generalized for the case of a non-homogeneous 
strain distribution along the film thickness: 
∫ tf

0
∊‖(t)dt =

h2

6
1
R

(3) 

Thus, the radius of curvature R can be directly related to the strain 
profile of the film, given the film and substrate thicknesses, parameters 
that can be experimentally measured. The strain integral measured by 
HRXRD, 

∫ tf
0 ∊‖(t)dt is successfully compared with the experimentally 

measured curvature radius R of selected samples, validating this 
approach. The strain integral is then employed as an optimization 
parameter to guide the selection of PLM processing conditions that yield 
high lattice deformation.

2. Experimental

2.1. Sample preparation

A double polished undoped Ge ((1 1 1), (1 1 0) and (0 0 1)) wafer 
(supplied by Biotain) was cut in 0.9 × 0.8 cm2 samples and cleaned with 
hot 2-propanol, acetone and bi-distillate water to remove dicing re
siduals. Two types of sample thicknesses were produced: 0.5 mm-thick 
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samples were primarily used for the diffraction and electrical activation 
studies, while thinner samples, with thicknesses ranging from 150 to 
180 µm, were specifically fabricated for the bending tests.

Sb deposition on Ge substrates was conducted via RF magnetron 
sputtering: the germanium substrates were placed in a stainless-steel 
vacuum chamber, evacuated to a base pressure lower than 1 × 10− 4 

Pa, and by a RF magnetron sputtering equipment (power set at 30 W), 
different thicknesses of metallic Sb (99.9999% purity supplied by ACI 
Alloys) were deposited on the substrates. The sputtering deposition 
rates, and the final Sb thickness were determined via RBS analysis [58].

2.2. Diffusion process via non-equilibrium technique

The deposited Sb layers were thermally processed by using Pulsed 
Laser Melting (PLM) to promote the metal in-diffusion into Ge substrate 
and forming the desired superficial stressor layer. A KrF laser (Coherent 
COMPex 201F) with a single pulse of 22 ns, delivering a wavelength 
equal to 248 nm was used for this scope, allowing the melting of the 
sample surface in a 5 × 5 mm2 spot of the laser. The laser energy density 
and the number of pulses used in the treatments were varied in a range 
from 400–900 mJ cm− 2 and 1–32 pulses (1 Hz repetition rate). The 
resulting lateral resolution at the sample plane is <30 µm thanks to the 
installed optical path. These parameters guaranteed that the Ge surface 
was melted and the Sb diffused toward the bulk with no Sb loss [16]. 
After a thermal dissipation delay (around 100–200 ns, depending on 
laser parameters [59–61]) the Ge epitaxially regrew and the Sb diffused 
in liquid Ge was incorporated in the crystal lattice. The resulting layers 
were epitaxial to the substrate and generally exhibited excellent crys
tallographic quality, as already highlighted by several studies in the 
literature [16,34]. The laser process was performed at room tempera
ture, in a low dust environment.

2.3. Characterization techniques

High Resolution X-Ray diffraction (HRXRD) was used to analyse the 
strain status and the presence of defects of Ge:Sb thin films by collecting 
reciprocal space maps and/or high-resolution scans. Omega-2theta 
scans were collected for assessing the film strain status through an X- 
Ray scattering simulation software called AMASS (Advanced Material 
Analysis and Simulation Software by Panalytical), while high resolution 
Omega scan was performed along film peak to monitor the presence of 
defects. Strain profile was modelled by a linear spline with 4 knots 
mimic with enough accuracy the diffusion profile and optimized mini
mizing the agreement between data and simulation by Genetic Algo
rithm embedded in the analysis software. All these measurements were 
performed using a Panalytical MRD X’Pert Pro diffractometer mapping 
different symmetrical and asymmetrical reflections depending on the 
substrate crystallographic orientation. The system was equipped with a 
Cu anode source, a W/Si multilayer parabolic mirror, and a Bartels 4- 
bounce Ge (2 2 0) asymmetric monochromator. Specifically, Kα1 radi
ation (8 keV) was chosen as the probing beam, and the angular accep
tance was limited to 12 arcseconds by a detector with a channel-cut 
(2 2 0) analyser. Overall resolution (divergence plus acceptance) of 
about 18 arcsec was obtained in the used set-up.

The electrical characterizations were conducted with a four-probe 
electrical apparatus according to the Van der Pauw method. The 
setup, provided by MMR Technologies, included a vacuum chamber 
housing four gold probes, which were connected to a Keithley 2600 
source-meter and a switch matrix. This configuration enabled sheet 
resistance and Hall effect measurements to determine carrier concen
tration. The entire system was operated via custom-developed software. 
For Hall measurements, a 0.65 T permanent magnet was integrated into 
the system [62]. The analysis of the electrical measurements was carried 
out in accordance with the literature and our previous work [16,53]. 
The starting Ge wafers are nominally undoped (about 2 × 1013cm− 3); 
the corresponding substrate areal carrier density (~1 × 1012 cm− 2 for a 

0.5 mm wafer) is ≪1% of the minimum Hall doses reported here, hence 
the substrate contribution is negligible.

A Tencor Profilometer P17 was used to measure the radius of cur
vature of sample by measuring the bow of sample surface before and 
after the stressor thin film synthesis. This measurement was made 
possible using a custom-designed sample holder that ensures repro
ducible sample mounting. The holder unique feature was its three- 
sphere support system, which guaranteed that the sample rested on 
only three points, thereby minimizing potential distortions and ensuring 
consistent positioning across multiple measurements.

The antimony layers on Ge were characterized by Rutherford Back
scattering Spectrometry (RBS) before and after the laser treatment by 
using 4He+ beam at 2.0 MeV delivered by AN2000 accelerator at INFN 
Laboratori Nazionali di Legnaro. Random and channeling measurements 
were used to perform a quantitative analysis of the thickness and to 
perform lattice localization measurements, respectively. Energy and 
solid angle calibrations were performed by using standard samples and 
the scattering angle for all measurements were set to 160◦ [63]. To 
enable channeling alignments and angular scans, a five-axis goniometer 
was used: the various samples were mounted on it, and their positioning 
was performed with an accuracy better than 0.01◦.

Atomic force microscopy (AFM) topography maps were acquired in 
ambient conditions on selected samples to assess the post-PLM surface 
morphology and correlate it with the structural response of the Ge:Sb 
stressor layer. A Nanosurf Flex AFM was used in tapping mode, mapping 
5 × 5 or 2 × 2 μm2 areas inside PLM laser spots using PPP tips.

Atomic force microscopy was also operated in Kelvin Probe Force 
Microscopy (KPFM) mode by exploiting a second lock-in amplifier 
available in our setup, using dedicated conductive probes (Multi75E-G) 
and grounding the sample. In this configuration, we simultaneously 
acquired the sample topography and the tip-voltage (surface potential) 
maps, which, depending on the specific KPFM implementation, provide 
spatially resolved information related to local work-function variations. 
The voltage maps were not calibrated; therefore, the measured tip- 
voltage must be interpreted only as relative contrast, rather than as an 
absolute work-function value.

Finally, Synchrotron X-Ray topography was carried out to analyze 
the bent samples of selected Ge crystals. Rocking Curve Imaging [64]
(RCI) offering high spatial (~6 μm) and angular (μrad) resolution were 
acquired using monochromatic 10.5 KeV X-Ray at the Diamond Light 
Source synchrotron (beamline B16) [65]. It involved capturing around 
300 diffraction images at different ω angles across the Bragg peak using a 
high-resolution 2D detector in Laue conditions. The variation in in
tensity of each pixel formed a rocking curve, which was analyzed indi
vidually through dedicated software. The RCI analysis software, which 
has been developed at BM05 beamline at ESRF, was used to fit each pixel 
of each RC by using a Gaussian function. This produces the values of 
integrated intensity, FWHM and peak position of each pixel. Among the 
various pieces of information that can be extracted, the shift in the 
diffraction peak position as a function of position (image pixels) pro
vides information on the bending of the sample.

3. Results and discussion

A large set of samples, synthesized by Sb sputtering deposition on Ge 
substrate followed by PLM treatment (see the experimental section) has 
been analyzed using various techniques to quantitatively assess the 
effectiveness of employing a thin Ge:Sb layer as a stressor to induce 
crystal bending. To achieve this, a wide range of process parameters has 
been explored to evaluate the influence of as many variables as possible. 
The most critical parameters investigated include the laser energy 
density, the number of laser pulses, the initial antimony areal density, 
and the crystallographic orientation of the germanium substrate.
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3.1. The strain status of stressor films

The most important analysis to verify the state of the Ge:Sb stressor 
layer is through HRXRD, which can provide us with various information 
regarding the strain state and defect structure of the material.

Fig. 1a shows the asymmetrical reciprocal space mapping of Ge 
(1 1 0) sample with 7.5 × 1015cm− 2 Sb and treated with 500 mJ cm− 2 

with 2 laser pulses. The map presents two distinguishable main peaks, 
one from the Ge substrate (placed at origin of the map, i.e. ΔQz = Qz – 
QzGe444 = 0) and the other from the film (placed at about ΔQz − 0.023), 
connected by a rod. They have the same Q‖ (or Qx,y), indicating that the 
substrate and the film have exactly same in plane lattice size. The 
germanium substrate has a cubic symmetry while the Ge:Sb film shows a 
tetragonal deformation pseudomorphic to the substrate. Moreover, 
there are no significant intensity broadenings either around the sub
strate or around the film, confirming that the laser treatment did not 
induce extended defects in the sample. This indicates that the sample 
under analysis (Ge (110) presenting a 7.5 × 1015 cm− 2 Sb and treated 
with 500 mJ cm− 2 with 2 laser pulses) exhibits a pseudomorphic layer 
with respect to the substrate without any sign of layer relaxation.

In contrast, Fig. 1b, reporting the HRXRD collected in a sample with 
higher Sb areal density and treated with higher number of pulses, also 
shows two distinguishable peaks, but a clear lateral broadening of the 
film peak indicates a significant presence of defects in the film and is 
indicative of partial relaxation. The latter is confirmed by the intensity 
tail that begins to form towards the left part of the image, suggesting a 
partial relaxation of a small part of the volume from a tetragonal back to 
a cubic structure with bigger lattice parameter (remembering that 
smaller Q values correspond to bigger direct lattice dimensions). It is 
also useful to note that despite the sample having a higher quantity of Sb 
(2.5 × 1016 cm− 2 instead of 7.5 × 1015 cm− 2), the film peak is positioned 
at lower Q⊥(or Qz) values, indicating less strain induced by the partially 
relaxed film.

To save analysis time, the presence of relaxation is quickly monitored 
in all the produced samples by single horizontal scans along the film 
peak, looking for the width of the rod that corresponds to the HRXRD 
resolution in case of non-detectable relaxation (Fig. 1a) and is instead 
broader in case of relaxation (Fig. 1b).

The omega-2theta scans of defect-free films were then analyzed 

using strain simulation software as described in the previous section, 
yielding a strain profile as a function of depth. An example of this 
analysis is shown in Fig. 2a and b, where data and the best fitting are 
compared. Thanks to this analysis, the strain profile of the synthesized 
film is given as an output of fitting (Fig. 2c and d) and thus the maximum 
strain and the strain integral can be easily estimated. Strain integral 
constitutes a key parameter since, by means of Stoney’s equation Eqs. 
(2) & (3), it enables the analytical determination of the radius of cur
vature of a sample bearing such a homogeneous film.

A collection of all the integrals of strain obtained from HRXRD 
measures is shown in Fig. 3, rationalized by the amount of antimony 
present (varying from column to column), the crystallographic direction 
of the Ge substrate (varying from row to row), and then each graph 
represents the strain integral as the laser parameters vary, namely the 
energy density and the number of laser pulses. If the sample shows the 
presence of defects in the film, it will be indicated with an orange dot, 
signifying the onset of the relaxation phenomenon. If not, the blue circle 
radius is instead proportional to the strain integral.

At first glance, Fig. 3 shows a rather complex scenario, where the film 
deposited behaves differently depending on various parameters used. In 
particular, the quantity of deposited Sb is the first important parameter 
which modifies the amount of strain within the material due to the 
quantity of dopant present: as one would naturally expect, higher doses 
of antimony lead to a general increase in strain, given the same process 
conditions. This effect is particularly pronounced along the (1 1 1) and 
(1 0 0) directions, whereas in the (1 1 0) direction relaxation mecha
nisms are activated at an earlier stage, preventing a clear observation of 
this trend.

The energy density and number of laser pulses also modify the strain 
integral, acting on the incorporation of the dopant, that is, on the 
diffusion within the material and the complex dynamics of melting and 
the epitaxial regrowth [34,52]. High energy densities will result in a 
thicker melted layer and thus deeper diffusion, but at the same time, a 
higher thermal budget and longer lifetime of the liquid phase. The 
number of successive pulses (1 Hz repetition rate) also primarily affects 
the diffusion of the dopant, promoting its diffusion in the liquid phase 
and thus widening and flattening the dopant diffusion profiles as a 
function of depth. A high number of pulses can also cause an increase in 
the maximum melt depth, a phenomenon already observed in previous 

Fig. 1. Two examples of Ge (444) reciprocal space maps on Sb in Ge film produced by PLM: (a) asymmetrical reciprocal space mapping of Ge (110) sample pre
senting a 7.5 1015cm− 2 Sb and treated with 500 mJ cm− 2 with 2 laser pulses is shown. (b) Asymmetrical reciprocal space mapping of Ge (110) sample presenting a 
2.5 1016cm− 2 Sb and treated with 500 mJ cm− 2 with 8 laser pulses. Both maps are expressed in reciprocal space units Q with the origin shifted in the Ge sub
strate peak.
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works on Ge:Sb PLM systems [16,52].
The onset of the film relaxation phenomenon in these systems is not 

trivial, given that the system is out of thermodynamic equilibrium, and 
the formed layers present an amount of Sb in Ge that is higher than the 
equilibrium solid solubility (equal to 1.2 × 1019 cm− 3) [66].

The first dependency that appears is the different behavior observed 
between various crystallographic directions. In particular, the (1 1 0) 
direction shows layer relaxation under milder conditions compared to 
the (1 0 0) and (1 1 1) directions. Since defects appears to be insensitive 
to the crystal symmetry in these systems [21,67], this different behavior 
can be attributed to different interfacial undercooling temperatures 
during epitaxial regrowth, as suggested by the literature [68]. Specif
ically, a different interfacial undercooling between the (1 0 0) and 
(1 1 1) directions of Ge has been demonstrated with the use of a KrF 
laser, which would cause a different liquid/solid interface temperature, 
lowering the thermal budget for defect formation, thus giving rise to a 
different rate of defect formation depending on the crystallographic 
direction. More in detail, time-resolved X-Ray diffraction experiments 
on Ge under KrF pulsed-laser melting measured a pronounced 
orientation-dependent kinetic undercooling, with regrowth on (1 1 1) 
requiring substantially larger undercooling than (0 0 1) and exhibiting a 
distinct velocity–temperature response in the undercooling regime. This 
implies that regrowth kinetics depend strongly on orientation under 
PLM conditions. In our system, a larger undercooling would translate 

into a lower effective interface temperature during regrowth for com
parable velocities, plausibly reducing the thermal budget available for 
defect evolution and delaying the onset of strain relaxation. A quanti
tative treatment for all orientations would require dedicated in-situ 
time-resolved measurements and is beyond the scope of the present 
work.

A second parameter influencing the layer relaxation is given by the 
amount of Sb in the layer. As the number of Sb atoms increases, the 
misfit between the layer and the bulk consequently increases, and 
therefore it is entirely reasonable to expect that relaxation phenomena 
may occur as the Sb dose increases. However, the total Sb dose is 
distributed in the layer differently, depending on the laser treatment, 
and thus the relaxation also depends on the energy density used and the 
number of pulses. Indeed, the diffusion profile of the dopant in the layer 
is not box-like, but follows the laws of diffusion in liquid, forming the 
typical PLM diffusion profiles well known in the literature [34,69]. The 
higher the laser energy density, the greater the thermal budget to which 
the system is subjected, increasing the probability of defect formation 
and layer relaxation. The number of pulses can act in two ways: at a high 
number of pulses, the dopant redistributes throughout the entire melted 
thickness, decreasing its maximum concentration and thus potentially 
giving rise to a relaxation recovery phenomenon, as can be seen from the 
series 400 mJ cm− 2 Ge (1 1 0) 3.5 nm and with 4 and 8 pulses. 
Conversely, it may happen that with an increasing number of pulses, the 

Fig. 2. HRXRD omega-2theta scans along rod and data analysis. a) Ge (111) 5.5 nm 700 mJ cm− 2 2 pls rocking curve (black data) and its best fitting in red. b) Ge 
(110) 2 nm 700 mJ cm− 2 8 pls sample rocking curve (black data) and their best fitting in red. The best fit results are shown as a strain profile as a function of the 
sample depth for c) Ge (111) 5.5 nm 700 mJ cm− 2 2pls and 8 pls and d) Ge (110) 2.0 nm 700 mJ cm− 2 2 pls and 8 pls. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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maximum melt depth increases, and therefore, the system remains at 
high temperature for a longer time, allowing the evolution of defects (as 
an example, 900 mJ cm− 2 6 nm Ge (1 1 1), increasing the pulse num
ber). In conclusion, it is therefore clear that the crystallographic direc
tion that allows reaching the highest strain integral with this technique 
is Ge (1 1 1), achieving a value equal to 0.8 nm.

3.2. The surface status of stressor films

To better frame the surface/interface status before and after the film 
relaxation limit, we also inspected the post-PLM morphology by AFM on 
selected samples. Specifically, Ge (1 1 0) specimens processed with a 3 
nm Sb precursor and 8 pulses were compared at low, intermediate, and 
high energy density in Fig. 4. At low and intermediate energy density 
(400 and 500 mJ cm− 2), the surface exhibits the shallow, pit-like texture 
commonly observed after nanosecond laser melting [21], with no 
additional long-range morphological organization. By contrast, at the 
highest energy density (700 mJ cm− 2), where HRXRD indicates the 
onset of strain relaxation, AFM reveals the emergence of an additional 
raised, network-like pattern. This correlation suggests that, once relax
ation becomes active, the formation and evolution of extended defects 
can be coupled to the regrowth dynamics and generate a measurable 
morphological signature.

A plausible physical interpretation is that the rapid epitaxial 
regrowth following PLM becomes laterally non-uniform when interfa
cial defects nucleate during relaxation. These defects may propagate 
toward the surface during regrowth, locally perturb the solidification 
front, and ultimately imprint surface protrusions/undulations that form 

an irregular network.
Similar links between melt regime, dopant redistribution, and AFM- 

observed surface structuring have been reported in related laser- 
processing studies on group-IV alloys [70,71]. Moreover, it is well 
established that dislocations in germanium can act as preferential ab
sorption centers for laser energy, facilitating localized melting and 
thereby modifying the solidification dynamics and the fast epitaxial 
regrowth [70].

Kelvin Probe Force Microscopy (KPFM) measurements (Fig. 5) were 
performed on the same two representative Ge (110) samples used 
before: the pseudomorphic (500 mJ cm− 2) and relaxed (700 mJ cm− 2) 
spot are now measured with this technique in another position within 
the same laser spot. The tip-voltage maps (not calibrated) show negli
gible potential modulation for the pseudomorphic sample suggesting a 
good lateral doping uniformity, whereas the relaxed sample exhibits a 
pronounced contrast that spatially correlates with the crests of the sur
face protrusions observed in topography. This correlation indicates that 
the morphological features emerging at the onset of relaxation are 
accompanied by a local variation in surface electronic properties and/or 
composition. In particular, the magnitude of the measured contrast 
appears larger than what would be expected from a purely doping- 
driven work-function shift (limited to ∼ half the Ge bandgap, ≈<0.4 
eV), suggesting that compositional effects and/or charge accumulation 
effects, most plausibly involving surface oxides, may play a dominant 
role. A consistent scenario is that relaxation-related extended defects (e. 
g., dislocations) promote local Sb redistribution toward the surface, 
where exposure to ambient oxygen and/or GeOx can favor the formation 
of thin Sb oxides. The formation, stability, and persistence of surface 

Fig. 3. Strain integral values experimentally measured through X-Ray diffraction. Each row presents the results for (100), (110), and (111) substrates respectively, 
while for each column, a different dose of Sb was deposited and then diffused, with values equal to 2.0, 3.0, 3.5 and 5.5 nm (7.5 1015, 9.2 1015, 1.15 1016, 1.77 1016 

cm− 2), respectively. The strain integral value of a defect-free film is proportional to the radius of the blue dot shown, while in the case of relaxed films with defects, an 
orange dot with a fixed radius is used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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SbxOy oxides on Ge have already been investigated by our group in the 
literature [34], and these results lend support to the interpretation 
proposed here. While the present KPFM data provide an additional 
surface-sensitive signature of the onset of relaxation, a definitive 
chemical assignment would require complementary analyses that re
quires more investigations that are beyond the scope of this manuscript.

3.3. Sb electrical activation

The samples synthesized so far have been electrically characterized 
using the Van der Pauw–Hall technique, as described in the experi
mental section. The analysis of electrical activation is crucial for un
derstanding the atomic-scale behavior of the Ge:Sb alloy, especially 
since it is already well established that n-type dopants, and in particular 
Sb in Ge, contribute electronically to the strain [53]. Therefore, its direct 
quantification is essential to enable an accurate description of the 

Fig. 4. AFM topography maps of PLM-treated Ge(110) samples after a 3 nm Sb deposition. From top to bottom, the topography maps refer to samples irradiated with 
8 laser pulses at fluences of 700 (a,b), 500 (c,d), and 400 (e,f) mJ cm− 2, respectively. On the left, the topography maps show a 2 × 2 µm2 area (a,c,e) acquired within 
the 5 × 5 µm2 map on the right (b,d,f).

Fig. 5. KPFM maps of PLM-treated Ge (110) samples after a 3 nm Sb deposition. From top to bottom, the topography maps refer to samples irradiated with 8 laser 
pulses at fluences of 700 (a,b), 500 (c,d) mJ cm− 2, respectively. On the left, the topography maps show a 2 × 2 µm2 area (a,c), on the right (b,d) the uncalibrated tip 
voltage map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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system.
Table 1 reports the carrier dose obtained via electrical measurements 

for a selection of samples. At such high Sb doses, all considered samples 
show partial electrical activation. As demonstrated in our earlier study 
[16], electrical activation in Ge:Sb obtained by PLM treatment saturates 
at a concentration of approximately 2.5–2.8 × 1020 cm− 3 of Sb in Ge 
(measured on (100) orientation), which is consistently reached in our 
samples. In fact, even with the smallest Sb dose used (2 nm, corre
sponding to ~7.5 × 1015 cm− 2) and the maximum junction depth 
typically achieved under the laser conditions used (250–300 nm), final 
Sb concentrations in the range of 2.5–3.0 × 1020 cm− 3 or higher can be 
obtained.

To provide an order-of-magnitude estimate of the Ge:Sb layer re
sistivity, we combine the Hall sheet carrier density ns with an effective 
thickness teff (from HRXRD strain-profile simulations) and a represen
tative electron mobility μe from fully analogous PLM Ge:Sb layers (see 
ref [16]). Assuming conduction is confined within teff , the resistivity can 
be estimated as ρ ≈ teff/(q ns μe), where q is the elementary charge. For 
example, using teff = 300 nm, ns = 6 × 1015 cm− 2, and μe = 200 cm2 

V− 1 s− 1 gives an extremely low resistivity of ρ ≈ 1.6× 10− 4 Ωcm (values 
of the same order are obtained across the range of ns in Table 1 and teff ∼

100 − 500 nm).

3.4. Sb contribution to lattice variation

Considering the data collected, it is now possible to make some 
quantitative considerations regarding how much antimony contributes 
to the dilatation of the Ge lattice cell. By defining: 

aGeSb = aGe +ΔaSb,activexactive +ΔaSb,inactivexinactive (4) 

where aGeSb is the cell parameter of germanium antimony alloy at a given 
composition, aGe is the cell parameter of germanium, and the other two 

terms are the contributions to the lattice parameter modification by 
electrically active antimony (ΔaSbactive) and from the non electrically 
active antimony (ΔaSbinactive). By considering only pseudomorphic sam
ples, it is possible to write that ε‖ = aGe − aGeSb

aGeSb
, which allow us to write: 

− ε‖ ≈
ΔaSbactive

aGe
xactive +

ΔaSbinactive

aGe
xinactive (5) 

By integrating the Eqs. (4) & (5) in the depth of samples, the following 
expression can be obtained: 

−

∫

ε‖dt =
Δaactive

aGe

∫

xactivedt+
Δainactive

aGe

∫

xinactivedt (6) 

where t is the thickness of the considered layer. The second term of Eq. 
(6) is particularly interesting, as it includes quantities that can be 
measured using experimental techniques. For example, the integral over 
the thickness of the active dopant concentration corresponds exactly to 
the carrier dose measured through the electrical Hall effect measure
ment (DHall), while the second integral can be determined by subtracting 
the active part (just obtained from the electrical measurements) from the 
total amount of antimony in the layer, which is obtained from RBS 
measurements (DRBS). The first term of the expression called integral of 
strain (I) is obtained from HRXRD measurements and the analysis pre
viously described. 

I =
Δaactive

aGe

DHall

cGe
+

Δainactive

aGe

(DRBS − DHall)

cGe
(7) 

where cGe is the atomic Ge concentration.
To support Eq. (7), Fig. 6 highlights the linear trend relative to the 

first addend using experimental data listed in Table 1.
It shows the trend of the strain integral as a function of the Hall Dose 

(DHall). The open circles are the measured integral of strain data that 
account for both active and inactive Sb atoms, while the black squares 

Table 1 
The most relevant values for a subset of the samples used in this study: active dopant doses measured using Van der Pauw–Hall measurements and strain integrals are 
reported, with the samples grouped according to the initial Sb dose and the crystallographic orientation of the germanium substrate.

Sb initial dose 
(cm− 2)

Initial Sb thickness 
(nm) ± 0.2

Substrate 
orientation

PLM treatment (# of 
pulses × mJ cm− 2)

Hall Active Dose DHall 
(cm− 2) ± 10%

Inactive Dose DRBS − DHall 
(cm− 2) ± 3%

Strain integral modulus I 
(nm) ± 0.05 nm

7.5 1015 2.0 (100) 8 × 400 2.4 1015 5.1 1015 0.25
​ ​ ​ 2 × 500 3.1 1015 4.4 1015 0.28
​ ​ ​ 8 × 500 3.9 1015 3.6 1015 0.33
​ ​ ​ 32 × 500 5.1 1015 2.4 1015 0.47
​ ​ ​ 2 × 900 4.2 1015 3.3 1015 0.33

1.15 1016 3.5 (100) 8 × 400 1.9 1015 9.6 1015 0.26
​ ​ ​ 2 × 500 3.4 1015 8.1 1015 0.34
​ ​ ​ 8 × 500 4.0 1015 7.5 1015 0.41
​ ​ ​ 32 × 500 6.1 1015 5.4 1015 0.58
​ ​ ​ 2 × 900 4.6 1015 6.9 1015 0.42

7.5 1015 2.0 (110) 8 × 400 2.5 1015 5.0 1015 0.25
​ ​ ​ 2 × 500 3.1 1015 4.4 1015 0.29
​ ​ ​ 8 × 500 3.9 1015 3.6 1015 0.35
​ ​ ​ 2 × 700 5.2 1015 2.3 1015 0.34
​ ​ ​ 2 × 900 3.8 1015 3.7 1015 0.33

7.5 1015 2.0 (111) 8 × 400 3.9 1015 3.6 1015 0.34
​ ​ ​ 2 × 500 3.7 1015 3.8 1015 0.32
​ ​ ​ 8 × 500 4.5 1015 3.0 1015 0.43
​ ​ ​ 2 × 700 4.1 1015 3.4 1015 0.37

1.77 1016 5.5 (111) 8 × 500 2.5 1015 1.52 1016 0.59
​ ​ ​ 16 × 500 2.5 1015 1.52 1016 0.67
​ ​ ​ 2 × 700 2.7 1015 1.50 1016 0.51
​ ​ ​ 8 × 700 – – 0.79
​ ​ ​ 2 × 900 4.5 1015 1.32 1016 0.37
​ ​ ​ 8 × 900 9.4 1015 8.3 1015 0.80
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are the portion of the integral of strain due to the electrically active Sb 
atoms. These values are obtained by subtracting the inactive contribu
tion from the total strain integral, i.e. by plotting Iactive =

I − Δainactive(DRBS − DHall)a− 1
Ge c− 1

Ge . As can be seen in Fig. 6, the total inte
gral of strain does not show a clear relationship with the Hall dose, while 
the black square data (related only to the active component of I) exhibits 
a linear behavior, supporting the linearity relationship expressed in Eqs. 
(6) and (7). In other words, by subtracting from the measured total 
strain integral the component due to the electrically inactive contribu
tion, the data show a linear trend with the Hall dose.

A similar trend can also be observed for the inactive component as a 
function of the inactive dose (DRBS − DHall): Fig. 7 shows a linear trend 
also in this case justifying the second part of Eq. (7) (Iinactive =

I − Δaactive(DHall)a− 1
Ge c− 1

Ge ).
Thanks to the relationship expressed by Eq. (7), it is now possible to 

obtain the Δaactive and Δainactive values from experimental data by using a 
multiparametric fitting, where the active dose and inactive dose are the 
variables. The obtained values are: ΔaSb,active is equal to 1.7 ± 0.1 Å and 
ΔaSb,inactive 0.5 ± 0.1 Å.

These values can be compared with other results reported in the 
literature. A first relevant comparison can be made with the work by Xu 
et al. [54]. In their study, the β parameter (defined as Δa/a = β Ni where 
Ni is a shallow substitutional donor in Ge on Si (001)) was calculated 
from experimental data where Sb dopant reaches lower concentration 
compared to this work and is reported to be fully substitutional and 
electrically active. Converting this value into a ΔaSb,active yields 1.9 Å, 
which, within the experimental uncertainties of both studies, results in 
two compatible outcomes.

Another useful comparison involves the germanium–tin system, 
which exhibits lattice expansion without electronic contributions, using 
an atom with an atomic number similar to that of Sb. This system was 
previously investigated by our research group [21], leading to an esti
mated ΔaSn of 0.8 Å, significantly lower than in the Ge:Sb system. This 
confirms the advantageous choice of using Sb as a dopant impurity to 
induce maximum strain, as it appears to be the most effective option 

among candidates for pulsed laser melting, given equal concentration 
levels.

Quantifying the strain contribution of electrically inactive Sb is, to 
our knowledge, a novel result. Notably, this contribution is comparable 
to that of Sn, indicating that free-carrier–induced lattice expansion more 
than doubles the purely steric expansion expected from atomic size 
alone.

3.5. Sb lattice localization

To investigate what happens in the crystal lattice with high con
centrations of inactive dopant, a Ge (100) sample deposited with 8.5 nm 
of Sb and PLM treated with 4pls at 500 mJ cm− 2 has been chosen for 
lattice localization analysis. Initial electrical characterization by van der 
Pauw Hall-effect measurements shows that only 1.3 1015 cm− 2 of the 
total 2.98 1016 cm− 2 antimony dose is electrically active in the selected 
sample. This corresponds to an activation fraction of roughly 4–5%, 
meaning that the remaining 2.85 1016 cm− 2 is electrically inactive.

The simplest structural hypothesis for this system is that the inactive 
dopant is arranged in a disordered configuration within the lattice, i.e. it 
does not preferentially occupy any specific germanium lattice site. To 
test this hypothesis, lattice-location measurements were carried out 
using ion beams, performing angular scans with collimated beams as 
described in the Experimental section. RBS angular scans were recorded 
along the 〈001〉 and 〈111〉 crystallographic axes of the Ge (100) sub
strate and Fig. 8 show the results. The transition from axial to random 
alignment for the impurity is shown in red, while for the host atoms are 
shown in blue in panels a, b. In addition to the experimental data, Fig. 8a 
and b shows the expected angular-scan signal if Sb were completely 
randomly distributed in the lattice with a green dotted line. Under a fully 
random distribution, the Sb yield should be independent of the tilt angle 
for scans around both the 〈001〉 and 〈111〉 axes, presenting a constant χ 
value equal to 1. By contrast, the electrically active component, assumed 
to be substitutional, should follow the germanium angular dependence, 
exhibiting a channeling dip equal to that of Ge matrix. Given the 
measured electrical activation, roughly 95% of the Sb is electrically 

Fig. 6. Experimental values of the strain integral component as a function of 
the Hall dose (i.e. DHall, the electrically active component). Open circles denote 
the integral of the total strain I = −

∫
ε‖dt, whereas black squares denote only 

the component arising from the active dopant. Black line is the linear fitting of 
the black square data. Error bars are shown for the active-component data. The 
error bars for the open circles have the same horizontal values and slightly 
smaller vertical uncertainties, and are not shown to avoid overcrowding of the 
plot. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 7. Experimental values of the strain integral component as a function of 
the inactive dose (i.e. DRBS-DHall). Open circles denote the integral of the total 
strain I = −

∫
ε‖dt, whereas black squares denote only the component arising 

from the inactive dopant. Black line is the linear fitting of the black square data. 
Error bars are shown for the inactive-component data. The error bars for the 
open circles have the same horizontal values and slightly smaller vertical un
certainties and are not shown to avoid overcrowding of the plot. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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inactive and only about 5% should produce an angle-dependent signal 
with a minimum comparable to Ge. The red continuous curve in Fig. 6(a 
and b) is therefore the weighted sum of these two contributions.

The experimental data clearly contradicts this hypothesis: for both 
scan directions, the Sb signal displays an angular trend similar to the Ge 
atoms one, indicating a distribution different from a random one. This 
suggests that a substantial fraction of Sb atoms is crystallographically 
aligned with the lattice, rather than being randomly distributed. Indeed, 
the angular scans around both the 〈001〉 and 〈111〉 axes exhibit essen
tially the same behavior, confirming that Sb occupies substitutional 
and/or nearly substitutional lattice sites.

A closer inspection of the data shows that the shape of the channeling 
dip is consistent with a small displacement plus a substitutional 
configuration of Sb, in which part of the dopant is substitutional and the 
remainder occupies sites slightly displaced from substitutional positions. 
In agreement with the literature [72], this distribution is characterized 
by a “knee” on the Sb signal shoulders of the dip arising from the su
perposition of a purely substitutional signal and a small-displacement 
component. This feature is visible in the 8 nm sample, where a clear 
change in the Sb yield appears between 0.4◦ and 0.6◦ as the scan tran
sitions toward the random level for both the 〈111〉 and 〈001〉 directions.

Disclosing the presence of slightly off-sites atoms, some hypotheses 
on the nature of the effect are advanced. In general, the formation of 
donor-vacancies complexes could lead to the trapping of charge within 

the cluster, thus preventing that a donor atom donates an electron [73]
and could be compatible with a small displacement lattice position [74], 
according to the cluster structure. Some works in the literature have 
studied the formation of Sb clusters in Ge [73–75], verifying the for
mation energy and the stability of SbnVm clusters via ab-inito DFT 
studies. Coutinho et al. [75] calculated that a certain amounts of small 
SbnVm clusters present small formation energies (<1 eV) and in partic
ular Sb2V cluster exhibit a 0.52 eV formation energy, with an atom 
arrangement that is compatible with the data presented in this work. It is 
therefore likely that the analyzed material contains this type of cluster, 
which would explain both the electrical activation and the lattice-site 
localization measurements.

Concerning stability, donor–vacancy aggregates in Ge are expected 
to be relatively robust at moderate thermal budgets. Ab-initio calcula
tions indicate that Sb2V has a well-defined ground-state structure and 
low formation energy (0.52 eV), with binding energies in the ~1–2.4 eV 
range depending on the reaction pathway, implying a strong driving 
force for vacancy–donor aggregation 75. Reported annealing data for 
irradiation-induced vacancy-related traps in Sb-doped Ge indicate sta
bility of SbV-related levels up to ~170 ◦C and divacancies up to 
~250 ◦C, with some hole traps persisting up to ~300 ◦C. Therefore, 
while these complexes can explain the coexistence of lattice-aligned Sb 
with low electrical activation, elevated-temperature processing steps 
and/or high irradiation fluence could, in principle, promote defect 

Fig. 8. Channeling angular scan of PLM diffused Sb in Ge (100) samples measured along <111> axis for 8 nm 4pls sample (a), <001> axis for 8 nm 4pls sample (b). 
The laser treatments were performed at 500 mJ cm− 2. Red points are referred to the backscattering yield of Sb signal as a function of the tilt angle, while blue points 
are referred to Ge signal. The angular scan starts in a perfect axial alignment (axis <111> or <001>, tilt angle = 0◦) and it ends in a non-aligned condition (also 
called random condition). These yields are obtained by integrating the entire RBS Sb peak zone and an equivalent Ge zone. The continuous red lines are a simulation 
of angular scans in the case of 95% of Sb atoms are randomly distributed in the matrix and 5% in substitutional sites (see in the text). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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reactions and modify the electrical compensation state. No dedicated 
post-annealing campaign was performed in this work; samples were 
characterized in the as-processed state after the nanosecond PLM melt/ 
regrowth cycle carried out at room temperature.

3.6. Direct Ge bending measurements

A direct measurement of the curvature of thin Ge samples induced by 
a Ge:Sb stressor layer was carried out using a profilometer. Two types of 
8 × 9 mm2 samples with thicknesses ranging from 150 to 180 μm were 
fully deposited and treated using the PLM technique for this purpose. 
Based on the findings of the previous study, both Ge (110) samples with 
2 nm of Sb (treated with 500 mJ cm− 2, 8 pulses and 700 mJ cm− 2, 8 
pulses) and Ge (111) samples (700 mJ cm− 2, 8 pulses) were tested.

As reported in Table 1 and Fig. 3, these treatments result in strain 
integrals of 0.35 nm and 0.46 nm for the Ge (110) samples, respectively, 
while the Ge (111) sample is expected to exhibit the maximum strain 
integral, i.e., 0.8 nm.

The results of these measurements are shown in Fig. 9. The curvature 
radius, obtained through direct profilometer measurements, is reported 
for the different tested samples as a function of the laser treatment 
conditions. Specifically, on the left graph, the two measurements on the 
Ge (110) samples along two orthogonal directions are shown in black 
and red, respectively, to highlight the two resulting curvatures.

The experimental values can be compared with an estimated cur
vature derived from Stoney’s equation Eq. (2) and strain integral 
measured by HRXRD. This estimate predicts the same curvature in the 
two orthogonal directions and can be applied only to the case of no 
strain relaxation, since in case of film relaxation we cannot have the 
strain integral evaluation.

The agreement between the curvature radius estimate with the two 
methods is good, thereby validating this experimental approach. The 
same analysis was carried out on a Ge (111) sample, using the treatment 
that produced the highest strain integral. The results are shown in the 
graph with star-shaped markers. As predicted by the estimation, a cur
vature radius of approximately 4.5 m was measured.

It is worth noting that the curvature radius obtained in (110) and 
(111) samples with a 6 nm 700 mJ cm− 2 8 pulses surface layer is very 
different mainly since strain relaxation occurs only in the first of the two 
samples. Moreover, we notice that the curvature for the relaxed sample 
is asymmetric in the two orthogonal directions. As we said, this is not 
predicted by the Stoney formula, and we can intuitively say that even if 
the elastic constants of Ge are not symmetric both layer and film have 
the same constants in the two directions causing the same curvature. 

This difference could be due to asymmetry in the relaxation mechanism, 
which was already observed in other epitaxial systems [76]. On the 
other hand, asymmetry is not present for pseudomorphic samples (2 nm 
500 mJ cm− 2 8 pulses and 700 mJ cm− 2 8 pulses).

These results are highly promising for the development of crystalline 
Ge-based devices where controlled bending is required. One notable 
example is Crystalline Light Sources, which are currently of great interest 
for the generation of high-brilliance, ultra-high-energy (>1 MeV) 
photon beams.

Indeed, the ability to deposit Sb and selectively process regions of a 
crystal using PLM, enabled through standard lithography techniques, 
makes it feasible to fabricate periodically bent crystals with periods on 
the order of tens to hundreds of microns.

Thanks to the findings of this work, it is now possible to identify the 
most suitable process parameters and crystallographic orientations, as 
well as to quantitatively assess the achievable bending, thus paving the 
way for the practical implementation of such advanced devices.

Further confirmation of the estimates obtained through profilometry 
comes from an X-Ray topography measurement using synchrotron light. 
In particular, the Ge (110) sample with a 2 nm Sb deposit and treated 
with PLM at 700 mJ cm− 2 for 8 pulses was measured with a 10.5 keV 
beam using the symmetric 220 reflection of germanium, as described in 
the dedicated section. Thanks to this effect, the crystal curvature has 
been estimated to be 14 m. This value is compatible with the direct 
bending measurement obtained with the profilometer (see Fig. 9) and 
further supports the carried-out analyses.

4. Conclusion

In this work, we have demonstrated that the sputter deposition of 
thin Sb layers on Ge, followed by pulsed laser melting (PLM), is an 
effective strategy to induce extremely high levels of strain in 
germanium.

Thanks to the non-equilibrium nature of the PLM technique, Sb was 
incorporated into Ge well beyond its equilibrium solid solubility limit 
(which is 1.2 1019 cm− 3 [66,77]). We established the maximum incor
poration levels of Sb in Ge for the formation of pseudomorphic layers on 
various crystallographic orientations. Significant differences were 
observed among the different substrate orientations, and a rationale 
based on the recrystallization dynamics during the melt-solidification 
process has been proposed to explain these findings.

Regarding the electrical activation of antimony, the activation levels 
achieved are comparable to the record values previously reported by our 
group [16]. However, this work extends the analysis to different 

Fig. 9. Curvature radius measurements of various thin samples, obtained through direct profilometer measurements of sample bending. The comparison between the 
experimental curvature radii and the expected values is shown in the left-hand graph, while the right-hand graph displays examples of direct curvature profiles 
measured with the profilometer.
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crystallographic orientations of Ge showing different behavior with the 
used Ge orientation. The contribution of Sb to lattice expansion was 
extracted from diffraction data, showing a ΔaSb value of approximately 
1.7 Å for the active dopants, substantially higher than the 0.8 Å asso
ciated with Sn [21]. This not only confirms previously reported values 
obtained at lower concentration regimes but also allows for a clear 
separation between the electrically active and inactive contributions to 
lattice expansion. We determined that non active Sb still gives a lattice 
expansion with a linear coefficient equal to 0.5 Å similar to the results of 
non-doping Sn species.

From the combined analysis of diffraction and electrical activation 
data, the Ge (111) orientation emerged as the most promising for 
inducing maximum bending. Relaxation phenomena occur only under 
more extreme conditions, allowing strain integrals up to 0.8 nm while 
maintaining the alloy pseudomorphic to the substrate.

To experimentally validate this result, direct bending measurements 
were performed on specially designed thin Ge samples. These tests 
confirmed that a single stressor layer can produce curvature radii as low 
as 4.5 m, in good agreement with estimates based on Stoney’s equation 
and strain integral measurements, paving the way for the construction of 
devices such as crystalline undulators, of utmost importance for the 
production of high-brilliance crystalline gamma-ray sources [13,37,78].
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