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ABSTRACT: A method has been developed for damage-free cesium (Cs)
encapsulation within single-walled carbon nanotubes (SWNTs) with ﬁne position
selectivity. Precise energy tuning of Cs-ion irradiation revealed that there is a clear
energy window (20−60 eV) for the eﬃcient encapsulation of Cs through the
hexagonal network of SWNT sidewalls without causing signiﬁcant damage. This
minimum energy threshold of Cs-ion encapsulation (∼20 eV) matches well with the
value obtained by ab initio simulation (∼22 eV). Furthermore, position-selective Cs
encapsulation was carried out, resulting in the successful formation of pn-junction
SWNT thin ﬁlms with excellent environmental stability.

n the past decade, ﬂexible electronics, namely mechanically
ﬂexible thin-ﬁlm electrical devices, have been intensively
investigated as an application of optoelectrical science.1−3
Because of their outstanding fundamental features such as
excellent carrier mobility, mechanical ﬂexibility, and thermal
conductance, single-walled carbon nanotubes (SWNTs) are
one of the most promising candidate materials for nextgeneration high-performance ﬂexible electronics such as thinﬁlm transistors (TFTs),4−6 light-emitting diodes,7,8 and
thermoelectric devices.9,10 Fabrication of these devices requires
precise control of the transport-type of SWNTs (between pand n-type). Untreated pristine SWNT ﬁlm shows p-type
features due to hole doping by oxygen or water molecules,11
whereas alternative electron doping is necessary to obtain ntype SWNTs (i.e., chemical doping).12−14 Fabrication of n-type
SWNT ﬁlms has been reported using various chemical dopants,
such as potassium (K),12 polyethylenimine (PEI),13 and
tetracyano-p-quinodimethane (TCNQ).14 However, most of
those dopings were performed by exterior functionalization of
SWNTs, where environmental resistance is very low.
Fabrication of n-type SWNTs, which are stable in various
environments such as air, water, and high-temperature
conditions, is a critical issue for the practical use of SWNT
thin ﬁlms in future high-performance ﬂexible electronics.
Encapsulation of foreign atoms and molecules within
SWNTs is an alternative approach to chemical doping in
SWNTs.15,16 Since the dopants are enclosed by the carbon shell
of the SWNTs, the stability of these materials is very high.
Vacuum-vapor transfer is a well-known method for injecting
foreign atoms and molecules into the open end of SWNTs.
Since this method is easy and cost-eﬀective, it is very useful to
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obtain the atoms and molecules encapsulated within SWNTs as
bulk materials. However, the materials can be encapsulated only
from the open end of SWNTs under relatively high
temperatures (>500 °C). The high temperature process allows
the encapsulated material to diﬀuse throughout the SWNT
interior. Thus, it is diﬃcult to demonstrate position-selective,
local encapsulation in SWNTs by this method, which is
important for producing complicated logic circuits such as pnjunction diodes,17 inverters,18 and ring oscillators19 with p- and
n-type SWNTs. Plasma-ion irradiation is another powerful tool
for encapsulating atoms and molecules within SWNTs. Our
group has encapsulated materials such as Cs, K, Na, Li, C60, Ca,
and I with this method.20−25 Since energetic ions pass through
the hexagonal carbon network of SWNT sidewalls at room
temperature, selective encapsulation of foreign atoms and
molecules can be performed with high position selectivity.
However, the energetic ions sometimes break the SWNT’s
carbon bonds, resulting in degraded device performance.
Therefore, the development of a damage-free, position-selective
encapsulation process is important for creating high-performance SWNT thin-ﬁlm devices with high environmental stability.
Here, we demonstrate the successful damage-free and
position-selective encapsulation of Cs into SWNTs. The
minimum energy threshold (∼20 eV) for the encapsulation
of Cs into SWNTs was revealed through the precise tuning of
Cs irradiation energy (Ei). Computational studies were also
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Figure 1. (a) Schematic illustration of experimental progression for Cs-ion irradiation to SWNT-TFTs. Au electrodes were fabricated on the SWNT
networks by photolithography. Then, Cs-ion irradiation was carried out on the SWNT-TFTs. After the careful rinsing of Cs from the exterior of the
SWNTs (using puriﬁed water), electrical measurements of Cs irradiated SWNT-TFTs were carried out by a vacuum probe station. (b, c) Typical (b)
low- and (c) high-magniﬁcation atomic force microscopy images of SWNT-TFTs.

Figure 2. (a−d) Typical (a, c) Ids−Vgs curves and (b, d) histograms of Vgth (a, b) before and (c, d) after Cs-ion irradiation. (e, f) (e) Ids−Vgs and (f)
Ids−Vds curves of Cs irradiated SWNT-TFTs, measured at various Vds, and Vgs values, respectively. The insets of (a) and (c) show typical
transmission electron microscope image of pristine SWNTs and Cs@SWNTs, respectively. The scale bar in the inset of (c) is 2 nm.

carried out to elucidate the kinetics of the Cs ions’
incorporation into SWNTs, obtaining a consistent threshold
energy (∼22 eV) for Cs encapsulation. Furthermore, positionselective Cs encapsulation was realized by the combination of
damage-free Cs encapsulation and a polymer capping method,
resulting in the successful fabrication of pn-junction SWNTs
with high environmental stability.
Figure 1a shows a schematic of the basic experimental
process. First, SWNT-TFTs were fabricated by a conventional
photolithography technique. Then, Cs ions were irradiated via
plasma-ion irradiation with ﬁne energy tuning. The electrical
features of the Cs-irradiated SWNT-TFTs were measured in a
vacuum-probe station, followed by a careful rinse of Cs atoms
from the exterior of the SWNTs using puriﬁed water. Further
detailed experimental conditions are listed in the Methods
section and the Supporting Information.

Energy-controlled irradiation of Cs was realized by plasmaion irradiation.20−25 The energy of Cs ions entering the
SWNTs was estimated by the energy diﬀerence between the
plasma potential and substrate bias, which was controlled by
varied dc bias voltages applied to the substrate (see Supporting
Information). In order to avoid uncertain eﬀects such as Cs
depth-wise penetration into the SWNT ﬁlm, very thin SWNT
networks were used (Figure 1b,c).
First, Cs irradiation with constant irradiation energy (60 eV)
was carried out on the SWNT-TFTs. The source−drain current
(Ids) versus gate bias (Vgs) voltage curves show that the p-type
current (Ionp) is higher than the n-type current (Ionn) prior to
Cs irradiation (Figure 2a). The threshold voltage of the gate
bias (Vgth) is distributed mostly for Vgs ranging between −20
and 20 V (Figure 2b), whereas Ionn becomes higher than Ionp
(Figure 2c) and the histogram of Vgth drastically shifts toward
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sheet are kept ﬁxed in the z-direction, eﬀectively preventing the
graphene sheet from rotating or translating in the z-direction.
No constraints are applied in the lateral directions, thus
allowing the sheet to expand (or contract) upon interaction
with the Cs atom. After minimization, the resulting output
structure of the graphene sheet is used as input for the next
simulation, in which the Cs atom is now positioned 4 Å above
the sheet. The Cs−graphene distances calculated in this way are
{5.0, 4.0, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5, 0.0, −0.5, −1.0, −1.5, −2.0,
−2.5, −3.0} Å. Since these distances are sampled consecutively,
with each iteration using the ﬁnal structure from the previous
step as its input, this procedure allows for a mapping of the
energy barrier along the selected reaction coordinate. While
employing a ﬂat surface to represent a curved nanotube will
certainly aﬀect the Cs adsorption energies, the reaction barrier
for penetration is expected to be fairly insensitive to the
curvature eﬀect.
Speciﬁcally, three reaction coordinates are studied. These
reaction coordinates consist of straight vertical paths, which
translate the Cs atom from above the graphene sheet, pass
through the sheet, to an end point below it. The initial
positions of the Cs are above a hexagon (“rc-hex”), above a
bond (“rc-bond”), or above an atom (“rc-atom”). Note that
curved paths are considered irrelevant, given the high impact
energy of the Cs ions in the experiment.
In Figures 4a through 4c, reaction paths for the three
reaction coordinates are shown. In all three cases, the Cs ion is
found to bind weakly to the graphene sheet at a distance of 3.0
Å, with binding energies of 0.61 eV, 0.57 and 0.57 eV for rc-hex,
rc-bond, and rc-atom, respectively. In the rc-hex case, the
transition state is observed at a distance of −2.0 Å from the
(original) plane of the graphene sheet. The corresponding
barrier energy is calculated to be 27.51 eV. In the transition
state, the carbon atoms are pushed out-of-plane downward as
well as laterally, thus creating a hole in the graphene sheet,
allowing the Cs atom to enter. After the Cs passes through the
graphene sheet, the hole quickly jumps back, thereby restoring
the original defect-free graphene-sheet structure. In the rc-bond
case, the transition state occurs at a distance of −1.0 Å. The
energy barrier is found to be 22.70 eV. Again, a hole in the
graphene layer is created, although in this case, only three C−C
bonds are broken, whereas four C−C bonds are broken in the
rc-hex case. Again, after the Cs passes through the graphene
sheet, the original structure is restored. Finally, in the rc-atom
case, the transition state is found at a distance of −0.5 Å, and
the corresponding energy barrier is calculated to be 22.14 eV.
In this case, the original structure is not restored after the Cs
passed the graphene sheet. Instead, a hole is created, with a
single carbon atom bonded only to one other carbon. In our
static approximation, this hole is permanent, as shown in Figure
4c. It is likely, however, that thermal ﬂuctuations will cause the
carbon network to revert to its original structure. This has, for
instance, been observed in both classical and ab initio molecular
dynamics simulations of Ni implantation in buckyballs, forming
endohedral Ni-metallofullerenes.26,27
The threshold value for Cs-ion encapsulation (22.14−27.51
eV) obtained from the computer simulations matches well with
that of the experimental results (∼20 eV) (Figure 3a).
Furthermore, the simulation results provide evidence that
bond healing may occur after Cs encapsulation by thermal
ﬂuctuations, indicating that damage-free encapsulation may
possible with energy-controlled Cs-ion irradiation.

the negative Vgs direction (Figure 2d) after Cs irradiation. This
indicates that the Cs atoms have been encapsulated, acting as
electron donors to the SWNTs, which results in the transition
of carrier type from p-type to n-type for the SWNT-TFTs
(Figure 2c−f). Note that the entire device was carefully rinsed
by puriﬁed water (over 8 h). Thus, the eﬀect of Cs atoms on
the exterior of the SWNTs may be negligible (see Supporting
Information). This also indicates that the encapsulated Cs
atoms are stable in water.
In addition to examining the stability of Cs-encapsulated
SWNTs (Cs@SWNTs) in water, high-temperature stability was
investigated. It should be noted that the n-type features were
stable even after high-temperature annealing at 400 °C (see
Supporting Information); this is very important for the practical
application of SWNT-based ﬂexible electronics.
In order to identify the threshold energy for Cs-ion
encapsulation, similar experiments were carried out under
various ion-energy conditions. Here, we use the ratio of Ionn to
Ionp as an indicator of transport type of SWNT-TFTs; i.e., Ionn <
Ionp and Ionn > Ionp denote p-type and n-type dominant
conduction, respectively. Interestingly, a clear ion-energy
dependence on transport type can be produced, as shown in
Figure 3a. Ionn was lower than Ionp for the low-energy range (≤5

Figure 3. (a, b) Plots of (a) Ionn/Ionp and (b) IG/Isi as a function of Ei.
(c, d) Typical raw Raman scattering spectra of (c) before and (d) after
Cs irradiation (Ei = 60 eV).

eV), indicating that Cs ions cannot be encapsulated at such
energies. Meanwhile, Ionn becomes higher than Ionp in the range
20 ≤ Ei ≤ 60 eV. Then, Ionn had lower values than Ionp for
higher energies (≥80 eV). This indicates that Cs ions were
encapsulated for a speciﬁc energy window (20 ≤ Ei ≤ 60 eV).
Further detailed kinetics of Cs-ion encapsulation into
SWNTs was investigated by systematic density-functional
theory (DFT) simulations. Details of the simulation method
are provided in the Methods section. The SWNT is represented
by a ﬂat, periodic, fully relaxed 4 × 4 unit-cell graphene sheet
containing 32 atoms. Initially, the Cs atom is positioned 5 Å
above the graphene sheet. All carbon atoms are then allowed to
relax, using the conjugate-gradient algorithm, until no forces
exceed 0.01 eV/Å. However, in order to maintain the
designated distance of 5 Å between the Cs atom and the
graphene sheet, six carbon atoms at the edge of the graphene
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Figure 4. (a−c) Calculated energy evolution along the reaction coordinate, starting with the Cs atom located (a) above the central hexagon of the
graphene sheet at rc = 5 Å, (b) above a C−C bond in the graphene sheet at rc = 5 Å, and (c) above a C atom in the graphene sheet at rc = 5 Å. The
values on the x-axis denote the distance between the Cs atom and the z-constrained carbon atoms. The reported energies are relative to the initial
structure at 5 Å. After impact, the original graphene sheet structure is restored.

Figure 5. (a−c) (a) Schematic illustration, (b) typical Ids−Vgs curves, and (c) If/Ir as a function of Vgs for the position-selective Cs-ion irradiation of
SWNT-TFTs. (d, e) Ids−Vds behavior for diﬀerent Vgs conditions [(d) Vgs = −30 V and (e) Vgs = 10 V].

eV. This shows that Cs ions cannot be stabilized in SWNTs
under high-energy conditions (80 eV) because of their high
kinetic energy. This result also indicates that signiﬁcant damage
does not occur within the optimal energy window (20 ≤ Ei ≤
60 eV) for Cs-ion encapsulation.
Since damage-free Cs encapsulation becomes possible by
energy-controlled Cs-ion irradiation, we attempted to perform
damage-free Cs encapsulation at localized areas in SWNTTFTs. In consideration of local doping, we focused on the pnjunction diode,17 which is one of the most important basic
components for logic circuits. The fabrication of pn-junction
SWNTs was carried out in combination with damage-free Cs
encapsulation and half-covered polymer capping via photolithography (Figure 5a). The results of electrical measurements
show that polymer capping can eﬀectively block Cs ions (see
Supporting Information), indicating that local encapsulation of
Cs may be possible. A typical Ids−Vgs curve is shown for Csdoped SWNT-TFTs with half cover polymer cap (Figure 5b).
In addition to conventional p-type and n-type current, humpcurrent features were clearly observed between p- and n-type
regions (Figure 5b). In order to identify the origin of this hump

To verify the accuracy of our simulation results in terms of
damage, Raman scattering measurements were carried out for
the Cs-ion-irradiated SWNTs under various energy conditions.
We use the G-band intensity (IG) normalized by the intensity of
silicon substrate (Isi) (IG/ISi) as an indicator of SWNT quality
on the substrate (instead of the G/D ratio) because highenergy ion bombardment easily removes SWNTs from the
substrate and the reduction of G-band intensity was dramatic
compared with the changes in the D-band. It is found that IG/ISi
is nearly constant for ion energies up to 60 eV, whereas drastic
reduction is observed above 80 eV (Figure 3b). This indicates
that signiﬁcant damage can be caused at ion energies above 80
eV, which is consistent with the Ionn/Ionp plot as a function of
ion energy (Figure 3a). The damage free Cs encapsulation can
also be conﬁrmed through the comparison of the raw Raman
scattering spectra before (Figure 3c) and after (Figure 3d) Cs
irradiation (Ei = 60 eV). The G-band to D-band ratio does not
show signiﬁcant change even after the Cs irradiation, indicating
the inducing of damage during Cs irradiation can be negligible
in this energy range (Ei < 60 eV). The transition from n-type to
p-type conduction is observed with Ei increasing from 60 to 80
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with the diameter of 1.2−1.7 nm were coated on a SiO2 (300
nm)/Si substrate. Prior to the SWNT coating, (3aminopropyl)triethoxysilane (APTES) was coated on the
surface of the SiO2 to enhance the adsorption of SWNTs and
produce dense networks of thin SWNTs. Pairs of Au electrodes
were fabricated on top of the SWNTs using photolithography.
The channel length of the SWNTs was 1.5 μm. SWNTs outside
of the channel region were removed by oxygen plasma
treatment.
Computer Simulation. The DFT calculations in the
generalized gradient approximation (GGA) were performed
using the Vienna ab initio Simulation Package (VASP).29,30
Exchange and correlation were calculated according to the
Perdew−Burke−Ernzerhof functional.31 The energy cutoﬀ for
the plane-wave expansion was set to 400 eV. Projectoraugmented wave (PAW) potentials were used to represent the
ionic cores.32 A 6 × 6 × 1 Monkhorst−Pack k-point mesh was
used to sample the Brillouin zone. A vacuum region of 15 Å was
used in the z-direction.

current, systematic investigations were carried out for the
pristine SWNT-TFTs with electrical doping by dual top gates,
which can form an ideal pn junction by controlling the top-gate
bias voltages.28 In particular, hump-current features can also be
observed in an ideal pn-junction device with electrical doping
(see Supporting Information), meaning that the origin of the
hump current can be attributed to pn-junction structures; i.e., a
pn junction was successfully formed by the position-selective
and damage-free Cs encapsulation within SWNT thin ﬁlms. In
fact, similar hump currents can be also observed for pn
junctions of individual SWNTs, owing to the tunneling current
between pn-junction regions.17,22 The forward-to-reverse
current ratio (If/Ir) in the Ids−Vds curve is plotted as a function
of Vgs (Figure 5c). Interestingly, a high If/Ir occurs only near
the tail region of the hump current (Figure 5d), and other Vgs
conditions show a linear Ids−Vds behavior without any
rectiﬁcation features (Figure 5e). This can also be explained
by the band-structure model of pn-junction SWNTs. Since the
band structure for Vgs ∼ −40 V and Vgs > 20 V can indicate p+p
and nn+ junctions, respectively, current can travel both in the
forward and reverse directions, resulting in the suppression of
rectiﬁcation features. Because the tunneling current can also go
through the pn junction, rectiﬁcation features are also
suppressed in the hump-current region (Vgs ∼ −18 V).17
Thus, an ideal pn junction can only be formed with Vgs at
around −30 and 0 V, where clear rectiﬁcation features are
observed.
The density of Cs atoms in SWNTs should also eﬀect on the
electrical transport properties of SWNTs as well as the
irradiation energy of Cs ions discussed in this paper. Although
it is very diﬃcult to accurately identify the density of Cs, it can
be conjectured that the density of Cs may have a correlation
with the on/oﬀ ratio of SWNTs-TFT. If higher density of Cs
can be encapsulated in SWNTs, the Fermi level of SWNTs can
shift over the conduction band, resulting in the weak gate bias
dependence of Ids. At the current situation, such kind of
semiconductor to metallic transition of SWNTs cannot be
observed within our experimental conditions. This indicates the
doping density of Cs in this study may be relatively low
compared with that of carbon in SWNTs. The fabrication of
metallic nanowire with densely Cs encapsulated semiconducting SWNTs can be the next target relating with this topics.
In conclusion, damage-free and position-selective Cs
encapsulation has been realized by an energy-controlled Csion-irradiation method. Based on our systematic investigations,
a clear energy window of Cs-ion irradiation for the eﬃcient
encapsulation into SWNTs was determined (20 ≤ Ei ≤ 60 eV).
Furthermore, the minimum threshold energy for Cs
encapsulation matches well with the simulation results,
indicating that Cs ions can be encapsulated through the
hexagonal network of SWNT sidewallswithout destroying
the network because of the self-healing process. A highly
position-selective Cs encapsulation method was also developed,
resulting in the successful formation of pn-junction SWNT
ﬁlms with clear rectiﬁcation features. Since the Cs@SWNTs
produced by this method exhibit high environmental stability
[air, water, and high temperature (∼400 °C)], this method is
useful for the practical application of SWNT-based highperformance ﬂexible electronics.
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