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Abstract
In this perspective article, we discuss the application of ion implantation to
manipulate strain (by either neutralizing or inducing compressive or tensile states)
in suspended thin films. Emphasizing the pressing need for a high-mobility
silicon-compatible transistor or a direct bandgap group-IV semiconductor that is
compatible with complementary metal–oxide–semiconductor technology, we
underscore the distinctive features of different methods of ion beam-induced
alteration of material morphology. The article examines the precautions needed
during experimental procedures and data analysis and explores routes for
potential scalable adoption by the semiconductor industry. Finally, we briefly
discuss how this highly controllable strain-inducing technique can facilitate
enhanced manipulation of impurity-based spin quantum bits (qubits).

Keywords: ion implantation, tensile strain, direct bandgap semiconductors,
quantum technology

1. Overview of the effect of strain in group-IV semiconductors

The impact of microelectronics in society has been transformative, primarily
attributable to the advancements in miniaturized metal–oxide–semiconductor
field-effect transistors (MOSFETs) and silicon-based complementary
metal–oxide–semiconductor (CMOS) technologies [1]. Meanwhile, photonics is
dominated by more expensive III–V materials, except for passive photonic
devices, such as waveguides, modulators, and switches. These have been
increasingly successful due to the advantages of integrating photonic properties
with lower-cost mass-production benefits via well-established electronic devices
[1, 2].

Despite the success of silicon (Si) in electronics, an efficient Si-based light
emitter allowing full integration of photonics and electronics remains elusive, due
to the well-known fundamental physical limitation of Si owning to its indirect
bandgap. This makes Si a weak light emitter since phonons are required for
indirect radiative transitions to conserve energy and momentum, and in the
language of quantum mechanics, the matrix element that determines the
probability of the process is the product of two small terms for the photon and the
phonon steps and has overall very low cross-section. Other non-radiative
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processes dominate, such as the Auger effect where energy and momentum of an
electron-hole recombination are taken up by excitation of a third charge carrier,
which reduces the efficiency of Si optical emitters. As the radiative recombination
lifetime for direct transitions (on the order of nanoseconds) is orders of magnitude
shorter than for indirect transitions (microseconds or milliseconds), for the same
quantum yield a direct semiconductor will emit up to a million times more
photons per second than an indirect semiconductor, leading to direct bandgap
III–V materials dominating active photonics. Given the many benefits in cost,
processing, and sustainability offered by the prospect of silicon integration, this
has spurred a search for alternative approaches to integrating direct light sources
on silicon. These can be broken into three approaches; (1) the hybrid integration
of active III–V materials and devices on silicon (e.g. chip/wafer bonding/fusion)
[3], (2) the development of monolithic integration of III–V light sources on
silicon, most notably the use of quantum dots [4, 5], or (3) through manipulation
of silicon itself, for example through the use of alloys such as GeSn [6], using
high tensile strain [7] and/or high amounts of n-type doping [8]. Approaches (1)
and (2) provide the advantage of relatively high wall-plug efficiency devices being
achievable at the key data and telecoms wavelengths of 1310 nm [5] and 1550 nm
[9]. However, particularly in the case of (1), scalability and yield are challenging.
Approach (2) using quantum dot-based active regions is presently limited to
1310 nm operation. Approach (3) is in many ways preferable owing to the simpler
route to CMOS compatibility using group-IV materials. However, both the use of
high tensile strain and alloying inevitably lead to operation at longer wavelengths
which limits their applications in optical communications. Despite this, they do
provide an opportunity to develop sensors in the mid-infrared. In the remainder of
this paper, we focus on the strain engineering route in group-IV semiconductors.

The incorporation of strain into the crystal lattice significantly influences
semiconductor band structure by both modifying the spacing of the periodic unit
cell potential and breaking crystal symmetry. For a given biaxial strain in the
plane of the layer, elasticity theory describes the corresponding tetragonal
distortion (and so perpendicular strain ε⊥) based on the elastic tensor of the
material. When applying biaxial strain, the unit cell distortions modify the bulk
band edges in a manner that can be described by the deformation potential theory
[10] and divided into two contributions: hydrostatic deformation (which preserves
the symmetry of the unit cell) and shear deformation (which preserves the volume
of the unit cell). In the case of [001] tensile strain in silicon and germanium (Ge),
this results in a decrease in the conduction band minima at both the Γ- and
L-valleys, an increase (and splitting) in the six-fold degenerate ∆-valley
conduction band minima, and a splitting of the valence band (VB) into light-hole
(LH) and heavy-hole (HH) bands at the center of the Brillouin zone (Γ). As each
of the conduction band valleys shifts with strain at different rates, for sufficient
tensile strain an indirect-to-direct bandgap crossover can occur.

For bulk silicon, biaxial tensile strains between 10%–13% (and >13% uniaxial
strain) are required for conversion into a direct bandgap semiconductor [11].
Although introducing such strain levels to bulk Si via epitaxy growth is very
difficult to achieve, smaller amounts have been demonstrated to improve the light
emission efficiency. On the other hand, a combined effect of reduced dimensions
(quantum confinement) and tensile strain permits an indirect-to-direct transition
at much lower tensile strain levels due to an overall downshift of the conduction
band, in addition to resonantly enhanced luminescence. The intricate interplay
between quantum confinement and tensile strain can be explored when adopting
1D or 2D structures in which this transition was observed for Si nanocrystals
under 4% tensile load [12]. Alternatively, an interesting and potentially useful
avenue to explore is anisotropy in the crystal structure, and hence the band
structure, of silicon. Band structure calculations for different uniaxial loads in
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[100], [110], and [111] directions of a silicon nanowire (∼100 nm diameter)
predict an indirect-to-direct transition at 4% load along [110] direction and 14%
load along [111] direction [13].

There are several other benefits of strain in semiconductor device engineering,
as discussed in Sweeney et al [14]. For example, limits on semiconductor
transistor miniaturization occur due to heat generation [15–17] which researchers
are trying to minimize through the engineering of the effective mass in III–V
high-electron-mobility-transistors (HEMTs), e.g. based on gallium arsenide
(GaAs) [18]. However, such an approach to HEMTs is not yet ready for mass
production, nor currently truly CMOS-compatible. Therefore, strained silicon
devices could offer an alternative to III–V HEMTs that are compatible with
existing industry processes. For example, the mobility of Si nMOSFETs under
just 1% tensile strain is increased by up to 15% and even up to 40% in Si thin film
transistors under ∼0.6% strain [19, 20]. These benefits arise because silicon has
six-fold (∆6) conduction band degeneracy, and under the uniaxial strain along a
[100] or [110] direction (or biaxial strain in a plane perpendicular to these
directions) this splits into a two-fold (∆2) and a four-fold (∆4) set. The energy
gap between ∆2 and ∆4 increases with strain [21, 22] and the Fermi energy
settles into the lower of the two sets (depending on the sign of the strain), which
causes a reduction in electron scattering in n-type simply because of the reduction
in available final states for scattering at the Fermi energy. This increases mobility
and, consequently, decreases noise and heating effects. Moreover, the strain also
splits the LH and HH VBs, further reducing scattering in p-type silicon.

Germanium, another group-IV element, can be grown on Si and
silicon-on-insulator (SOI) substrates, exhibiting superior properties to Si in
several respects due to its significantly smaller indirect-direct bandgap splitting
energy. This leads to an indirect-to-direct bandgap conversion at a much lower
strain compared to Si. The exact strain required for the indirect-to-direct
transition depends on sample specifics such as dimensionality (e.g. 2D or bulk)
and temperature. For example, a threshold of 2.0% biaxial strain has been
estimated (figure 1), based on model-solid theory calculations following the
approach of Krijn [23] using deformation and bandgap parameterizations from
[24]. Therefore, numerous attempts have been made to achieve a direct bandgap
in Ge, including alloying Ge with metallic tin (Sn) [25] driven by band-mixing
effects [26], or more successfully, applying tensile strain combined with high
levels of n-type doping [27].

Although strained or alloy-engineered Ge has shown some success, the high
doping levels required for lasing and the consequent high quasi-Fermi level imply
that merely reaching the threshold for indirect-to-direct bandgap is insufficient.
Higher strain levels are necessary to counteract loss processes such as free-carrier
absorption and Auger recombination. Consequently, the lasers produced thus far
are inefficient, requiring prohibitive high-power levels to reach the lasing
threshold, rendering them unsuitable for practical applications. Achieving a direct
bandgap Si-compatible semiconductor with a narrower bandgap would lead to
longer wavelengths in the mid-infrared, which is rich with applications due to the
high density of fundamental molecular absorption lines (fingerprints) [28].
Consequently, there are numerous applications for chemical sensing such as in
environmental monitoring and for early diagnosis of disease from exhaled breath,
that would benefit from the availability of cheaper but also more efficient
photonic devices operating at these wavelengths.
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Figure 1. Calculated bulk [001] germanium following the approach of Krijn [23], giving (a) band
edge energies and (b) bandgap as a function of biaxial tensile strain ε∥, showing the emergence of a
direct bandgap in the mid-infrared range. The filled markers indicate strains at which an
indirect-to-direct transition occurs (first, ε∥ ≈ 2%) and then where a zero-energy bandgap is
reached (second, ε∥ ≈ 4%).

2. Strained group-IV semiconductors: historical perspective

2.1. Challenges when straining semiconductors at the large scale

Integrating strained group-IV materials with traditional CMOS technology can be
achieved via the epitaxial growth of a Si layer on a Ge substrate (or vice-versa). In
such a system, the strain is produced through the alignment of the Si atoms with
the Ge atoms to compensate for the mismatch between the Si (5.431 Å) and Ge
(5.658 Å) lattices. The epitaxial process is semiconductor industry-ready and
allows the generation of reproducible results at the wafer scale. Primarily,
epitaxial growth aims to reduce strain rather than exacerbate it. During deposition
of a strained layer, if the layer thickness exceeds a given critical thickness, lattice
mismatch and differences in thermal expansion coefficients can lead to relaxation
through the formation of a three-dimensional island or the generation of misfit
dislocations [29, 30]. These defect centers serve as active nonradiative
recombination sites, thereby diminishing device performance by raising the laser
threshold [31]. Similarly, Si epitaxy on silicon dioxide (SiO2) also induces strain,
contingent upon temperature and/or annealing times. In this case, in contrast to a
lattice mismatch-induced strain, this phenomenon arises from disparities in
thermal expansion coefficients, wherein the Si experiences greater contraction
during the cooling phase [32]. Although Si/Ge and other group-IV interfaces may
accommodate strains of up to 4.2%, and the growth of group-IV materials on
buffer layers holds promise for similar strains, attaining a device with such strain
levels while maintaining low defect rates remains a challenge [33].

An alternative to overcome this intrinsic limitation is to start from a low-strain
relatively defect-free substrate and add steps in order to enhance the strain at the
active area of the device. The most successful technique was dubbed ‘smart-cuts’
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and consists of introducing stress concentration at the curvature of the cuts (or
cuts edges), achieved through precise lithography and reactive ion etching
processes [34]. Despite employing multiple lithography steps, reported strains are
generally limited to below 2%. Notably, in the case of undercut silicon nanowires,
strains of up to 4.5% have been successfully achieved [35]. In the realm of
Ge-suspended micro-bridges, uniaxial strains as high as 5.9% have been
achieved, with lasing observed to occur at strains exceeding 5.4% at a
temperature of 20 K [7]. While these methods prove effective in overcoming
certain limitations and enhancing the performance of optoelectronic devices, it is
crucial to note that the resultant strain is predominantly dictated by the residual
stresses present in the wafer at the initiation of the process. The capacity for
fine-tuning this strain is consequently limited with an upper threshold. Hence,
there is a continued search for an alternative method capable of deterministically
inducing strain, ideally within an active layer with minute defect density.

2.2. Effects of ion–matter interaction

One way to modify material properties by the introduction, dislodgement, or
removal of atoms is via ion implantation. During implantation, energy transfer
between the primary ions and the substrate atoms occurs through two distinct
mechanisms: nuclear and electronic energy losses; following elastic collisions
with the atoms’ nuclei or interactions between the charged ions and bound
electrons, respectively. Hence, the type (species and valency) and energy of the
ions, the atomic number and density of the substrate material, and these two
energy loss mechanisms will determine the ability of the material to slow down
and eventually stop the energetic ions as they penetrate the substrate [36].
Understanding these parameters is crucial for controlling the implantation
process, as they determine the penetration depth and spatial distribution of the
damage. The stopping and range of ions in matter [37] calculations show that
nuclear energy loss dominates at lower energies (below 104 keV) while electronic
losses become more important at higher implantation energies. This is significant
because when nuclear losses predominate, a substantial number of lattice ions
displacements occur, leading to the introduction of lattice defects or changes in
the sample morphology [36, 38]. In contrast, electron energy loss typically results
in a lower density of induced defects along the ion’s path, although highly
energetic swift heavy [39] or highly charged ions [40] can still lead to significant
defect creation.

It was observed that exposure of thin (200 nm) silicon nitride (Si3N4)
cantilevers to a 50 keV Ga+ beam at low doses (<48 × 1015 ions cm−2) resulted
in surface swelling, while higher doses led to depletion as atoms were sputtered
[41]. Kim et al [41] attributed this out-of-plane swelling to a thermal spike
followed by an in-plane thermal expansion that causes the ion-irradiated region to
laterally expand, i.e. an elongation of its dimensions parallel to the sample
surface. Accordingly, the material shrinks in the direction perpendicular to the
surface (along the ion irradiation direction) due to the Poisson’s ratio [42]. This
in-plane biaxial expansion causes the cantilever to bow in the irradiated area to
accommodate for the strain. A similar morphology-changing effect, described as
‘ion-beam hammering’ [43, 44], was also observed for other amorphous materials
(as well as thermally insulators, e.g. SiO2 [43] and Si3N4 [41]) under high-energy
(in the order of MeV) irradiation. This effect takes place when the ion beam range
is larger than the sample thickness and the average electronic energy loss is higher
than the 0.60 keV nm−1 threshold [43, 44]. Kim et al [41] suggested that even at
energies below this threshold, where nuclear stopping predominates and ions
undergo frequent elastic nuclear scattering, on average the ion track maintains
some directionality and the mechanism described above may still dominate
changes in the morphology. This same out-of-plane swelling was also reported for
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30 keV Ga+ [45] or 60 keV Si++ [46] implants into bulk Si (a good thermal
dissipator), suggesting other mechanisms are also involved in ion-induced
swelling, being the former attributed to Ga accumulation at small doses and the
latter ascribed to amorphization expansion in the plane followed by outward
bowing. Another example to support the miscellaneous reports is when 30 keV
Ga+ irradiates a gold (Au) thin film [47] in which Au atoms sputtered/coalesce
and the replacement of larger Au atoms by Ga causes a contraction on the top
layer (delimited by the implantation depth, 7.6 nm for 30 keV Ga+ in Au) forcing
the whole film to bend such as if it was a freestanding cantilever it will curl
upwards and if it is clamped it will bow downwards.

Although the swelling/bending mechanisms are still unclear and somewhat
contradictory, researchers have been using ion implantation to bend cantilevers
for micro-mechanical applications [48, 49] or producing kirigami structures for
optimal chirality control [47]. These experiments show that low-dose
implantations can cause a change in the in-plane dimensions which in turn
translates into an out-of-plane swelling and/or suspended thin-film buckling.

Thus, while these investigations have made significant strides in clarifying the
complexities of shape manipulation through ion implantation, it is worth noting
that the studies have primarily concentrated on scrutinizing the ion-implanted
region, overlooking the examination of the adjacent unexposed area. Here, we
highlight that induced strain through ion implantation (and damage) could be
utilized to generate strains, thereby altering the band structure of semiconductors
in the adjacent pristine and crystalline regions. Thus, despite the efficacy of the
implantation techniques in regulating the morphology of membranes and
cantilevers, it is an oversight not to analyze the neighboring unexposed region.

3. Recent advances

This perspective article explores a specific strategy to overcome the optical
fundamental barrier that constrains the global application of group-IV
semiconductors as active optoelectronic structures. Specifically, we examine the
potential of a novel material-engineering approach aimed at realizing high optical
efficiency devices on group-IV semiconductors while also addressing the
associated challenges. Masteghin et al [50] showed that it is possible, in principle,
to achieve an indirect-to-direct bandgap transition in suspended single-crystal
semiconductors through a scalable single-step approach employing ion
implantation—an established technique within the semiconductor industry. The
authors have demonstrated a single-step procedure that controllably produced, in
single-crystal silicon membranes, record high tensile strains, both biaxial (up to
3.1%) and uniaxial (up to 8.5%). These strains were achieved using direct-write
focused ion beam (FIB) implantation around the active membrane regions. This
route offers the tantalizing prospect of being able to develop direct bandgap
group-IV materials that may be further functionalized for use in photonic
devices, e.g. through the development of highly confined photonic crystals or
nano-cavity-based lasers. These single-crystal Si membranes were commercially
produced by back-etching a SOI wafer having a 35 nm thick device layer. The
membrane window dimensions are defined by the opening (exposed Si area) on
the wafer’s backside and the wafer thickness, based on the Si etch angle of 54.7◦

under anisotropic potassium hydroxide (KOH) etching [51–53]. The window
edges and diagonals are typically oriented along the <110> and <100>
directions, respectively. When a buffer layer is present, hydrofluoric acid (HF) is
used to etch the silicon dioxide (SiO2) [54]. Production processes may vary but
usually involve thinning the active layer via reactive ion etching [55],
photolithography to expose specific regions on the backside, and sputtering or
evaporation of etchant-resistant layers (e.g. silicon nitride). Similar procedures
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Figure 2. Flatting of a buckled single-crystal silicon membrane prepare by back-etching a SOI
wafer. The 35 nm thick device layer buckles due to unintentional compressive forces that arise due
to reasons mentioned in section 2.1. (a) 30 keV bright-field scanning transmission electron
microscopy (BF-STEM) image of the pristine membrane, in which the observed contrast is
due to electron channeling probability. The STEM detector subset counts are subjected to
curvature-induced scattering, e.g., when imaging in BF mode the flattest region will appear
brighter—no curvature, hence more detection events at the beam axis. (b) BF-STEM micrograph of
the membrane following Xe+ ion implantation (8.7 × 1014 ions cm−2) into the region delimited by
the red-dashed lines. In (b), the contrast alludes to a flat implanted (20 µm wide annulus) and
tensioned region 100 µm diameter circle surrounded by the implanted region, though presenting
thickness dissimilarity from sputtering events during implantation. The diffraction patterns were
collected from a probed region ∼0.01 mm wide at the center of the membrane window and show an
improvement of the long-range order following the flattening experiment. Reprinted (figure) with
permission from [50], Copyright (2021) by the American Physical Society.

can be applied to doped Si wafers, with a few exceptions to the steps required
when starting from SOI.

Figure 2 shows an example of a silicon membrane before (figure 2(a)) and after
(figure 2(b)) implantation within the region demarcated by the red dashed
annulus. The membrane is initially wrinkled due to slight compression, while
after treatment the membrane is very flat. The technique generates compression
of the implanted annular region, referred to as the tensioner (marked within
red-dashed lines in figure 2(b)), and this causes in-plane tension in the
neighboring crystalline part, the central disk named the tympanum, like tightening
a drum skin. The amount of stress produced by the tensioner is controlled by the
ion dosage (in cm−2) and its geometry. The ion implantation process allows the
(non-implanted) tympanum region of the membrane to go from its initial
compressive state to a tensile strain (passing, obviously, through an unstrained
state). The whole process takes only 74 s using a 30 keV Xe+ beam with 150 pA
current to implant an area of 0.008 mm2 and to strain an area of similar size.
The wrinkle reduction (flattening) is highlighted by the improvement of the
long-range order in the Kikuchi bands (figure 2) obtained by rocking the electron
beam concentric to a point at the center of the membrane, with a probing area
estimated to be around 10 µm in diameter. Here, it is worth mentioning that the
flattening of suspended single-crystal thin films is an important accomplishment
itself since many diffraction-based techniques require a lower background signal
(lack of bulk material under the modified surface) with a consistent Bragg-angle
or zone-axis position throughout the scanned area.
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A high angular resolution electron backscatter diffraction (HR-EBSD) map of
an even smaller circular tympanum (higher strain) displayed negligible
out-of-plane rotation at the center, with a curvature equals to 0.2◦ µm−1 at its
circumference [50]. The somewhat concave shape of the tympanum suggests a
downward bowing of the adjoining tensioner, resulting from being contracted
whilst clamped on both sides (i.e. by the bulk Si frame and the crystalline part of
the membrane). The confirmation of induced compression on the top surface (in
ion range) of the implanted region came from observing the upward curling in
thin cantilevers [50]. These cantilever-like structures were cut from the membrane
using conventional FIB milling followed by ion implantation under similar
conditions from the flattening experiment.

The authors [50], quantified the tympana strain via micro-Raman spectroscopy,
which is an indirect technique. Shifts in the silicon T2g mode at ω0 = 521 cm−1

are expected following variations in the crystal lattice caused by strain. The
magnitude of the induced strain can be related to the peak shift (∆ω, in cm−1)
based on [56]:

∆ω
(
cm−1

)
=

1
2ω0

[pS12 + q(S11 + S12)]σ, (1)

being σ the stress (in Pa), p and q material’s constants, and Sij silicon compliance
tensor elements. Using reported values [56] of p = −1.43ω0

2, q = −1.89ω0
2,

S11 = 7.68 × 10−2 Pa−1, and S12 = −2.14 × 10−12 Pa−1, equation (1) becomes:

σ (Pa) =
∆ω

(
cm−1

)
−2× 10−9 , (2)

(σxx+σyy)

2
(Pa) =

∆ω
(
cm−1

)
−4× 10−9 , (3)

being equation (2) for uniaxial stress and equation (3) for in-plane biaxial stress.
Based on equations (2) and (3) above, for Raman equipment that is able to detect
shifts of 0.02 cm−1, an uniaxial stress of 10 MPa or biaxial stress of 5 MPa can be
detected. Using the appropriate Young’s modulus for silicon—such as 180 GPa
for biaxial stress or 130 GPa and 169 GPa for the <100> and <110> directions
[57], this technique could theoretically detect minimum strain values as low as
0.003%. For instance, Englert et al [58] observed a redshift of ∆ω = 2.8 cm−1,
which based on equation (3) corresponds to a tensile stress of 700 MPa. Here, we
note that several conversion coefficients are available in the literature [56, 59–63].
However, in the work of Masteghin et al [50], which will be the focus of this
perspective article, conservative literature values [60] of phonon deformation
potentials were used when extracting strain values based on shifts in the
micro-Raman T2g mode. This approach resulted in reported strains up to 15%
smaller than those that would be obtained using recent conversion values.

In the work [50], the shift in the 521 cm−1 Raman line was calibrated against
the known variation with strain to estimate in-plane tensile strain in single-crystal
Si membranes. It is known that this technique can suffer from artifacts, such as
laser-induced thermal shifts unrelated to the induced strain [64, 65]. The redshifts
caused by laser light absorption (i.e. heating) are primarily a consequence of
crystal expansion, where an increase in the lattice parameters reduces the
vibrational frequencies of the phonons, similar to the effects of strain.
Additionally, anharmonic coupling mechanisms at higher temperatures can
further contribute to changes in phonon frequencies [66, 67]. To mitigate
such problems, the 532 nm laser power was reduced below the point where
power-dependent Raman shifts could be detected (aided by in-line optical filters,
reaching ∼100 µW µm−2). Short acquisition times were also used. Several other
tests were used to confirm that the Raman shifts are strain-related rather than
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laser-power-related. During the uniaxial straining tests, the rectangular tympana
(non-exposed regions) had their shorter length oriented along different silicon
crystal directions, such as [010], [110], and [120], followed by redshifts that
followed just what one would expect based on the anisotropic values for Young’s
modulus. The less stiff <010> direction allowed for an enhanced bowing of the
tensioner region, which, in turn, resulted in a higher outward pulling force at the
center of the tympanum. However, since thermal conductivity in Si does not
depend on the crystal orientation, such intense redshifts would not be observed if
laser-induced heating was the main mechanism responsible for shifts in the T2g

peak. In addition, another test was carried out in which a tensioner was implanted
around an 8 µm diameter tympanum, creating a top amorphous Si layer whose
thickness has been defined by the ion distribution profile. The membrane had its
tensioner implanted again from the opposite side (turning the sample
upside-down), ensuring that the whole tensioner volume was amorphous. As a
result, there was a restoration of the T2g peak shift back towards equilibrium (i.e.
it was still red-shifted compared to bulk unstrained Si but blue-shifted compared
to the first spectrum acquired at the center of the tympanum). If thermal effects
were responsible for the Raman shift it would be expected that the back-side
implantation would induce further redshifts since amorphous Si has a thermal
conductivity one hundred times lower than crystalline Si [68]. Secondly, this also
shows that the bilayer structure formed by a top amorphous layer and an
underlying crystalline layer plays a key role in generating strain, and this bilayer
structure is eliminated when both sides of the membrane tensioner are implanted.
The strain, apparently, is not simply due to the contraction of the amorphized
layer(s), and the presence of the crystalline part is required. This implies that the
interface between the crystalline part and the amorphized layer of the structure is
important in some still unknown way.

The microscopic mechanisms for the generation of the strain were explored
using single-side exposure on simpler cantilever-like structures. After observing
the bending in such cantilevers following implants at different acceleration
energies, the authors [50] opted to use a bilayer structure model to elucidate the
ion beam-induced strain mechanism. Building on the classic Timoshenko’s theory
[69], the authors derived a simplified model to explain the measured cantilevers’
curvature following Ga+ irradiation [50]. The approximation shows that the
radius of curvature R for a free-standing bilayer is minimized when the layers
have equal thickness and equal Young’s modulus, in which case R= 2t/3∆ (see
supplementary material of [50] for the full derivation) where t is the total
thickness and ∆ = (L1 −L2)/L2 is the relative difference in the natural lengths of
the layers, i.e. the induced misfit strain. This model explains why cantilever
curvature was optimal when the ion implantation was tuned to amorphize only
half of the membrane thickness at low fluence and dosage in the top implanted
layer. However, the typical radius of curvature was a few microns for a film of
thickness a few tens of nm, meaning the misfit strain in the tensioner from the
Timoshenko model was only on the order of 1%. Based on that, geometric
amplification by a large area of tensioner with a small area of tympanum was
used to explain the large induced strains observed. Though, several questions
remain open regarding the mechanics involved in this complex system:

(i) How does the implantation/amorphization of the top layer induce sufficient
tensile stress on the neighboring tympanum? Is the induced misfit strain in the
implanted layer sufficient to explain the observed tympanum strain?

(ii) Could the boundary between amorphous and crystalline Si be an enhancing
factor required to generate the strain observed?Might lateral forces be induced
in the crystalline part where it is in contact with the amorphized layer due to
the reconstruction of broken bonds, just as Si does at free surfaces?
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A high-resolution strain mapping would be ideal to try to elucidate the
mechanisms involved and to report a direct measurement of strain distribution
across the tympanum. However, techniques are limited and consist of either
4D-scanning transmission electron microscopy (4D-STEM) or synchrotron
nano-x-ray diffraction (nano-XRD). Advantages of 4D-STEM for strain mapping
include ultra-high spatial resolution and lack of background signal but, similarly
to EBSD, it can only report relative strain concerning a region deemed as
reference. Therefore, absolute strain value measurements would still not be
possible. On the other hand, synchrotron nano-XRD provides a route to determine
absolute strain values following a calibration that does not need to be performed
close to the region of interest. Nonetheless, such a technique comes with its costs
such as difficult access to facilities, a much larger spot size (hence, lower spatial
resolution), and the main issue, the background noise from the membrane frame.
For this technique, the sample must be tilted to an angle ‘θ’ in which the incident
beam satisfies the Bragg condition, causing the incident beam to propagate and
scatter through the bulk part of the membrane support, generating a strong
diffraction signal compared to that from the 35 nm thick crystalline membrane.
For lower strain values (small peak shift), the strong background signal is
sufficient to prevent peak deconvolution. Ways to overcome the limitations
mentioned when trying to obtain absolute strain values in such a system would be
very valuable. We suggest some possible directions of future research that might
help in this regard:

(i) The use of precession electron diffraction in a 4D-STEM. This technique can
reduce artifacts such as variations in membrane thickness or zone-axis mis-
orientation caused by membrane buckling, including the inevitable transverse
buckling controlled by Poisson’s ratio; but using membranes that are partly
covered by ultra-thin gold (Au) islands before the ion-implantation-induced
strain. These Au islands can be formed after the thermal annealing of evap-
orated <10 nm Au films [70] as a result of the weak adhesion of thin Au on
Si [71]. We believe that the gold islands will not be strained together with the
tympanum since they are not directly connected to the tensioner, hence their
constant (and well-characterized) lattice spacing values can be used as a cam-
era length calibration specimen to measure absolute strain in the tympanum
region. Although the intention is that the Au nanoparticles are weak perturba-
tions, their non-invasiveness would need to be verified.

(ii) Synchrotron nano-XRD measurements would have to be performed on mem-
branes with a much larger area or much better focus so that fewer scattered
photons penetrate the bulk region before scattering to populate the diffraction
detector.

However, for both techniques (as with micro-Raman spectroscopy [72]), the
probing depth is significantly greater than the membrane thickness. Without a
method to profile the strain across the tympanum/tensioner thickness, our
understanding of ion beam-induced strain in suspended single-crystal membranes
remains limited.

The results described above and in figure 2 are for silicon. It is also
paramount to transfer this methodology to Ge to achieve the highly desirable
indirect-to-direct transition. But, as mentioned, firstly, it is essential to obtain
high-quality Ge membranes, which is a bottleneck for scientific advancements in
group-IV photonics. The easiest way to overcome this—and to allow large-scale
production with higher reliability after integration—would be to modify the ion
implantation methodology to induce strain in thicker membranes (with lower
TDD at the surface). Based on the Timoshenko approximation, this would require
higher implantation energies beyond the limits of conventional FIBs. While the
reported approach uses a FIB for simplicity and quicker sample turnaround, it
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could utilize lithographic processes (e.g. masked photolithography or electron
beam lithography) and conventional broad-beam ion implantation to try inducing
the contraction/bowing at the tensioner region and, consequently, strain the
tympanum area. It is not presently clear if there is any fundamental difference
between scanning FIB-induced strain technique and broad area. It may be that a
small implantation spot size is required in which each implantation event causes a
small localized contraction/bowing that when performed line-by-line results in an
amplified curling phenomenon akin to the curling of ribbons [73] created by
several nanometer-sized ‘blades’ at the point of each line scan (i.e. ∼10 nm apart
from each other). It may be that a combination of broad-beam implantation with
Sn-doped membranes produces an optimum straining effect. The membrane
thickness dependence also needs investigation. For thin layers, one approach is to
epitaxially grow thicker Ge epilayers. These can then be thinned down from the
backside using KOH etching and/or reactive ion etching, leaving only the top tens
of nanometers, which have a lower defect density compared to the interfacial
region [33]. Of course, thin films limit the volume of the medium and therefore
also the available light output.

Lastly, we would like to underscore that the employed technique [50] was
systematically applied to Si membranes derived from both Si-on-Si and SOI
wafers. The observations indicate a distinct variation in the threshold for
flattening and straining rates based on the different initial stress states. Notably,
and somewhat surprising, it has been found that membranes subjected to a
compressive initial state exhibited a more efficient response, achieving a specified
strain level at significantly lower ion dosage compared to other stress states.
While the system can be readily calibrated for comprehensive quality control,
understanding the underlying behavior requires elucidation through the
development of bending models, a task that falls outside the scope of the current
study.

In summary, there are still several open questions that must be answered before
being able to achieve strained germanium light emitters based on this technique.
First among these should be an elucidation of the strain generation mechanism
and the manufacturing of high-quality sub-50 nm Ge membranes.

4. Planning ahead: how can strain control in Si assist with qubit
addressing?

Although in 1998 Kane proposed a silicon-based quantum computer using the
nuclear spin of donor impurities [74], the first commercial quantum computers
(such as IBM Q System One) [75] have been based on other technologies such as
superconducting resonators. The delay in the production of Kane’s qubit device
stems from its design intricacies, notably the challenge of precisely positioning
two phosphorus (P) ions apart from each other by 20 nm as well as 25 nm under
the SiO2 surface. Achieving the required level of precision for qubit separation is
paramount to engineer the desired interaction between them for entangling gates.
The positional accuracy of impurities is particularly crucial in Si due to the
multivalley nature of its conduction band [76, 77]. Even slight variations in
dopant separation can influence donor–donor exchange coupling, based on the
destructive interference patterns generated by oscillations of donor wavefunctions
at the lattice scale [78]. For instance, the Kohn–Luttinger effective mass
approximation model predicts a variation in exchange splitting for Si:P donors of
approximately 30 meV for a 0.4 nm separation along the [110] axis, starting from
an initial P–P distance of about 7.3 nm [79].

This characteristic of Si makes manufacturing imperfections fundamentally
overwhelming. However, the oscillatory dependence of the exchange splitting can
be mitigated by applying strain of the appropriate sign and strength in the [110]
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crystal direction [80]. By breaking the tetrahedral symmetry of the Si crystal
through uniaxial strain, the degeneracy of valleys is lifted, and the ground states
no longer oscillate with distance in the plane perpendicular to the strain direction
[80]. With the correct uniaxial strain, the exchange splitting begins to decay
monotonically. However, it continues to oscillate if there is positional inaccuracy
in the [001] direction, which remains as oscillatory as before. Nonetheless, a
potential solution lies in achieving an indirect-to-direct transition in either a Si or
Ge host. This transition would reduce the number of valleys involved in producing
the interference—ideally down to one—for all exchange coupling directions.
Overall, even small strains can be beneficial for qubit operation since they change
the valley character [81] or allow tuning of the electron spin resonance [82].

Photons can be used to address spin states in Si donors, but their detection has
primarily been performed electrically [83, 84], which poses challenges due to the
complex and small-scale lithography processes required. However, employing a
direct bandgap host material can significantly enhance photon collection
efficiency [85]. While this indirect-to-direct transition in Si and/or Ge has not yet
been achieved, other approaches have been explored. For example, Loippo et al
[86] investigate an indirect optical transition to address the bound exciton
transition and probe its decay via changes in conductivity. Their work highlights
the challenges of addressing bound excitons in P-donor spin in Si when
employing a hybrid electro-optical readout technique. In particular, intrinsic
strain, exacerbated by electrical contacts near the implanted region, complicates
transition analysis and hinders the selective addressing of polarization-dependent
exciton transitions. Considering these addressability challenges in P-donors in Si,
the strain control technique developed by Masteghin et al [50] becomes pivotal.
This methodology allows for precise control of strain in suspended single-crystal
systems, enabling a seamless transition from compressive to highly tensile
strained states as well as the ability to fully annihilate intrinsic strains.

Lastly, we would like to mention the work of Ristori et al [87] which reports
the use of strain engineering to tune the splitting of the zero-phonon-line (ZPL) in
G-centers. Their strained G-centers were produced in an 8-step procedure
involving the implantation of carbon (C) ions followed by annealing; as well as
proton (H+) implantation, photolithography, plasma etching, silicon nitride
deposition (straining agent), etc. Again, this is a prime example that could benefit
from the FIB-induced straining technique. Using a dedicated duoplasmatron
FIB/single ion implanter [88], nearly all steps required for the creation of strained
G-centers can be performed in a high-vacuum microscope chamber, except for
annealing. This one-of-a-kind FIB allows one to deterministically implant C+ and
H+, and then irradiate the neighboring regions with Xe+ to induce tensile strain
in the active region. These implantation events can occur without moving the
sample, simply by exchanging the gas source, e.g. from an argon/carbon
monoxide or argon/hydrogen to xenon. Therefore, the FIB-based methodology
offers several advantages. It not only reduces processing time but also has the
potential to increase production yield via increased control of impurities
positioning. Furthermore, it enables better control over strain uniformity, which
may lead to improvements in polarization degrees and ZPL linewidth.

Thus, the ion beam-induced strain technique holds promise for achieving
several sought-after goals in both photonics and quantum technologies fields,
offering multiple potential breakthroughs in these domains.

5. Closing remarks

In this Perspective, we discussed the advancements and prospects of a technique
able to generate or annihilate (i.e. to control) strain in suspended thin films. While
the primary focus revolves around this innovative application of FIBs, it is
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imperative to underscore their versatility. Beyond their role as structural sculpting
instruments, FIBs must also be recognized as transformative materials
modification tools that could influence the trajectory of telecommunication and
quantum technologies. FIBs could be instrumental in the fabrication of direct
bandgap group-IV semiconductors discussed above, and they could also be used
as the tool for deterministic implantation of impurity and color center spin qubits
at the million scale. Being substrate agnostic, they could be used for solids and
insulators, isotopically pure or natural composition substrates. The resulting
control over the position, the number, and the local strain environment makes
many new quantum technologies possible. As we reflect on these opportunities, it
becomes evident that FIBs hold the potential not only to analyze but also to shape
and advance the frontiers of materials science.
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