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ABSTRACT: Lattice oxygen in metal oxides offers potential
pathways for advanced catalyst design, including catalysts for the
selective growth of semiconducting single-walled carbon nanotubes
(s-SWCNTs). In this study, an increase of lattice-oxygen release
flux up to 105 is achieved via a lattice oxygen triggering (LOT)
strategy for oxide catalysts. The LOT strategy is experimentally
realized by ion implantation of titanium (Ti) and iron (Fe)
elements into the sapphire substrate, followed by an annealing
process for Ti migration onto the surface and Fe stable substitution
in the sapphire lattice. The LOT process occurs when Fe atoms
dope into Ti oxides, forming the catalysts for SWCNT growth.
The continuously released lattice oxygen serves as an in situ
etchant for precise removal of metallic tubes, resulting in the direct
synthesis of horizontally aligned s-SWCNT arrays with >98% purity. Field-effect transistors based on the s-SWCNT arrays exhibit
ultralow subthreshold swing of 60 mV dec−1, and high carrier mobility of 2291 cm2·V−1·s−1. This LOT strategy establishes a
paradigm for tuning lattice oxygen kinetics and thermodynamics, opening avenues for an oxygen-centric catalyst design in
nanomaterial synthesis.

■ INTRODUCTION
Lattice oxygen in metal oxides has been widely researched,
particularly in catalytic fields, as it provides abundant
opportunities for material design. In the oxygen evolution
reaction process, the thermodynamic instability of the oxygen
anion in the metal oxide lattice, and the involvement and
mobility of lattice oxygen were reported.1,2 In acetylene
conversion, lattice oxygen acts as the oxidant for preferential
acetylene activation due to its high diffusion rate with metal
oxides.3 When it comes to the realm of photovoltaics,
photoelectrochemical cells, and photocatalysis, lattice oxygen
was also extensively investigated for modulating the activity of
photocatalysts like titanium dioxide (TiO2).

4−7 In addition, for
controlled growth of carbon nanotubes (CNTs), lattice oxygen
was regarded as an effective approach for selectively etching or
preventing the formation of metallic CNTs.8,9

Horizontally aligned single-walled carbon nanotube
(SWCNT) arrays hold significant promise for integrated
circuits technology, due to their multiple advantages as one-
dimensional Dirac materials.10−13 Although the direct growth
of SWCNT arrays achieves samples with higher quality, better
alignment, and less contamination, the coexistence of metallic
(m-) and semiconducting (s-) SWCNTs is still a major
obstacle to their application in next-generation nanoelec-
tronics,14 which requires high-purity s-SWCNTs. Based on the

electron density difference at the Fermi level of m-SWCNTs
and s-SWCNTs, numerous studies have explored selective
etching methods using oxygen, hydrogen, or other etchants
during the chemical vapor deposition (CVD) growth
process.15−18 Notably, oxidative etching demonstrated remark-
able effectiveness, in which water vapor achieved the etching of
80% m-SWCNTs ,19 and the oxygen-assisted floating catalyst
chemical vapor deposition process produced s-SWCNT
networks with over 90% purity.20 However, conventional
oxidative etching introduces etchants throughout the growth
atmosphere, leading to the complex coupling of etching
conditions with the growth parameters and relatively low
purity, commonly less than 95%.
Instead of feeding oxidative etchant, lattice oxygen from

metal oxide nanoparticles, like TiO2 or ZrO2, enables precise
etching of m-SWCNTs.8 However, the control of lattice
oxygen remains difficult. Doping has been proven as an
effective method to achieve high oxygen vacancy concen-
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tration, addressing the insufficient and noncontinuous oxygen
release from pure TiO2.

21−23 Various dopants have been
investigated, in which low-valence transition metal dopants
particularly show promise for creating oxygen vacancies in
TiO2 through charge compensation mechanisms.24−26 Fur-
thermore, Fe3+ doping significantly improves the capacity of
oxygen-release when substituting Ti4+ in TiO2 lattices because
of their comparable ionic radii.27 Therefore, if Fe3+ doping can
be successfully introduced during CNT growth using TiO2 as
the catalyst, a more precise control can be realized for s-
SWCNT enrichment. This process necessitates developing
alternative catalyst fabrication strategies that synchronize
doping with CNT growth, rather than conventional preloading
methods. Ion implantation emerges as a viable technique for in
situ catalyst nanoparticle formation28,29 with improved
uniformity,30 while avoiding the “self-purification” effect from
predoping catalysts.31 Based on ion implantation, we propose a
lattice oxygen triggering (LOT) strategy to achieve controlled
lattice oxygen release via Fe doping into Ti oxide catalysts and
to realize precise and effective etching of m-SWCNTs.
Figure 1a−c schematically illustrates the complete process of

our LOT strategy. Initially, Ti and Fe ions are implanted into
the sapphire substrate. During air annealing, Ti atoms migrate
and precipitate toward the substrate surface due to poor lattice
matching with sapphire, ultimately transforming into TiO2. In
contrast, Fe atoms remain embedded within the substrate,
maintaining thermodynamic stability because of structural
compatibility between hematite (α-Fe2O3) and sapphire (α-
Al2O3).

32 In the following growth period under a hydrogen
atmosphere, released Fe atoms dope into TiO2 and
simultaneously trigger the release of lattice oxygen, with the
oxygen release flux increasing by ∼105. Successful experimental
implementation of the LOT strategy requires four critical
prerequisites: (1) preferential formation of stable TiO2 on the

substrate surface; (2) stable substitution of Fe atoms in the
sapphire lattice; (3) controlled release of Fe atoms from
sapphire under a reduction atmosphere; and (4) effective
oxygen release and migration triggered by Fe doping.
Therefore, the oxide catalyst must be a lattice-oxygen carrier
with poor lattice matching with sapphire, and the dopant
triggering the oxygen release should have good lattice matching
with sapphire with controlled diffusion behavior, which
constitutes the selection principle of ion implantation
elements, as shown in Figure 1a.
Through the LOT strategy, s-SWCNT arrays with over 98%

purity and negligible defects were successfully obtained,
resulting in field effect transistors with outstanding perform-
ances of on/off ratio approaching 106, ultralow subthreshold
swing of 60 mV/dec, and carrier mobility of up to 2291 cm2·
V−1·s−1. Our LOT strategy not only provides new ideas for the
controlled growth of s-SWCNT arrays but also opens an
avenue for lattice-oxygen-based catalyst design, enabling
significant advancements in nanotechnology.

■ RESULTS AND DISCUSSION
Catalyst and Dopant Design through Ion Implanta-

tion. To investigate the depth distribution of Ti and Fe in
sapphire substrate after ion implantation, we conducted time-
of-flight secondary ion mass spectrometry (TOF-SIMS), which
is known as a powerful tool to carry out depth, two-
dimensional (2D), and three-dimensional (3D) distribution
of ionized elements and molecule fragments at the ppb
level.33−35 Based on the TOF-SIMS depth profile analysis in
Figure 2a,b, the signal intensity of Ti and Fe both increased
over time, peaking at 6−7 nm, followed by a gradual decrease,
and the XPS depth profile analysis in Figure S1c−f showed the
same trends. Monte Carlo simulation was also carried out
using the stopping and range of ions in matter (SRIM)

Figure 1. Detailed schematic diagram of the lattice oxygen triggering (LOT) strategy for promoting lattice oxygen release. (a) Selection principle of
ion implantation elements. (b) Air-annealing induced Ti atoms migration and precipitation toward the substrate surface into TiO2. Fe atoms
remain embedded in the substrate. (c) Fe releasing process under hydrogen atmosphere, inducing doping of TiO2 and lattice oxygen release.
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computer program (dotted lines in Figure 2a,b), which
matched well with the experimental data, confirming successful
implantation of Ti and Fe ions into the sapphire substrate
under designed energy parameters. Meanwhile, 2D TOF-SIMS
mapping images of Ti and Fe (inset in Figure 2a,b) and 3D
TOF-SIMS distribution images of Ti and Fe (Figure S1a,b)
further demonstrated homogeneous in-plane distribution of
both elements along z-axis, validating ion implantation’s
effectiveness for catalyst preloading.
Before CVD growth, air annealing was carried out to repair

the surface damage induced by ion implantation radiation and
to modify the distribution condition of Ti and Fe. Of interest
here is that Ti and Fe have divergent migration trends in the
annealing process due to the oxidation environment, as shown
in the X-ray photoelectron spectroscopy (XPS) results in
Figure 2c and Figure S2a,b. We designated the XPS signal
obtained from samples after ion implantation, annealing, and
growth process as Im, An, and Gr, respectively, using the
growth signal intensity as the 100% reference. Notably, while
only weak signal was observed after ion implantation due to
the low content within the XPS detection depth, Ti signal
emerged strongly in annealed samples, approaching the
intensity after growth, indicating the substantial migration
and precipitation of Ti upward to the sapphire surface in the
process of annealing at 1100 °C36,37 due to poor lattice
matching with sapphire. By contrast, the Fe signal remained
weak until the growth process under a reduced atmosphere,
confirming Fe’s thermodynamic stability within sapphire
through partial Al substitution during the annealing process
due to structural compatibility between hematite (α-Fe2O3)
and sapphire (α-Al2O3), consistent with our previous study.

32

This differential behavior was corroborated by TOF-SIMS and

XPS depth profiling (Figure 2d and Figure S2c−f), showing
surface-concentrated Ti versus depth-invariant Fe distribution.
The distribution differences were further validated through

the investigation of a cross-sectional sample along the [11̅00]
direction of sapphire by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). As shown
in Figure 2e, an obvious contrast difference at the interface
indicated element precipitation on the surface. In addition,
reasonable atomic contrast variations (Figure S3) below the
interface were detected, where brighter Z-contrast features
(white circles) correspond to Fe substitutions in the sapphire
lattice. Energy-dispersive spectrometer (EDS) mapping images
in Figure 2f−i confirmed the enrichment of Ti element on the
substrate surface (Figure 3f), correlating with TiO2 formation
(Ti4+ XPS in Figure S2a) in the process of air oxidation, and is
consistent with the theoretically estimated thickness of the
atomic layer from precipitated Ti to the substrate surface
(Figure S4) at an appropriate dose of 1 × 1015 ions cm−2. The
surface topography of sapphire was also probed by atomic
force microscopy (AFM) (Figure S5), showing a small height
increase originating from TiO2 formation after annealing.
Different from the condition of Ti, the element distribution of
Fe was discrete (Figure 2g), affirming that Fe atoms were
homogeneously dispersed inside the sapphire, which is in
accordance with the TOF-SIMS and STEM results.
Mechanism Analysis for the Lattice Oxygen Trigger-

ing Strategy. Through element design and annealing process,
we achieved both catalyst preformation on the surface and
dopant incorporation in the substrate. During the growth
process in a reducing atmosphere, migration of Fe ions toward
the surface enabled controlled doping of TiO2 to facilitate
lattice oxygen release. We investigated this oxygen-release

Figure 2. Distribution and migration behavior of Ti and Fe in TiFe/sapphire. (a, b) TOF-SIMS depth profiles and simulated ion distribution versus
depth of (a) Ti and (b) Fe in as-prepared TiFe/sapphire, with insets showing corresponding 2D mapping images at 0−1, 4−5, and 10−11 nm,
respectively (scale: 0 to maximum). (c) Divergent migration trends of Ti and Fe tracked through XPS across three stages: ion implantation (Im),
annealing (An), and growth (Gr). (d) TOF-SIMS depth profiles of Ti and Fe components in annealed TiFe/sapphire. (e) Cross-sectional HAADF-
STEM image of annealed TiFe/sapphire. (f−i) EDS mappings of (f) Ti, (g) Fe, (h) O, and (i) Al for the cross-sectional region.
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mechanism by density functional theory (DFT) calculations
using the rutile lattice model (Figure 3a), which is the only
thermodynamically stable phase of TiO2.

38 Considering that
Ti4+ and Fe3+ have similar ionic radii of 0.61 and 0.65 Å,
respectively, Fe3+ ions can easily replace Ti4+ ions in the TiO2
crystal lattice.27 The computational results in Figure S6 suggest
that the doping of TiO2 by Fe3+, especially substitutional
doping, significantly decreases the formation energy (Ef) of
oxygen vacancy (VO). We further conducted a comprehensive
thermodynamic analysis of the relationship between the
substitutional dopant concentration and oxygen release
characteristics (Figure S7), based on calculations of the total
formation energy (Figure 3b) and sequential formation energy
(Figure S8). With the increase in the Fe3+ doping
concentration, both the total formation energy corresponding
to different numbers of oxygen vacancies and the sequential
formation energy of each single oxygen vacancy show a
remarkable decline. For example, when the Fe doping
concentration increases from 0 to 50%, the total formation

energy for five oxygen vacancies decreases significantly from
25.3 to 10.3 eV, and the sequential formation energy drops
from 5.4 to 2.7 eV. This clearly indicates that Fe3+ doping can
effectively promote the release of oxygen. The obvious
decreasing trend at varying concentrations also demonstrates
a wide operational window for oxygen release. Remarkably,
even when the Fe doping concentration is increased to only
3%, the energy required to generate one VO is reduced by
33.7% (Figure S9).
We also investigated the effect of Fe-doping on oxygen

release kinetics by calculating the energy barriers (Ea) of the
potential migration pathways of lattice oxygen in the TiO2
system before and after Fe-doping (Figure S10). For the tested
pathway 1 (Figure 3c), in comparison with the 4.83 eV energy
barrier in undoped TiO2, Fe-doped TiO2 exhibited a reduced
barrier (Ea = 3.82 eV) from the Fe-bonded site to the Fe-
nonbonded site, accompanied by a lower-energy initial state (E
= −0.92 eV) and final state (E = −1.95 eV). These results
indicate the enhanced feasibility of oxygen migration in Fe-

Figure 3. Theory calculations and characterizations of triggering lattice oxygen. (a) Schematic diagram of doping-triggered lattice oxygen migration.
(b) Oxygen vacancy formation energies with the change of Fe doping ratio for different numbers of oxygen vacancies. (c) Relative energies along
the oxygen migration pathway, both before and after Fe doping. (d) Ti 2p XPS spectra comparing undoped and Fe-doped systems. (e) Raman
spectra of Ti/sapphire and TiFe/sapphire after annealing (An) and growth progress (Gr). (f) HAADF-STEM image with lattice distortion marked
as blue and yellow squares. (g) EDS elemental composition of a catalyst nanoparticle with Ti and Fe. (h) HAADF-STEM image of an individual
SWCNT grown from a catalyst nanoparticle, with the corresponding FFT pattern of the grain A (scale bar 5 1/nm) and atomic structure model
(purple, yellow, and gray balls refer to Ti, Fe, and O atoms, respectively). (i) Distinct lattice spacings from lattice distortion of grain A in Figure 3h.
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doped systems. Pathway 2 analysis yielded similar trends
(Figure S11). It is worth noting that calculations of oxygen
vacancy flux (Table S1) revealed a ∼105-fold enhancement of
lattice oxygen release for Fe-doped TiO2 relative to undoped
TiO2. Collectively, these findings demonstrate that the
formation and migration of oxygen vacancies in Fe-doped
TiO2 are both thermodynamically favorable and kinetically
efficient, thus establishing preferential oxygen release pathways
in Fe-doped TiO2.
XPS results confirmed Ti valence reduction in surface TiO2

after growth, as evidenced by the Ti 2p peak shifts in Figure
3d. Compared with the Ti/sapphire sample with only Ti4+
peaks at 464.2 eV (2p1/2) and 458.4 eV (2p3/2), the TiFe/
sapphire sample displayed additional peaks at 463.4 and 458.0
eV, which are characteristic of oxygen-deficient TiO2. This
valence shift indicated that Fe doping was indispensable for the
lattice oxygen release in TiO2 during growth. The results of
scaled-up H2-TPR experiments in Figure S12 also indicate that
the lattice oxygen of TiO2 was significantly increased with Fe
ion implantation, demonstrating the reliability of the LOT
strategy.
Raman spectroscopy of the substrates revealed critical

insights into the coordination structure and state of the
sapphire surface (Figure 3e). Using α-Al2O3 A1g mode at 419
cm−1 (marked with square label) as the normalized reference,
we obtained spectra of Ti/sapphire and TiFe/sapphire sample
after annealing and growth process with characteristic peaks
(marked by corresponding mode names) at 230 and 610 cm−1,
representing the modes of the MPP (multiphoton process)
and A1g (antisymmetric bending vibration of O−Ti−O),
respectively.39 After exposure to growth atmosphere for 15
min, the intensity ratios of MPP to A1g mode for TiFe/
sapphire were higher than that for Ti/sapphire (Figure 3e),
indicating increased coordinatively unsaturated sites in TiFe/
sapphire, consistent with reported Raman spectra for Ti2O3/r-
TiO2 transition.

40 In addition, the disappearance of Raman
peaks related to iron oxides and oxyhydroxides crystalline
phases41 (marked with rhombus label) in the TiFe/sapphire
sample may be caused by the fine dispersion of these within
TiO2 matrices. These results align with the above theoretical
predictions about oxygen release profiting from Fe doping into
TiO2.
The uniform dispersion on the substrate of postgrowth

catalyst nanoparticles was observed (Figure S13), originating
from high temperature dewetting.42 We performed STEM
characterization to further investigate the catalyst nano-
particles. Atomic-level alterations in various titanium−iron
oxide structures indicated that the selectivity originated not
from the lattice matching of carbon nanotubes and the catalyst
with a specific structure.43 Titanium carbide (TiC)44 formation
was excluded as TiO2 conversion into TiC requires
significantly harsher conditions than those employed for
CNT growth, consistent with the absence of TiC nanoparticles
in STEM characterization. The lattice plane angles of 26.4 and
33.9° in nanoparticles (Figure 3f) confirmed the presence of
oxygen-deficient lattice distortion,45,46 supported by the well-
defined bright spots of fast Fourier transform (FFT) diffraction
patterns (Figure S14) deriving from corresponding lattice
fringes in blue and golden boxes. Observed fuzzy features and
weak FFT pattern rings (Figure S15) further suggested lattice
disorder or amorphization, characteristic of considerable
oxygen vacancy concentration.47,48

The coexistence of Ti and Fe in the catalyst nanoparticle was
determined by EDS (Figure 3g, Table S2) and corresponding
spatial mapping images (Figure S16). For a nanoparticle
connected to an individual SWCNT containing two crystal-
lized grains (marked by two different colors) (Figure 3h and
Figure S17), FFT diffraction patterns identified the grain A
along [11̅1̅] as FeTiO3 and the grain B along [11̅0] as Fe3C,
both matching well with the corresponding atomic models. In
non-nucleating FeTiO3 grain, the lattice distortion region
displayed two distinct lattice spacings (0.217 and 0.208 nm)
marked by white line (Figure 3i), deviating from the 0.210 nm
spacing of FeTiO3 (2 0 2). This structural discrepancy aligns
with oxygen vacancy-induced cation separation and structure
variation.46

Growth Results and Device Performances of SWNT
Arrays. Under optimal conditions, lattice oxygen release
induced the enrichment of s-SWCNTs (Figure 4a). Scanning
electron microscopy (SEM) images in Figure 4b revealed Fe
dose-dependent etching enhancement of TiFe/sapphire
catalysts, evidenced by shortened SWCNTs. The similar
etching condition emerged with different Ti dose (Figure
S18). Sustained lattice oxygen release during growth enabled
by the consecutive distribution of Fe atoms in depth
persistently etched m-SWCNTs and suppressed their growth.
Raman line mapping spectra in Figure 4c and Figure S19

validated the universal efficacy of triggered-oxygen assisted
etching for m-SWCNTs removal, with m-/s-SWCNTs
identified by radical breathing mode (RBM) peak positions
based on Kataura plot.49 Controlled Ti/Fe dosing on sapphire
elucidated the LOT mechanism: Compared with the maximum
s-SWCNT enrichment proportion of 98%, Ti-only samples
exhibited limited s-SWCNT enrichment due to inadequate
lattice oxygen release, consistent with Figure 4b observations.
Conversely, excessive Fe/Ti ratios reduced selectivity as
isolated Fe catalyst nanoparticles generated m-SWCNTs,
matching the theoretical calculation results of doping
saturation effects until there was no selectivity with natural
1/3 m-SWCNTs for Fe-only samples.
Electrical performances of TiFe/sapphire-grown SWCNT

arrays were characterized via back-gated field-effect transistors
(FETs) fabricated on SiO2/Si substrates with a 1 μm channel
length (Lch) (Figure S20). The transfer characteristics and the
corresponding on/off ratios (Figure 4d,e and Figure S21)
revealed that 54 of the measured 55 FET devices exhibited
semiconducting behavior, confirming >98% s-SWCNT purity,
in accordance with Raman statistics in Figure 4c. The on/off
ratios of 64% of the FET devices exceeded 103, where the
maximum on/off ratio reached 105. Raman line mapping
spectra under 532 nm laser excitation of the SWCNT arrays in
Figure 4f showed negligible D-band signals, confirming the
high crystallinity of the carbon nanotubes. In addition, top-
gated FET devices with a single SWCNT in channels (Figure
4g inset: Lch = 1 μm with a 4 nm HfO2 dielectric layer)
achieved near-ideal performances of on/off ratio approaching
106 and subthreshold swing (SS) of 60 mV dec−1 (Figure
4g,h), the room temperature theoretical limit, which
demonstrates that the SWCNTs grown by LOT method
were perfectly crystalline and defect-negligible. Using the
standard carrier mobility formula:

L g

W C V
ch m

ch G ds
=

(1)
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we obtained a carrier mobility of up to 2291 cm2·V−1·s−1.
These results demonstrated the exceptional electrical proper-
ties of our SWCNTs for carbon-based integrated circuits.

■ CONCLUSIONS
In summary, this study presents a lattice oxygen triggering
strategy to achieve horizontally aligned SWCNT arrays with
>98% semiconducting SWCNT purity. By coimplanting Ti and
Fe ions into sapphire substrates and annealing, Fe atoms dope
into TiO2 under a reducing growth atmosphere and promote
lattice oxygen release. This enables precise oxidative etching of
m-SWCNTs and the enrichment of s-SWCNTs. DFT
calculations confirm Fe doping significantly reduces oxygen
vacancy formation energy and facilitates kinetic oxygen release
(∼105-fold enhancement of lattice-oxygen release flux). The
resulting SWCNT arrays exhibit exceptional electrical perform-
ance of on/off ratios up to 106, an ultralow subthreshold swing
of 60 mV dec−1, and a carrier mobility of 2291 cm2·V−1·s−1.
The LOT strategy decouples catalyst doping and growth

processes, offering a scalable and compatible approach for
high-purity s-SWCNT synthesis in industrial production.
Further study is needed to understand lattice oxygen behavior
(e.g., charge transfer effects) and to optimize etching
conditions for improved utilization. In a broader view, the
versatile LOT strategy, with a universal catalyst synthesis
approach through sequential ion implantation and suitable
postprocessing, provides new insights into multimetal catalyst
design and doping tuning.

■ METHODS
Preparation of Ion Implantation Samples. The Ti and Fe ion

implantation at sapphire substrates was conducted at room temper-
ature by employing a home-built ion implanter (FM-400). The ion
energy was set as 9 keV, and the ion dose of Ti and Fe was set as the
range from 1 × 1014 to 1 × 1016 ions cm−2, respectively. After ion
implantation, the annealing process at 1100 °C in air for 5 h was
conducted as an indispensable procedure.
Growth of SWCNT Arrays. The sapphire substrates were placed

in a quartz tube with polished surfaces upward. The 300 sccm argon

Figure 4. Etching of lattice oxygen and electrical characterization of s-SWCNT arrays. (a) Schematic diagram for selectively etching of lattice
oxygen, where the blue and orange nanotubes denote s-SWCNTs and m-SWCNTs, respectively. (b) SEM images of SWCNT arrays with different
Fe implantation doses, under the noniron-dominant catalyst condition. (c) Raman analysis of the abundance of s-SWCNTs with different contents
of Fe. (d) Transfer characteristics and (e) on/off ratio statistics of the measured FET devices based on s-SWCNT arrays. (f) Raman spectra of s-
SWCNT arrays (inset: SEM image of the SWCNT arrays). (g) Transfer characteristics (inset: SEM image of the FET) and (h) output
characteristics of the FET. Scale bars, 20 μm (SEM image in f) and 1 μm (SEM image in g).
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was first introduced into the tube from the entrance until the
temperature reached 850 °C. Then, hydrogen (100−500 sccm) and
ethanol were introduced into the reactor for SWCNT growth. After
growth for 10−20 min, the furnace was cooled to room temperature
in an argon and hydrogen atmosphere.
Transfer of SWCNT Arrays. The sample film was transferred

onto the ultrathin carbon support film (EMCN, BZ11032b) by a
standard wet transfer method using an etching solution (2.5 mol/L
potassium hydroxide solution) to dissolve the sapphire glass
substrates, followed by a standard stripping process of PMMA. The
sample film was transferred onto a Si/SiO2 (300 nm) substrate for
back-gated FET and top-gated FET using a similar method.
FIB Detail. Focused ion beam methods (FIB, using a TESCAN

Solaris FIB dual beam SEM) were used to prepare a cross-sectional
sample. To avoid the damage of the ion beam, the sample was coated
with a thick layer of carbon. Then, trenching milling was performed
initially at 20 nA and then at 10 and 2.5 nA for polishing until a trench
was prepared, followed by a lamella sample cut and transferred to
copper grids. Next, the lamella was first polished by an ion beam at
250 and 150 pA under 30 kV until its thickness was less than 200 nm.
Finally, the lamella was polished to about 30 nm thick by ion beam at
20 pA under 2 kV with over and under tilting below 2°.
Characterizations and Measurements. SEM images were

obtained on a Hitachi SU8220 SEM operated at 1 kV and 15 nA
with a working distance of 8 mm. Raman spectra of CNTs were
collected from Jovin Yvon-Horiba LabRam systems with 532, 633,
and 785 nm excitation (beam spot of ∼1 μm). X-ray photoelectron
spectroscopy (XPS) was performed on an AXIS Supra X-ray
photoelectron spectrometer (Kratos Analytical Ltd.) with Al Kα
(1486.6 eV) as the X-ray source. XPS depth analysis was performed
on a Thermo Scientific K-Alpha XPS with Al Kα (1486.6 eV) as the
X-ray source, and the sputter etching was performed using an Ar+

beam. Atomic force microscope (AFM) images were obtained using a
Dimension Icon microscope (Bruker). TOF-SIMS measurements
were conducted with a PHI nano TOF II instrument (ULVAC-PHI
Inc., Japan). A Bi3+2 (a small cluster of three Bi atoms with two
charges) beam (30 kV) was used as the primary beam to detect the
samples, and the sputter etching was performed using an Ar+ beam (3
kV) with the analysis area of 20 × 20 μm2. HAADF-STEM images
and EDS mappings of cross-section sapphire sample and catalyst
nanoparticle sample on copper grid were acquired using an
aberration-corrected JEM-ARM300F operated at 300 kV. Therein,
moderate underfocus was needed for the observation of catalyst
nanoparticles.
SRIM Simulations. The simulations were based on stopping and

the range of ions in matter (SRIM) computer program. Specifically, in
the prerequisite setting of sapphire as a target, the ion distribution
versus implantation depth of Ti and Fe with 9 keV was calculated by
the Monte Carlo method.
DFT Calculation Details. The details are available in the

Supporting Information.
Fabrication and Measurements of FET Devices. For back-gate

FET devices, the FET pad and contact were formed on the transferred
samples by the electron beam lithography (EBL) process, and
deposition of Pd/Au film (20 nm/40 nm) was done via electron beam
evaporation (EBE) followed by a standard lift-off process.
For top-gate FET devices, after the FET pad and contact were

formed, the channel area was defined by EBL, and redundant CNTs
were removed by reaction ion etching (RIE) with 60 sccm oxygen
flow and 40 W ratio frequency generator power for 20 s. Then, the
gate dielectric layer for FET was patterned via EBL, and HfO2 film of
4 nm thickness was grown via atomic layer deposition (ALD) at 105
°C, followed by a standard lift-off process. Finally, the deposition of
Ti/Au film (5 nm/40 nm) on the designed gate region by EBL and
standard lift-off process was proceeded. Electrical characterizations
were performed using a semiconductor device analyzer B1500A and a
probe station at room temperature under atmospheric conditions.
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