Open Access Article. Published on 30 October 2025. Downloaded on 3/2/2026 3:46:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials

Advances

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2026,
7. 289

Received 6th June 2025,
Accepted 25th October 2025

DOI: 10.1039/d5ma00603a

rsc.li/materials-advances

Introduction

lon implantation of magnesium guests into type Il
silicon clathrate films: an alternate approach to
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Type Il silicon clathrates, with their unique cage-like structure, offer exciting potential for applications in
thermoelectrics, photovoltaics, and quantum materials due to their tunable electronic and thermal
properties. This study investigates the use of ion implantation to introduce targeted guest atoms, which
act as dopants, into type Il Si clathrate films. The focus is on Mg as a test case for implantation, a dopant
previously unreported in type Il Si clathrates. The effects of ion implantation on the metastable Si
clathrate structure were examined through systematic investigation of implant parameters. Time-of-
flight secondary ion mass spectrometry depth profiling confirmed the successful implantation of Mg,
while X-ray diffraction and confocal Raman spectroscopy demonstrated minimal structural damage at
lower fluences, with the clathrate framework retaining its integrity without converting to other phases.
At the higher end of the fluence range implantation caused localized transitions from clathrate to
amorphous silicon. Implant activation using rapid thermal annealing was examined with the clathrate
structure stable up to 500 °C and being converted to diamond silicon above this temperature. Post-
implantation and activation structural characterization showed evidence of damage reversal. Electron
paramagnetic resonance studies provided indirect evidence of dopant incorporation. These findings
establish a foundation for introducing alternative guests/dopants into the Si clathrate cages through ion
implantation, advancing their tunability for next-generation quantum and optoelectronic devices.

atoms, but can be viewed as donor atoms, since they tend to
donate their valence electron to the crystalline Si framework.
The structures of clathrates and other Si allotropes are detailed

Silicon clathrates are metastable crystalline Si allotropes
composed of silicon atoms arranged in a cage-like
structure.® While the clathrates have the same sp® silicon
bonding as traditional diamond cubic silicon (d-Si), the less
dense geometry of clathrates allows for the encapsulation of
“guest’” atoms sitting in the interstitial spaces inside of the Si
cages. Most synthesis approaches lead to guest atoms in the
cages, which facilitate the structural transition to clathrates
and tend to stabilize the expanded lattice structure. In clathrate
literature the cage occupants are typically referred to as guest
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further in ref. 3. Whereas removal of guests has not been shown
in the type I Si clathrates (MgSise, wWith M representing the
guest), the larger cages of type II (M,Si;36, 0 < x < 24) allow for
the removal of the guests passing through the six member rings
allowing for their occupation to be tuned.* Silicon clathrates
were first identified as candidates for thermoelectrics due
to their potential for low thermal conductivity combined
with high electrical conductivity,”® but more recently their
bandgap tunability and defect engineering have made them
attractive as emerging electronic materials.'®? This ability to
manipulate their structural and electronic characteristics has
made Si clathrates promising materials for a wide range of
advanced applications, in optoelectronics,'**> photovoltaics,'**¢*”
batteries,'®2° superconductors,>** and spintronics, and led to
their consideration in emerging fields like energy storage and
biomedical applications.

What makes type II Si clathrates particularly interesting is
their ability to support a range of guests inside their cages and
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ability to tune their occupancy to influence their pro-
perties.®'®*° The most common route to synthesizing Si clath-
rates is through thermal decomposition of a M,Si, Zintl phase
precursor.'?472¢ While a broad range of guest atoms are of
interest in tuning the properties of clathrates, only a few guests,
like Na, K, and Rb, have been demonstrated in this way.>*’
Alternative means of incorporating novel guests have been
explored with some success. These include electrochemical
insertion, high pressure high temperature (HPHT) synthesis,
spark plasma sintering (SPS), and thermal diffusion into
already-formed near guest free Si clathrates."®***”*® However,
these methods still have only shown incorporation of a few
additional elements and still have restrictions on tunability of
guest concentration. To realize the full potential of these Si
allotropes, other guest introduction methods need to be
explored. Often after synthesis, the guest/donor concentration
is high (x > 8) and the clathrate exhibits metallic behavior.>**°
If, however, the guest concentration can be reduced into the
range of semiconductor dopants (x « 1), then the guest can be
thought of as an interstitial dopant located inside the cages and
the clathrate becomes a silicon-based semiconducting material
with interesting optoelectronic properties that differ from those
of d-si.'* In the present study, we focus on this low guest
concentration regime where the implanted species can be
viewed as a dopant. For the rest of the paper, we will tend to
refer to the implanted species as a dopant unless the guest-like
nature is important to the discussion.

Ion implantation offers a unique approach to incorporating
alternative dopants and enhancing the properties of Si clath-
rates. It does this by offering flexibility in dopant choice and
density, which then influences carrier density, both limitations
of other techniques. This method involves bombarding the
material with high-energy ions, which penetrate into the crystal
lattice and alter its electronic and structural properties.* > Ion
implantation has been widely used in semiconductors, and
especially d-Si, to introduce dopants like B and P with great
spatial, depth, and dopant concentration control to tune optoe-
lectronic and quantum properties and for fabrication of com-
plementary metal-oxide-semiconductors (CMOS).***>™*! There
has been limited work on implantation of clathrates with recent
reporting of successful doping of type II clathrates with P, B,
and As to introduce substitutional lattice species.> In the
context of the present work, ion implantation in Si clathrates
is particularly intriguing not only for the potential to selectively
dope, but also the ability to incorporate alternative dopants not
possible through current techniques. However, introducing
new dopants and the effects of ion implantation on the stability
and performance of clathrate structures remains virtually unex-
plored. Properties like defect formation, phase transitions,
dopant activation, and material recovery through annealing
need to be examined.

This study explores the impacts of broad beam and focused
beam ion implantation on type II Si clathrate films, emphasiz-
ing both structural stability of the metastable clathrate film
and dopant incorporation. Broad beam (BB) ion implantation
involves the uniform implantation of a large area of film, while
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focused ion beam (FIB) implantation techniques enable things
like a localized dopant based qubit in a specific device.****
Magnesium ions were chosen as the primary implant species
for this study since Mg is a potentially interesting dopant from
column II which has not yet been incorporated in Si clathrates
in any other way. Additionally, preliminary FIB implantation of
Li ions was performed to study the effects of the implant ion
size. The focus of this paper, however, is on implantation itself
and whether it can be an effective technique for introducing
alternative dopants. With d-Si, dopant implantation is typically
followed by annealing to activate the dopant and repair damage
caused by the implant. Such annealing, however, typically
occurs at temperatures (Le. > 1000 °C)** well above where
the metastable clathrate would decompose into d-Si. A key
question is whether such high temperatures are required with
clathrates, or whether the metastable structure allows damage
to be repaired and localized atomic motion to occur at lower
temperatures. Implantation was performed at varying fluences
and energies allowing for an examination of the clathrate’s
response to the implantation and activation process and pos-
sible damage recovery methods. These experiments also shed
light on the interplay between implantation parameters and
material properties, such as phase stability and amorphization
of the Si clathrate to amorphous silicon (a-Si).

Methods

Silicon clathrate films were synthesized through a multistep
decomposition procedure. To prepare for synthesis, a tantalum
crucible (99.95% purity) detailed in ref. 20, was loaded into a
1.25 inch outer diameter quartz tube. A stainless-steel endcap
was attached to the open end of the quartz tube with an o-ring
attachment. This endcap allows the tube to be connected to
flowing Ar or placed under vacuum, which is detailed further in
ref. 23. This set up allows for isolation from the atmosphere
during transportation between an argon filled glove box
(<1 ppm O, and 0 ppm H,0) and a 1100C MTI tube furnace.
The Ta crucible was annealed at 500 °C for 30 minutes inside
the set up under argon to remove any moisture or oxygen
trapped in the crucible. The set up was then moved into the
argon-filled glovebox and the crucible was loaded with ~10 mg
of Na metal (99% purity, Sigma-Aldrich) that had previously
been cleaned by melting at 400 °C, and impurities removed
from the surface, and then spread on the bottom of the
crucible. A 12 x 25 mm?® n-type, Czochralski-grown, phosphor-
ous (10-20 Q cm) doped (100) Si wafer (WaferPro) that had
been washed with methanol, deionized water (DI), and acetone
was placed polished side down on a lip on the wall of the
crucible about 5 mm above the Na metal. The lid of the crucible
was then placed above the Si wafer and the crucible was
wrapped in 99% pure aluminum foil.

For the silicide forming step, the wrapped crucible was
loaded back into a quartz tube and the endcap was reattached
and the set up was moved out of the glove box to the tube
furnace. The furnace was ramped at 5 °C per minute to 550 °C

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and held for 70 minutes with the set up under flowing argon.
The furnace was allowed to cool to room temperature and then
the set up was moved back into the glovebox. The procedure
formed a Na,Si, film on the surface of the Si substrate. For the
decomposition step, the Na,Si, film on Si substrate was then
removed from the crucible and placed face up alone in a
cleaned quartz tube.

The set up was then placed back in the furnace and heated
to 400 °C in 10 min and held for 24 hours under dynamic
vacuum (1 x 10~° Torr) to decompose the Na,Si, into Na,Si;ze.
For the last step, to drive out excess Na, the furnace was
immediately ramped to 430 °C at 1 °C per min and held for
48 hours. The furnace was then allowed to cool to room
temperature and then the film was removed and washed in
ethyl alcohol and rinsed in DI water and blown dry.

Prior work has shown this growth process can result in an
amorphous layer and residual Na dense regions on the surface
and grain boundaries of the resulting clathrate film."" To
remove this the samples were reactive ion etched in SFy for
2.5-3 min with a microwave power of 250 W at 13.56 MHz
under a pressure of 0.4 Torr. The resulting films were ~8 um
thick determined using a KLA Tencor D-600 stylus profil-
ometer. Images of the Na,Si;3¢ grown on a Si substrate are
shown in Fig. S1.

Stopping and range of ions in matter (SRIM) calculations
were performed using the SRIM online toolbox, and shown in
Fig. S2.**> Diamond Si was used as a surrogate for the clathrate
since Si clathrate parameters are not yet known. This was
performed for both Li and Mg implant species to determine
effective implant fluences and energies and understand depth
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profiles. The films then underwent either FIB implantation or
BB implantation. For FIB implantation, in order to identify
implanted regions, gold with a Cr adhesion layer was deposited
onto the sample surface through a 50 pm thick steel shadow
mask creating a 17 mm?® square grid that was used as reference
marks for implantation and subsequent characterization. The
layout of this mask and an SEM image of a patterned sample
are shown in Fig. S1. Mg and Li ion sources detailed further in
ref. 46 and 47 were used to implant 150 x 150 um?* and 25 x 25
pum® regions respectively, on the Nano Implanter at Sandia
National Laboratories. Implants were performed for Li with
energies and fluences from 10 to 35 keV and from 10" to 10"
ions cm™?, respectively, with beam currents ranging from
0.24 to 1.06 pA. For Mg, energies of 10-60 keV and fluences
from 10" to 10" ions cm ™ were used with beam currents of
102-165 pA. Lower beam current implants of 28.8-49.2 pA were
also performed at 10, 20, 40, and 60 keV for all fluences. A
schematic of the FIB implantation and characterization is
shown in Fig. 1.

For BB implantation at Los Alamos National Laboratory,
5 x 5 mm® samples underwent Mg implantation in a 200 kV
Danfysik research ion implanter ranging in energies from 30 to
50 keV and fluences of 1 x 10“-7 x 10" ions ecm 2, the
maximum fluence achievable by the equipment, across the
entire sample surface. The implantations performed are sum-
marized in Table S1. In general, removal of implantation
damage and activation of implanted dopants in semiconduc-
tors is accomplished through a post implant thermal annealing
step. To study the effect of thermal annealing on the implants
prepared here, a ULVAC-RIKO MILA-5000 mini lamp annealer
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Fig. 1 Focused ion beam implantation of type Il Si clathrate film (gray) on d-Si substrate (blue) and characterization. (a) The Si clathrate films were
implanted with Mg ions (red) in 150 x 150 pm? regions varying the fluence, implant energy, and current across the Si clathrate film represented by the Mg
being at different locations and depths in the blue implant regions. (b) The clathrate cage structure is shown in gray with darker shaded small cages, and a
representative Mg ion in a lighter large cage. After implantation the films were characterized to assess implant, damage introduced, and stability of the
clathrate material. (c) and (d) A spatially resolved TOF-SIMS ion image and confocal Raman map.
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was used for rapid thermal annealing (RTA) between 300 and
700 °C under flowing argon.

The films were characterized before and after implantation,
as well as after annealing, using multiple techniques. Ion
images and intensities were acquired using an IONTOF TOF.-
SIMS 5 time-of-flight secondary ion mass spectrometer,
equipped with a 30 keV Bi' primary ion beam from a three-
lens BiMn cluster ion gun, and an O, sputter beam from an
oxygen electron impact gas ion source. Raman spectroscopy
was performed using a WiTec Alpha 300 confocal Raman
microscope equipped with a 532 nm laser, which has a 1 pm
probing spot. XRD measurements were performed utilizing
either a D500 Siemens X-ray diffractometer using the Cu Ko
line of a Cu anode radiation tube (voltage 35 kV, current 30 mA)
or a Panalytical Empyrean X-ray diffractometer for microbeam
measurements with a Cu source (voltage 45 kV, current 40 mA).
Scanning electron microscopy (SEM) was performed utilizing a
TESCAN S8252G ultrahigh resolution variable pressure
Schottky field emission scanning electron microscope. Spin
density EPR measurements were performed in a X-band Bruker
EMX EPR system equipped with a Bruker ColdEdge closed cycle
He cryostat with a base temperature of ~4.2 K and modeled
utilizing EasySpin.*® For these measurements the clathrate film
was removed from the Si substrate and flame sealed under
vacuum in a quartz EPR tube. EPR analysis, as detailed in ref.
49, was used to determine Na content before implantation and
indicated near guest free Si clathrate (x « 1), with a total Na
concentration on the order of 10" c¢cm™> as the starting
material.

Results
Focused ion beam implantation

Ion implantation of conventional semiconductors, like d-Si,
creates lattice damage which is typically repaired with post
implant annealing. At sufficiently high energies and fluences,
however, this damage can be unrecoverable leading to amor-
phous material.’®*" The metastability of type II Si clathrate
creates an additional consideration with the possibility that
damage can catalyze conversion back to d-Si. In unimplanted
materials this conversion does not occur until it is exposed to
temperatures in excess of ~480-520 °C.**>? The first aim of the
study was to identify thresholds in implantation parameters
where the metastable Si clathrate material is converted into a-Si
or d-Si. To determine this threshold, systematic FIB implanta-
tion experiments were conducted targeting small regions of
near guest free Na,Siys¢ film, approximately 150 x 150 pm? in
size. Before and after implantation these films went through
TOF-SIMS, SEM, and Raman analysis to determine the impact
of the implantation on the clathrate film.

Critical to the FIB study was the ability to locate the relatively
small implanted regions during characterization measure-
ments. Accomplishing this took advantage of the metal refer-
ence grid deposited on the sample. A coordinate system using
the corners of the grid as starting locations was used to locate
implanted regions. Each implant series began with the highest
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Fig. 2 (a) SEM image of Mg implantation into a Na,Siizg film with high
fluence (10*° ions cm™2) outlined in red. (b) Raman confocal microscope
image of the same area with the red box indicating grains used for
matching locations for large area scans. (c) and (d) TOF-SIMS Mg intensity
profile 2D and 3D image of the Mg implants.

fluence. The sample was then moved 100 pm in the direction of
one of the grid lines for each subsequent implant. This system
could be validated by the fact that at the highest fluence
(10" jons em™?) and higher energy (30 keV and above) the
implanted regions were clearly visible in SEM images (Fig. 2(a)),
where the implant can be seen as the darker region highlighted
inside the red box. A portion of the next lower fluence implant
is visible as a dark region to the left. SEM was used to identify
the first few implants in the series and to confirm the spacing
and direction to subsequent implant regions. The grain struc-
ture of the film could then be matched to find the same regions
in confocal Raman scattering, shown in Fig. 2(b). Often several
of the square implant regions could then be identified directly
in Raman as discussed below. While this approach worked
quite well for Mg implantation it was never possible to detect Li
implanted regions in our study. We begin by discussing the Mg
implanted regions and then return to a discussion of difficul-
ties detecting Li.

TOF-SIMS analysis of Mg implanted samples revealed dis-
tinct depth profiles for magnesium implantation, clearly indi-
cating the incorporation of Mg into the type II Si clathrate film
as shown in Fig. 2(c) and (d). TOF-SIMS measurements were
taken at multiple Mg implant locations and were able to detect
the square implant region and build 3D profiles of implant
depth indicating the implants were localized very near the
surface, within the top half micron of the film. These depth
profiles were compared to the SRIM predictions shown in Fig.
S2 that indicated an expected depth of ~400 nm or less
consistent with the measured TOF-SIMS profiles.

The critical fluence, the fluence at which an implanted
material becomes amorphous, has been heavily investigated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Raman spectra of Na,Siize in yellow, amorphous silicon in red,

and diamond silicon in black. (b) Large area Raman scan of the 60 keV
implants with the spectra filtered by maximum peak intensity between
450-530 cm ™ and identified as type Il Si clathrate (yellow), a-Si (orange),
or d-Si (black) showing clear damaged regions corresponding with a-Si at
10** and 10*® ions cm™ fluences. (c) Large area Raman scan of the 20 keV
implants showing no damaged regions. (d) Summary of Raman spectrum
Mg implantation into type Il clathrate film. The orange circles indicate
samples that showed conversion to a-Si in Raman area scans. The yellow
circles indicate the Si clathrate structure was retained after implantation.

in many materials and in particular in d-Si.*° In general, it

depends on the mass and energy of the implanted species, as
well as the implant temperature. As mass and energy increase,
the critical fluence decreases, while increasing temperature
increases critical fluence. This amorphous transformation
is visible in confocal Raman scattering images of the Mg
implanted regions. Raman spectra from type II Si clathrate,
a-Si, and d-Si are quite different as shown in Fig. 3(a). The
type II spectrum was collected from a film before implantation,
the a-Si spectrum is from a highly amorphized region after
implantation, and the d-Si spectrum is from the Si substrate
with no film. In the 450-530 cm ™' region type II Si clathrate
exhibits a dominant E, symmetry peak around 466 cm ™", a-Si
has a broad feature around 480 cm ™', and d-Si has a single
peak at 521 ecm ™.

The implanted regions were mapped using the confocal
Raman microscope to acquire Raman spectra while scanning
the acquisition point across sample regions. The spectra were
then filtered by looking for the maximum intensity between
450-530 cm ' allowing each location’s composition to be
identified as type II Si clathrate, a-Si, or d-Si. It should be noted
that no type I Si clathrate peaks were identified in Raman
before or after implantation. A large area Raman map was then
created for each of the implant regions. Spectra were acquired
every 10 um with the value assigned to each pixel in Fig. 3(b)
and (c) representing the Raman shift of the maximum peak of
the Raman spectrum acquired at that location. The mapping of
the 60 keV implants is shown in Fig. 3(b) with the amorphized
150 x 150 um? region of the 10™* and 10"® ions cm™> fluence
implants clearly visible while the 10" jons em™> fluence

© 2026 The Author(s). Published by the Royal Society of Chemistry
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implant directly to the left of the 10™* ions cm™ implant did
not show conversion. The implant region of the 20 keV spot is
shown in Fig. 3(c) with no clear implant regions visible, only
some a-Si and d-Si appearing due to some locations being out
of focus and sampling noise. These higher shift peaks could
also be due to some inhomogeneity, damaged film, or sampling
a grain boundary. This Raman mapping was performed at each
of the implant locations. This established a trend that the 50
keV and above implants with fluence of 10'*-10"* ions cm ™2
converted the surface material to a-Si. At 30-40 keV just the 10"
ions cm™? fluence implants converted. All 10" ions cm™>
fluence implants did not convert the material. In addition,
the implants at lower beam currents, even at 60 keV, did not
convert the material. The surface changes have been summar-
ized in Fig. 3(d) and the black line has been added as a guide to
the readers for the critical fluence threshold for these energies
at room temperature. While there have not been studies of Mg
implants at these energies in d-Si, studies of elements with
similar masses show critical fluences, in-line with what is being
observed.”® Fig. 3(d) can be used to select parameters for
subsequent BB implantation of larger area samples.

The critical fluence changes significantly in d-Si for lighter
ions like Li.”* Generally, the lighter the ion the higher the
fluence threshold. This may be a reason why no amorphization
was detected for any Li implants. Reported critical fluences for
Li in d-Si are about five times higher than that of Mg at similar
energies to those used in this study.>® This is likely why no
amorphization was detected from any Li implants. It is surpris-
ing that TOF-SIMS did not reveal higher Li content in the region
associated with the implants. We note that Li is a fast diffuser,
and it is possible that the implanted Li dispersed from the
surface and reached levels not detectable above background in
TOF-SIMS.

These results established an initial framework for under-
standing the localized effects of ion implantation, highlighting
the influence of implantation energy and fluence on the extent
of structural disruption. In the case of d-Si, for fluences below
the critical fluence, damage can be repaired thermally as the
implant is activated. Implants above the critical fluence are
often used, but in this case the implanted material has to be
heated sufficiently to recrystallize to d-Si. For metastable Si
clathrate, recrystallization will undoubtedly result in d-Si,
hence it is key to stay below the critical fluence and find ways
of thermally repairing damage without recrystallization.

Thermal stability

Since dopant implants are generally activated thermally there is
a need to examine what temperatures the clathrate material can
withstand before converting back to d-Si. From previous work,
it is known that the metastable Si clathrate material is stable up
to ~470 °C but long exposures above this temperature can lead
to degradation to d-Si.*>** Typical implant annealing in Si
utilizes RTA to temperatures well above this and near
1200 °C.** However, in d-Si implants, typically the bonds need
to be broken and reformed to activate the implant by moving it
into a vacancy site to be a substitutional dopant in the lattice.

Mater. Adv., 2026, 7, 289-300 | 293
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This can be done by the implant knocking a Si atom out of
place and annealing to repair broken bonds, diffusing in
vacancies, or by bonds breaking and reforming during the
anneal. The goal of clathrate implants though, is to allow the
implant dopant to diffuse into the Si clathrate cage through the
rings without the need to break any bonds. Achieving this
migration of the dopant should be easier than in d-Si due to
the Si clathrate’s large interstitial sites and with the dopant
being in the cage instead of the framework, so the required
temperatures may be lowered. Dopants like Na and Li have
been shown to move in and out of cages at much lower
temperatures around 300-400 °C.>%**

To understand the thermal stability of the clathrate struc-
ture, annealing studies were performed on low Na (x « 1)
unimplanted Na,Si; 36 film samples across a temperature range
of 300 °C to 700 °C. The samples were ramped to the desired
temperature in 12 s, held for 12 s, and cooled back to room
temperature under flowing argon. XRD measurements con-
firmed the type II Si clathrate structure remained intact up to
475 °C. Above this temperature some d-Si conversion occurred
indicated by the appearance of peaks forming at 28, 47, and 55
20 shown in orange in the reference lines at the bottom of
Fig. 4. This was believed to be due to a slow cooling rate after
reaching the annealing temperature. It took around 10 min for
the RTA chamber to return to room temperature. To test this,
after heating to 500 °C, the sample was removed from the RTA
quickly and cooled in air. This allowed for much shorter cool-
ing times and as can be seen in the red patterns in Fig. 4, there
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Fig. 4 XRD patterns Na,Siizs film that were annealed at different condi-
tions. The blue and orange lines represent the reference peaks of type Il Si
clathrate (ICDD 98-024-8181) and diamond silicon respectively. (a) Unan-
nealed sample, (b) and (c) annealed in RTA and allowed to cool to room
temperature under flowing argon, and (d)-(f) annealed in RTA and
removed from annealer immediately and allowed to cool to room tem-
perature in the atmosphere.
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was no evidence of d-Si in XRD following the 500 °C annealing
step and only slight conversion at 600 °C with strong conver-
sion at 700 °C. It should be noted that immediately quenching
the clathrate film in DI water did not improve the stability
beyond air cooling. Due to this, an annealing temperature of
500 °C with rapid cooling in air was chosen for the implant
activation to allow for the highest activation temperature with-
out the risk of converting any material to d-Si. Since this is a
temperature close to where the Si clathrate converts to d-Si, it is
also a temperature where bonds are mobile and reforming with
the potential for repairing implantation damage. This behavior
underscores the need for precise thermal management when
processing Si clathrates, as their stability range is significantly
lower than that of d-Si.

Broad ion beam implantation

After determining the critical fluence thresholds using FIB
implantation, BB Mg-ion implantation was studied structurally
using XRD and then electronically using EPR. An additional
goal of the BB implantation experiments was to look for
evidence of damage repair and implant activation after RTA.
Broad beam Mg implant energies and fluences were chosen
above and below critical fluence thresholds to examine this
difference. The films were first characterized using TOF-SIMS
and Raman spectroscopy to examine consistency with FIB
implanted samples, showing overall good agreement.
TOF-SIMS analysis results, shown in Fig. 5(a), show implant
profiles for the BB implanted Mg samples. The Mg signal was
point-by-point normalized to the total ion yield (TTY) to correct
for local ionization efficiency and primary beam current varia-
tion. As the implant fluence was increased the amount of Mg
incorporated into the sample increased as expected. The sput-
ter time was calibrated to depth by scanning the craters left by
the TOF-SIMS milling using a profilometer and shown in Fig.
S3. The integrated Mg counts for each implant is shown in the
left inset. The integrated counts were found by summing the
normalized counts within the top micron of each implant
profile and dividing by the sputter area, 300 x 300 pum?
followed by background subtraction of the unimplanted region.
The top micron, shown in the right inset in Fig. 5(a), was used
because most of the implanted Mg resides there, similar to
SRIM predictions. The low intensity remainder of the profile is
less reliable and may be caused by straggle and largely influ-
enced by film roughness causing uneven sputtering rate across
the sputter region. The exponent in this log-log plot is close to
one indicating a linear dependence of Mg counts from TOF-
SIMS and Mg fluence as expected and seen in the left inset.
XRD scans, shown in Fig. 5(b), of the BB Mg implants
showed that there was no presence of additional phases even
for the strongest of implant energy and fluences of 7 x 10"
ions em ™2 at 50 keV which was the highest fluence possible at
this energy with the BB implanter. The higher implant energy
films did show broadening of the XRD lines indicating
potential lattice damage from the implantation process. The
fluence is above the critical threshold in Fig. 3(d) and Raman
does show the presence of amorphous material. Noticeably the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) TOF-SIMS of broad beam implanted Na,Si;z¢ film samples. The
right inset shows the first micron and left inset shows the integrated
intensity as a function of fluence. (b) XRD of broad beam Mg implants of
a Na,Siyze film sample. The unimplanted sample is shown in black. As
implant energy and fluence increases there is no noticeable change in
phase to type | clathrate, a-Si, or d-Si.

10 20

XRD does not indicate a-Si typically seen as a broad background
with a peak spanning ~20-35 20 in Si clathrate XRD."* This
suggests the damage to the Si clathrate film from the implanta-
tion process is very shallow with Raman and XRD sampling
different depths. The effective sampling depth of the XRD is
around ~7-9 pm at these diffraction angles, based on a low Na
content Si clathrate density of 2.017 g cm ® giving a mass
attenuation coefficient, u = 123.2.°® The Raman sampling space
is much more sensitive to the implanted region. The clathrate
absorption coefficient, «, at the 532 nm wavelength of the
Raman laser, is ~4 x 10* em™" corresponding to a measure-
ment depth of 0.25 pum."" The fraction of a-Si would need to be
much more substantial to be seen in the XRD pattern. This
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Fig. 6 (a) XRD of the pre (blue) and post (red) annealed 10*° ions cm™2

fluence at the 50 keV implanted sample. The broadening observed after
implantation is reduced after annealing indicating a restoration in crystal
structure. (b) XRD of the prominent peaks around 20 20 to highlight the
change in line width compared to the unimplanted original clathrate film
(black). (c) TOF-SIMS of BB Mg implanted 10® ions cm™ fluence at 50 keV
of the Na,Sijzg film sample. The black curve denotes the unimplanted
sample for reference, blue is before annealing and red is post annealing.

indicates that the amorphous material is near the surface and
detectable by Raman, but not by XRD which samples the
entire film.

Rapid thermal annealing was then performed on the BB Mg
implanted films at 500 °C for 12 seconds and the films were
recharacterized in XRD, Raman, and TOF-SIMS. Fig. 6(a) shows
the XRD pattern of the 1 x 10" ions ecm™? fluence at 50 keV
implant energy. After annealing the film continues to show a
crystalline clathrate pattern, but the line broadening that was
observed after implantation is noticeably reduced, highlighted
in Fig. 6(b) for the peaks located at 20 and 21 26. This reduction
in broadening, close to the unimplanted pattern in black, may
indicate a reduction in the lattice defects and more crystalline
Si clathrate material.

The TOF-SIMS profile after annealing showed a redistribu-
tion of the Mg which diffused further into the film, similar to
annealing profiles of Mg in d-Si.>” This is shown in Fig. 6(c) by
the shift of the peak to the right in the annealed film. The
integrated intensity did not decrease after annealing showing
the Mg was not driven back out due to the annealing process.
Complexes like Mg-Si and Mg-Na were also looked for in TOF-
SIMS. While these species appeared in the mass spectrum, no
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Fig. 7

significant differences were observed in their intensities before
implantation, after implantation, or after annealing. They are
therefore considered background, likely arising from impuri-
ties in the films or residual species from previous samples run
in the system. The plots of each can be seen in Fig. S4. Mg-Mg
dimers were also examined and were similarly seen in the mass
spectrum but have mass overlap with SiF complexes known to
be on the film surface after SF¢ etches and did no show
increases after implantation or annealing. A schematic of the
annealing process and potential recovery and implant diffusion
is shown in Fig. 7. In the left-most panel the low Na type II Si
clathrate films start relatively guest free with empty small and
large cages. In the next panel after implantation the implant
likely bumps and knocks some atoms slightly out of place
before stopping, leading to the broadening seen in Fig. 5
and 6 from the XRD analysis. The third panel shows the implant
activation taking place using RTA. Finally in the right-most panel
the implanted ion drives slightly deeper into a cage with atoms
repositioning and bonds repairing themselves.

Raman still exhibited an amorphous spectrum and did not
show any significant changes before and after annealing of the
higher energy high dose implants. Raman spectra of lower
energy 30 keV implants with 1 x 10" ions cm™? also remained
largely indicative of a-Si. However, large area scans sampling
many positions showed the consistent reemergence of type II Si
clathrate peaks across the sample. The type II Si clathrate
Raman peaks were maintained for the 30 keV 1 x 10" ions
cm > sample (which is below the critical fluence) before and
after annealing, as shown in Fig. S5.

The EPR spectra of the Si clathrate samples were also
characterized before Mg implantation and after Mg implanta-
tion and activation. Here we focus on several EPR features that
have been identified in prior studies and assigned to spin active
species in Na doped type II Si clathrate films.?***°®>° The films
were examined across a wide temperature range from room
temperature to 5 K. The room temperature EPR spectra before
implantation (black) and after implantation and activation
(red) are shown in Fig. 8(a). In modulation CW-EPR the
derivative of the absorption spectrum is observed. The large
feature present in both room temperature spectra is associated

296 | Mater. Adv., 2026, 7, 289-300

lon implantation of type Il Si clathrate with large (orange) and small (blue) cages and implanted ion (red).

with an absorption peak arising from unterminated silicon
bonds (dangling bonds) with unpaired electrons contributing
to the EPR signal at a g value of ~2.005. The other significant
room temperature feature, which only appears in the Mg
implanted and annealed sample, is a smaller bump super-
imposed on the center of the dangling bond feature. This is
associated with conducting electrons or free carriers in the
sample with a g value of ~2.003, close to that of a free electron
of 2.0028. These features are consistent with other EPR analysis
of these materials.”® This difference in the spectra is also
noticeable in the absorption spectra obtained from integrating
the EPR signal, shown in the inset of Fig. 8(a). The additional
free carrier feature causes a shift of the absorption peak to the
right. These spectra can be fit following procedures detailed
further in ref. 49 to determine the increase in free carriers. The
free carrier concentration increased by around ~2 x 10"
em >, This corresponds to ~4 x 10"" spins when multiplied
by the sample volume. The 5 x 5 mm?> 10" cm > fluence
implant is ~3 x 10" spins. The free carrier peak has been
shown to increase with subsequent annealing in previous work
due to redistribution of atoms which could account for this
increase.”® Additional measurements were performed on unim-
planted type II Na,Si; 3¢ before and after annealing following
the same procedures as the implanted samples and indicated a
free carrier increase shown in Fig. S6(a). This suggests the
increase is not entirely due to the implant, but rather from the
annealing causing repair of residual defects or better activation
of the Na in the starting material.

At low temperature, the EPR spectrum of the unimplanted
sample, shown in black in Fig. 8(b), is typical of low Na type II Si
clathrate. Here we focus on the four hyperfine lines associated
with the donor electron interacting with the isolated spin 3/2
Na nucleus and the clustered Na feature centered at 330 mT,
which is more easily seen in the integrated spectrum in the
inset. Magnesium, with two valence electrons, is expected to be
electronic spin zero and not directly detectable in low tempera-
ture EPR. Mg does have a naturally occurring (about 10.1%)
nuclear spin 5/2 Mg> isotope, but this low percentage of
isotope along with the low doping makes it unlikely to see
contributions from this species. The other isotopes Mg>* and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Room and (b) low (5 K) temperature CW-EPR of the Na,Si;z¢ film
before implantation (black) and after 10*° ions cm~2 fluence implantation
and annealing (red). The spectra were acquired under the same para-
meters at 9.44 GHz over 40 scans at room temperature and 10 scans at
low temperature and scaled by sample weight. The insets showing the
integrated absorption spectra.

Mg>®, which make up ~79% and 11% respectively, are nuclear
spin zero.®’

The presence of Mg was, however, detected indirectly
through its effect on the Na hyperfine lines which decreased
significantly in intensity after implantation and annealing as
shown in Fig. 8(b). The low temperature EPR of the unim-
planted annealed Si clathrate film sample, in Fig S6(b), showed
an opposite strong increase in the hyperfine lines. This sug-
gests that Mg is interacting with the Na donor electron decreas-
ing the number of isolated Na atoms in the material. Similar
suppression of hyperfine lines was observed when Li was
incorporated into low Na type II Si clathrate. The suppression
was attributed to Li and Na forming spin zero pairs.>° In the
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present case given Mg has two valence electrons the nature of
the interaction is less clear, but being able to attribute the
decreased hyperfine lines with the implant of Mg suggests the
Mg is in close proximity to the Na and does affect the electronic
configuration of the Na.

For the broad Na cluster feature the situation is less clear.
When Li was introduced both the isolated and cluster Na
features decreased in intensity. In the present case, the isolated
Na lines decrease but the cluster feature grows. This seems to
indicate that there is less isolated Na and more Na in neighbor-
ing cages forming clusters after implantation of Mg and
annealing. Although this could be due to local diffusion and
rearrangement of Na atoms during implant and anneal stages,
we think this is unlikely since changes like this are not
observed in unimplanted samples subject to the same anneal-
ing treatment, shown in Fig. S6(b). In the unimplanted sample
the hyperfine lines and the cluster feature increase from the
thermal annealing process. While the cluster signal in the
implanted samples increases, it is not to the extent of the
annealed unimplanted sample, suggesting there could be some
suppression of the cluster feature as well. It’s possible there are
two effects happening in the implanted sample, increase in the
Na cluster feature due to defect repair and Na rearrangement
after annealing, and suppression due to Mg interacting with the
Na. Additionally, EPR spectra were taken at incremental tem-
peratures from 5 to 150 K to attempt to see the possible
thermalization of a single Mg electron, which would leave the
Mg spin active, however, no additional features consistent with
a spin from a single Mg donor electron were observed. The
temperature dependent EPR is shown in Fig. S7. While we do
not see the Mg directly in EPR and cannot be sure precisely
where it sits, we are able to detect its presence and suspect it
likely does move into the cages due to the way it is affecting the
signatures of Na atoms already in the cages.

Conclusions

A key challenge with type II Si clathrate materials is the lack of
synthesis methods that incorporate guests/dopants lying out-
side of the column one. In this work we showed that ion
implantation into Si clathrate films is a functional and specific
way to introduce alternative dopants in a highly controllable
means. While the metastable Si clathrate material can convert
to d-Si or amorphous phases, we have found, through examin-
ing a variety of implant fluences and energies, where it is
possible to implant dopants into the films without these
conversions. It is also possible to thermally anneal the implants
in temperature ranges where the implanted ions move, indica-
tions of damage are reduced, and the metastable clathrate
structure is maintained. It should be noted that a tradeoff
between critical fluence and implant energy was found to be
consistent with ion implantation studies of d-Si. This suggests
that high fluence implants without amorphizing the material
may be possible. In addition, the metastable nature of the Si
clathrate material could have a potential advantage if damage
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repair and dopant activation can occur at lower temperatures.
In particular, dopants may be able to enter cages with low
activation energy due to the ability to pass atoms through the
open rings structure of the cage, without the need for breaking
and reforming bonds or to create defects in the lattice.

This study opens the door for utilizing ion implantation as a
means to implant specific dopant materials and at specific
concentrations for device applications to enhance electrical,
optical, thermal, and quantum properties. Although ion
implantation of Mg into related materials like d-Si has been
well studied and other approaches to incorporating Mg into d-
Si, such as thermal diffusion, have been explored,* ®* incor-
poration of Mg into Si clathrates by any method has never been
demonstrated. In addition to our study’s demonstration that
ion implantation can be performed without conversion to d-Si,
implantation also has advantages over methods like thermal
diffusion, SPS, and HPHT in the precise control over where
species are located in the film. Typical methods employ a more
uniform distribution across the film surface and do not allow
for spatial control over dopants, where ion implantation, as
demonstrated in this study, can pinpoint specific areas of films
to dope. Future research should aim to expand the range of
dopants studied in Si clathrates, and explore elements beyond
Mg that could further enhance their electronic, optical, and
spintronic properties. Additionally, investigating the effects of
doping with multiple species and the interactions between
different dopants may provide new pathways for tuning these
materials. This is a particular strength of ion implantation over
other developed methods that function by forming the Si
clathrate around a single dopant. Integration into devices is
an important goal, which requires more control over doping
than presently exists. For example, an effective p-type dopant
has yet to be developed. Furthermore, FIB implantation in
tandem with lithography and other semiconductor processing
techniques could allow for the precision needed for advance-
ments in Si allotrope-based devices to allow these materials to
become players in the fields of CMOS and quantum dots.
Preliminary work has been performed on using clathrates as
a host material for spin-based qubits but noted a need for
decreased doping levels and alternative guests,*® both of which
this method could provide. Ion implantation could be an
important aspect, of a route not possible under other methods,
to device applications that takes advantage of these exciting
materials.
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