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Single-ion adsorption and switching in carbon
nanotubes
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Single-ion detection has, for many years, been the domain of large devices such as the Geiger

counter, and studies on interactions of ionized gasses with materials have been limited to

large systems. To date, there have been no reports on single gaseous ion interaction with

microelectronic devices, and single neutral atom detection techniques have shown only small,

barely detectable responses. Here we report the observation of single gaseous ion adsorption

on individual carbon nanotubes (CNTs), which, because of the severely restricted

one-dimensional current path, experience discrete, quantized resistance increases of over two

orders of magnitude. Only positive ions cause changes, by the mechanism of ion potential-

induced carrier depletion, which is supported by density functional and Landauer transport

theory. Our observations reveal a new single-ion/CNT heterostructure with novel electronic

properties, and demonstrate that as electronics are ultimately scaled towards the

one-dimensional limit, atomic-scale effects become increasingly important.
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E
lectronic conduction in one-dimensional (1D) channels
has been the focus of many research efforts over the past
15 years, and during that time carbon nanotubes (CNTs)

have often served as the prototypical system for studying 1D
conduction. The reason for the strong interest is both because of
the interesting fundamental physics that occur in such systems1–3

and because of the enhanced functional performance that has
been predicted to occur in CNT-based field effect transistors
(FETs) such as high linearity and high operation frequency4,5. In
addition, CNT devices have been developed for new applications
using the unique properties of this new material, such as sensors6,
radio frequency (RF) nanoelectromechanical (NEM) devices7 and
flexible electronics and displays8. CNT FETs are now being
considered as a promising new technology for next-generation
micro- and nano-electronic devices and circuitry.

Owing to their small physical size, the conductivity of CNTs
and other molecular systems is highly susceptible to changes in
charge states of defects nearby or in contact with the material9, or
even by direct chemical activity on the surface of the CNT10,11.
Similar switching behaviour has also been observed in molecular
electronic systems12, and also as random telegraph noise in
scaled deep-submicron silicon devices13. As dimensions in
nanoelectronic devices are scaled further and further towards
the single-atom, 1D channel limit, effects such as those listed
above will become increasingly important, even to the point
where they dominate the device operation. Single neutral atom
detection techniques have shown only small, barely detectable
responses14–17, and there is relatively little information in the
literature on ion adsorption on the surfaces of solids from gas.
This is despite the various industrial techniques that make use of
ions from corona discharge for surface treatment, such as a
surface treatment of polymers to improve adhesion and other
surface properties18, and surface charging of insulators as a
contactless electrode for both processing and characterization in
the semiconductor microelectronics industry19,20. Liquid-phase
ion–surface interaction is also an important topic, for applications
such as ionic gating of graphene21.

In this study, we report the effect of single gaseous ion
adsorption on the conductance of isolated, suspended, single-
walled CNT FETs, which were electrically characterized in situ
during exposure to gaseous ions created by ionizing radiation and
high-voltage corona discharge. Positive ions are found to increase
the resistance of the CNT by several orders of magnitude, while
negative ions have no effect on electrical conduction. Multiple
simultaneous ion adsorption events are detected, leading to
quantized increase in total device resistance. The gate voltage
dependence of electrical conduction during ion adsorption is
measured and characterized, and in situ electrical heating of the
suspended CNTs is used to drive off adsorbed ions. These
experimental results are modelled computationally using density
functional theory (DFT) and Landauer electrical transport theory.

Results
Electrical current during exposure to gaseous ions. Figure 1a
shows a scanning electron image of one of the CNT FET devices
used in this study. The CNT is suspended over the trench, making
electrical contact on either side, with a gate electrode in the
bottom of the trench. Figure 1b shows the drain current plotted
versus time for the CNT, showing large decreases in drain current
observed during exposure to ionized nitrogen gas. The observed
transients are characterized by sudden, discrete reductions in
current, which had durations ranging from milliseconds to
minutes, followed by an equally sudden recovery back to the
pristine state. The transient events were observed during exposure
to ionized air, Ar, N2, He and O2, and ceased occurring when the

surrounding gas was removed using a vacuum, or when the
source of ionization was removed.

Multiple ion interactions. In Fig. 2a,b, the device current and
resistance during exposure to higher gas ionization rates are
plotted, showing multiple, simultaneous switching events, each
adding a quantized resistance of Rion to the total device resistance.
The current was measured every 4 ms using a two-point method,
and the resistance was calculated using Ohms law with the drain-
source voltage of 0.1 V. To reduce noise, the displayed resistance
is a running average of 50 data points. After collection of each
data set, there is a dead period during which data are transferred
to the computer. Equally spaced dashed lines separated by
3.45 GO were added to Fig. 2b as a guide to the eye, highlighting
the quantized steps in resistance.

Figure 3a shows a close up of exemplary data from the first
frame in Fig. 2b. To analyse the statistics of the multi-level
switching data, a histogram of resistance levels was calculated for
the entire period of exposure to ions, with bin widths of 400 MO.
This analysis encompassed 50 data sets such as those shown in
Fig. 3a, or 1,000 s of time series data. Grouping can clearly be
observed in the resistance data, with one dominant peak at the
axis (actual resistance is B0.003 GO), two prominent peaks
at B3 and 6 GO and two smaller peaks at 10 and 14 GO,
corresponding to the quantized steps in resistance observed in
Fig. 2. The average peak spacing for all peaks observed was found
to be Rion¼ 3.45 GO. These five peaks are attributed to the
pristine CNT resistance, and the resistance of the CNT with one,
two, three and four ions, respectively, adsorbed to the CNT
surface at different locations. If the arrival of individual ions on
the CNT surface is uncorrelated, as one would expect, then the
probability of observing a given number of adsorbed ions in any
given measurement should form a Poisson’s distribution. To test
this hypothesis, the measured resistances were tabulated into bins
separated by Rion (dashed lines denote bin edges), the distribution
normalized and the result plotted in Fig. 3c (solid blue line with
open circles). A Poisson’s distribution was also fit to the data,
given by

f k; lð Þ ¼ lke� l

k !
; ð1Þ

where f is the probability of occupation, k is the number adsorbed
ions and l is the expected value for individual ion adsorption,
and also the only fitting parameter. The resulting Poisson’s
distribution was plotted in Fig. 3c (dashed red line with solid
circles), along with the fit value l¼ 0.26. As can be seen, the data
fit a Poisson’s distribution well, with the exception of the
anomalous peak of four ions, which were observed as a single
long switching event in one data set. To evaluate the goodness of
fit, the w2-value was calculated for a fit including all resistances
shown (k¼ 0 through 5) and was found to be 1.87. However,
when we ignore the outlier data set mentioned above by only
considering data below 12 GO (k¼ 0 through 3), the calculated
value for w2 is only 0.028, indicating a better fit, and that these
data points are well described by a Poisson’s distribution.
A cartoon model illustrating multiple ion defects along the
length of the CNT is shown in Fig. 3d, and explains this observed
behaviour. Individual ions make their way through diffusive
transport to the surface of the CNT and adsorb independently,
each adding a resistance of several GO in series to the total
resistance of the CNT.

Switching event duration. To investigate the statistics of
desorption time, the duration of large number of switching events
was measured during exposure to gaseous ions at a lower
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ionization rate, and plotted in Fig. 4. The drain current is plotted
versus time for an exemplary data set in Fig. 4a. For lower
ionization rates and shorter adsorbed ion residency times,
multiple steps are not observed because of the decreased
probability for multiple simultaneous interactions. A total of
475 adsorption events were recorded over a time period of 3 h
and 10 min. The events were automatically characterized by a
computer algorithm, which calculated the total time the current
for each event spent below a detection threshold (noted in
Fig. 4a). The event duration varied from event to event, and the
distribution of event durations calculated for this data set is
shown in Fig. 4b. The number of observations for a given event
duration decays exponentially, with an average duration of
200 ms. Similar switching behaviour has been observed before in
CNT FETs9,22, as random telegraph signal (RTS). RTS behaviour
is somewhat commonly observed in both CNT FET and
conventional scaled metal oxide semiconductor MOSFET
devices, and is attributed to charge fluctuations in defects at the
semiconductor/oxide interface. The associated capture and

emission times for typical RTS systems take an exponential
probability distribution (as do the adsorbed ion residency
durations here), and are determined by the temperature and
state energy13. In this context, the average ion residency duration
can be interpreted as the emission time for a random telegraph-
like system, where the emission time corresponds to the gaseous
ion desorbing from the CNT surface.

Temperature effects. To investigate the effect of temperature on
the adsorbed ion residency, electrical current was passed through
a CNT FET device, increasing the temperature of the suspended
CNT in situ through Joule heating. Figure 5 shows data from this
experiment, in which the device was exposed to a high flux of
argon ions generated by corona discharge. After ion exposure, the
device resistance increased substantially, remaining in its high
resistance state for several minutes. After this period of persistent
degradation, a larger drain-source voltage of 0.9 V was applied to
the device for a period of 80 s, inducing 600 nA of electrical
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Figure 1 | Device layout and switching transients caused by single-ion adsorption. (a) Scanning electron microscope image of CNT FET device

and (b) plot of drain current versus time showing switching transients observed during ionized gas exposure. The inset shows a cartoon image

of a gas molecule adsorbed on the surface of a carbon nanotube.
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Figure 2 | Drain current and calculated resistance plotted versus time. (a) The drain current shows numerous sharp reductions in magnitude,

and (b) calculated resistance shows quantized equally spaced resistance states. The resistance was calculated using Ohms law with the drain-source

voltage of 0.1 V. To reduce noise, the displayed resistance is a running average of 50 data points.
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current to flow through the device, heating the CNT in the
process. After this treatment, the device resistance was restored to
its pristine state. This switching and recovery cycle was repeated
four times. Eventually, the device did not recover, possibly
because of irreversible chemical or structural changes in the
device during prolonged exposure to elevated temperatures. From
previous measurements on similar CNT devices using Raman
spectroscopy as an in situ temperature probe23,24, the electrical
power dissipated in the device during the heating steps shown in
Fig. 5 (540 nW) is estimated to increase the temperature of the
CNT by B45 �C above ambient room temperature. Under such
bias conditions, the majority of electrical power dissipation occurs
in the CNT itself, as opposed to the contacts because of strong
optical phonon scattering25. It is possible that ion desorption is
assisted by nonequilibrium electron and phonon populations in
the CNT, which have been shown to occur in CNT devices at
high-voltage biases26.

Ion polarity effects. To determine the polarity of the ionic species
interacting with the CNT, an ionization drift chamber was
constructed, and electric fields were applied across the chamber
containing the CNT and the surrounding ionized gas. This
allowed us to drive either positive or negative ions towards the
CNT, depending on the polarity of the electric field. Only positive
ions were found to cause the transient switching events to occur,
while electrons and negative ions did not (see Supplementary
Fig. 1). The electric field applied was 17.3 V cm� 1. Ions were not
accelerated significantly above room temperature thermal energy,
and the electric field is not expected to influence adsorption.
Further details on ion polarity measurements are described in
Supplementary Note 1.

Contact effects. All data collected in the near-threshold regime of
device operation (gate voltage data near VG¼ 0 V and all time
series data) displayed a pristine device resistance of several MO.
The contact resistance in CNT FET devices with Pt Schottky
contacts (such as those used in this study) is in the range of
several tens to hundreds of kO (refs 27,28), which is relatively
small compared with the pristine channel resistance (to say
nothing of the several GO device resistance during exposure to
ions). Thus, the contacts are not expected to play a major role in
the transport phenomenon observed here. It is possible that the
ions interact with the contacts, increasing the contact resistance
of the CNT devices. This is unlikely, however, because of the fact
that up to four resistance quanta are observed, and there are only
two contact resistances to be modified (source and drain). In
addition, it is unlikely that a single ion would have a strong effect
on the Pt metal in the contact because of charge screening from
the large free electron density in the bulk metal. Finally, the
observed change in subthreshold swing requires some interaction
with the gate. Ions on the surface of the metal contacts would be
screened from the gate by the large free electron density in the
metal nearby.

DFT modelling. To model the effects of adsorbed ionic
species on the electrical properties of the CNT, DFT modelling
was performed using a 1.4-nm-long section of an (8,0)
semiconducting CNT with and without adsorbed N2

þ . First,
calculations were performed to find the equilibrium CNT–N2

þ

configuration, which gave an equilibrium ion–surface separation
of 3.0 Å (ion distance to the CNT axis was 6 Å). Results indicate
that the binding energy for N2

þ on the surface of the CNT is
� 11.95±0.02 eV, which is considerably more favourable than
the binding energy for neutral N2 (� 0.16±0.02 eV). Lowdin
charge analysis shows that there is also significant charge transfer
to the ion of 0.8 electrons from the CNT to the ion. The densities
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Figure 3 | Statistical analysis of multi-level switching and Poissonian model for ion adsorption. (a) Resistance plotted versus time for an exemplary

data set of 5,000 data points showing multi-level switching. (b) Resistance measurement histogram for an entire ion exposure period including

50 total data sets similar to those shown in a. (c) Normalized distribution of data (solid blue line with open circles) in binned resistance states

corresponding to observed levels in b, plotted along with a fit Poissonian distribution (red dashed line, solid circles), and (d) Poissonian model for multiple,

independent, simultaneously adsorbed ions. The ion defect resistance for this data set was found to be 3.45 GO.
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of states for the pristine CNT and CNT with adsorbed N2
þ are

plotted in Fig. 6a, in which the CNT–N2
þ band states are shifted

down by B450 meV. It is hypothesized that, despite the presence
of free electrons on the CNT and significant charge transfer to the
adsorbed ion, the ion does not recombine with an electron to
form a free neutral molecule because the total system energy is
lower for the adsorbed ion state, as outlined in Fig. 6b. For more
information on DFT calculations, see Supplementary Note 2 and
Supplementary Fig. 2.

Gate voltage dependence and electrical transport modelling.
Data showing the gate voltage dependence of the CNT FET drain
current in both the pristine state (without ions) and transient
switched state (during ionized gas exposure) are plotted in
Fig. 7b. Data taken while the CNT was in the pristine state are
represented as red circles; data taken while the CNT was exposed
to ions are represented by cyan circles; and the dark cyan and
dark red lines represent a theoretical transport model, discussed
below. The pristine CNT FET shows p-type behaviour, with the
device being ON for negative gate voltages and an ON/OFF
ratio of B1� 104. The devices are not strained significantly
by the application of gate voltage, as determined by Raman
spectroscopy29. The subthreshold swing of the drain current in
the pristine state is B110 mV per decade. The gate voltage
dependence of the drain current from the defected CNT state is
similar to that of the pristine state, although the threshold voltage
is shifted more negative, and the subthreshold swing is increased
substantially to 400 mV per decade. Both data sets are fit by a
theoretical transport model, as outlined below. The negative
threshold voltage shift is caused by the presence of positive charge
near the 1D channel, and the increase in subthreshold swing is
characteristic of the lowered effective gate efficiency for the defect.
The subthreshold swing for a FET, which is the reciprocal value of
the subthreshold slope, is described by

S ¼ 1
a

ln 10ð ÞkBT; ð2Þ

where a¼CG/CTotal is the gate efficiency, with gate capacitance
CG and total capacitance CTotal.

To model the effect of the added ion potential on
device electrical characteristics with greater fidelity, numerical
calculations were performed to solve the discretized quantum
mechanical Hamiltonian for the electron eigenstates and
quantum mechanical carrier transmission coefficients30 for the
new system consisting of CNT with adsorbed ion potential UIon.
On the basis of these results, a Landauer transport model was
used to calculate the gate voltage dependence of the drain current
in a CNT with an adsorbed ion, where the potential on the CNT

is calculated by solving Poisson’s equation31:

UCNT ¼
eQCNT

C�
þ eaVGþUIon; ð3Þ

where QCNT is the charge on the CNT, VG is the gate voltage and
UIon is the potential associated with the adsorbed ion, which is
given by

UIon ¼
qIon

4pe0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

z2þ h2
p ; ð4Þ

where h is the ion distance from the CNT centre axis, z is the
distance along the CNT axis relative to the adsorption site and
qIon is the charge of the ion. The band structure modified by UIon

is shown in Fig. 7a, and it forms a potential barrier in the CNT
valence band, reducing current, increasing the valence band-
Fermi energy difference and shifting the threshold gate voltage
towards more negative values. An additional result of this study is
that the ion potential forms a single bound electron state near the
conduction band edge. The state energy is too high to contribute
to device electrical behaviour in the p-type ON state; however,
the result is nonetheless interesting and may have important
implications for electrical behaviour in n-type devices. The
nanotube experimental I–VG data with and without ion exposure
were fit with model parameters (Supplementary Note 3), and the
resulting curves plotted in Fig. 7b along with the experimental
data. When tunnelling effects are taken into account (see
Supplementary Note 4 and Supplementary Figs 3 and 4), the
estimated value for qIon based on the fit was þ 0.18 elementary
charges, which agrees with the DFT results showing significant
charge transfer to the adsorbed ion. The value for h was found to
be 7 Å, which also corresponds well with DFT results for the
equilibrium N2

þ–CNT axis separation of 6 Å. The fit values for
qIon and h are independent of the fit value for aion, as the first
two change the threshold voltage, while the later changes the
subthreshold swing.

Decreased gate efficiency. The defect potential gate efficiency
aion was found to be 14%, which is B3.5 times lower than the
gate efficiency for the device as a whole (50%). Similar changes
in the subthreshold swing are often observed in silicon FET
devices when mid-gap energy defect states are created at the
Si/SiO2 interface. These traps add an effective capacitance term
Cit¼ q2Dit associated with the defect density of states into the
calculation for subthreshold swing32. This mechanism is not
sufficient, however, to explain the increase in the subthreshold
swing observed in the experimental I–VG data, as these devices
are clean, as-grown, suspended CNTs, with very low defect
concentrations. In addition, there is insufficient evidence from
theoretical modelling of the ion–CNT system for a large enough
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density of mid-gap states to warrant this mechanism as the sole
explanation for the observed increase in the subthreshold swing.

An alternative mechanism is proposed to explain the decrease
in gate efficiency and increase in subthreshold swing. When the
adsorbed ion modifies the potential along the length of the
CNT as depicted in Fig. 7, there is an additional stray capacitance
contribution from the nearby conducting portion of the
CNT (CCNT), which is added to the total system capacitance
CTotal,ion¼CGþCS,DþCCNT, as shown in Fig. 7c. When this
additional source of stray capacitance becomes available, the gate
efficiency is decreased, leading to an increased subthreshold
swing, according to equation 2. This additional capacitance can
also be thought of as capacitive coupling to the partially filled
density of states in the valence band of nearby sections of the
CNT. Owing to the ion potential, these states are mid-gap in the
defect region, as can be seen in Fig. 7a. Hence, this coupling is

analogous to the effective capacitance of interface traps in silicon
FET devices. Given the gate capacitance of 8 pF m� 1, this
reduction in alpha corresponds to an additional stray capacitance
of CCNT¼ 40 pF m� 1. For comparison, the quantum capacitance
of an individual CNT is 368 pF m� 1. These values are compatible
with the proposed model of capacitive coupling to the partially
filled density of states of nearby CNT; however, a more thorough,
quantitative analysis of the electrostatics involved is needed
for a complete understanding of the changes observed in the
subthreshold swing. The Landauer transport model with ion
potential included fits the data reasonably well, except for in the
case of the OFF state, which is dominated by the noise floor and
leakage currents, and above-threshold, where the measured
current is lower than that predicted by the model. This
discrepancy might be accounted for by defect potential-induced
charge-carrier scattering.
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Discussion
The transient switching events observed during exposure to
ionized gas are attributed to the ionized gas molecules
from the surrounding atmosphere adsorbing on the CNT and
behaving as defects that modify the electrical properties of the
CNT channel. This hypothesis is well supported by the data in
Figs 2 and 3, which show discrete quantized resistance increases
in the CNT resistance when exposed to ionized gas, and also by
the fact that the effect is only observed during exposure to
positive ions.

It may seem surprising that a potential well caused by such a
small charge could reduce the current passing through the
CNT by over two orders of magnitude. On further inspection,
however, this seems reasonable. The potential barrier created
by the above ion configuration has a barrier height of
B0.37 eV and a full-width half-maximum of 2.5 nm.
This alone would pose a significant impediment to charge
transport, but perhaps not to the degree seen in the data.
This figure for barrier width, however, ignores the energy
dependence of charge carrier transport. For the time series data,
the gate bias voltage was held at 0 V, which corresponds
approximately to the threshold voltage of this device. In this
state, the Fermi energy is well inside the forbidden band gap, and
thus only the charge carriers closest to the valence band
edge contribute to charge transport. A weighted average of the
barrier width based on the Fermi distribution of carrier
population yields a much larger effective barrier width of
22 nm. Thus, when the device is biased into this subthreshold
state, it is very sensitive to external potential variations. However,
when the device is fully turned on (for large negative gate
voltages), the potential perturbation has a much smaller effect, as
is seen in Fig. 7. The extreme sensitivity to electrically charged
defects observed here can also be understood by contrasting the
CNT with two- and three-dimensional systems. In these systems,
charge carriers can bypass localized potential barriers by going
around them. This is not possible in the severely restricted
current path of the 1D CNT.

In summary, we report on the extreme sensitivity of nano-
electronic devices to single gaseous ion adsorption, which is
attributed to single-ion-induced charge depletion in the 1D
channel. Ion adsorption on the CNT is modelled with DFT,
which predicts large binding energies, an ion–CNT surface
separation of 3 Å and a significant charge transfer. The gate
voltage dependence of the CNT current during ion exposure is
modelled with a numerical solution of the discretized quantum
mechanical Hamiltonian combined with a Landauer electrical
transport model, with good agreement between theoretical
modelling and experimental results. These experiments have
profound impact on our current understanding of the interaction
of single ions in 1D nano-electronic materials, and demonstrate
the basis for a powerful system to study ion adsorption
dynamics33 at the single-ion level, and also charge transport in
CNTs as well as other nano-electronic systems such as single-
atom transistors34, nanowires35 and quantum dots36. Equally
important is the demonstration of a new single-ion/CNT-based
1D heterostructure, with novel electronic properties such as
resonant tunnelling and single-electron bound states. In addition,
the response of nano-electronic devices to ionized gasses has
implications for microelectronic devices operating while being
exposed to ionizing radiation, as, for instance, in the space
radiation environment37,38. The effects observed here raise the
prospect of sensitive gas detectors with short exposure times and
miniscule detection limits operating at room temperature with
almost complete noise immunity. Several important questions
remain, such as the cause for the large differences observed
in ion–surface adsorption lifetime, and also the nature of

interactions between the CNT and ions of different chemical
compositions.

Methods
CNT device fabrication. The isolated, suspended CNTs were grown by
using chemical vapour deposition at temperatures between 800 and 900 �C,
argon-bubbled through ethanol as the carbon source and lithographically defined
catalyst islands consisting of a Fe–Mo mixture on an oxide support27. After
chemical vapour deposition, nearly defect-free, isolated, suspended CNTs are
produced, as evidenced by Raman spectroscopy. CNTs span 500-nm-deep trench
structures with widths from 500 nm to 2 mm, formed in a silicon substrate with
1 mm SiO2 per 100-nm-low stress SiNx (Fig. 1a).

Electrical characterization and ion generation methods. Electrical measure-
ments were performed with an Agilent 4,155 semiconductor parameter analyser
with Vds¼ 0.1 V, and all measurements were performed at room temperature.
Gaseous ions were generated using ionizing radiation exposure with 50-MeV
protons from the 8800 cyclotron facility at the Lawrence Berkeley National
Laboratory, and also with gamma radiation (1.17/1.33 MeV) from a Co-60 gamma
ray source at The Aerospace Corporation. Gaseous ions were also generated using
high-voltage corona discharge from commercially available benchtop air ionizers.
The resulting ions generated by these methods are in thermal equilibrium with the
surrounding neutral gas molecules.

Theoretical modelling and simulation. DFT calculations were performed using
the plane-wave pseudopotential method implemented using the Quantum
ESPRESSO DFT package (v. 5.1)39, using the spin-polarized Perdew-Burke-
Ernzerhof (PBE) gradient-corrected functional40. Further details on DFT
implementation and results are discussed in Supplementary Note 2. Device-level
numerical simulations were performed with Matlab on an engineering workstation.
Eigen functions of Schrödinger’s equation were obtained by solving a discretized
Hamiltonian matrix, and energy-dependent transmission coefficients through the ion
potential barrier were calculated using the propagation matrix method30. The details
on implementation of the Landauer transport model are reported elsewhere28,31.

References
1. Yao, Z., Kane, C. L. & Dekker, C. High-field electrical transport in single-wall

carbon nanotubes. Phys. Rev. Lett. 84, 2941 (2000).
2. Kong, J. et al. Quantum interference and ballistic transmission in nanotube

electron waveguides. Phys. Rev. Lett. 87, 106801 (2001).
3. Deshpande, V. V. & Bockrath, M. The one-dimensional Wigner crystal in

carbon nanotubes. Nat. Phys. 4, 314–318 (2008).
4. Durkop, T., Getty, S. A., Cobas, E. & Fuhrer, M. S. Extraordinary mobility in

semiconducting carbon nanotubes. Nano Lett. 4, 35–39 (2004).
5. Baumgardner, J. et al. Inherent linearity in carbon nanotube field-effect

transistors. Appl. Phys. Lett. 91, 052107 (2007).
6. Kong, J. et al. Nanotube molecular wires as chemical sensors. Science 287,

622–625 (2000).
7. Sazonova, V. et al. A tunable carbon nanotube electromechanical oscillator.

Nature 431, 284 (2004).
8. Sun, D.-m. et al. Flexible high-performance carbon nanotube integrated

circuits. Nat. Nano 6, 156–161 (2011).
9. Liu, F., Wang, K. L., Li, C. & Zhou, C. Study of random telegraph signals in

single-walled carbon nanotube field effect transistors. IEEE Trans. Nanotechnol.
5, 441–445 (2006).

10. Goldsmith, B. R., Coroneus, J. G., Kane, A. A., Weiss, G. A. & Collins, P. G.
Monitoring single-molecule reactivity on a carbon nanotube. Nano Lett. 8,
189–194 (2007).

11. Sorgenfrei, S. et al. Label-free single-molecule detection of DNA-hybridization
kinetics with a carbon nanotube field-effect transistor. Nat. Nano 6, 126–132
(2011).

12. Donhauser, Z. J. et al. Conductance switching in single molecules through
conformational changes. Science 292, 2303–2307 (2001).

13. Ralls, K. S. et al. Discrete resistance switching in submicrometer silicon
inversion layers: individual interface traps and low-frequency 1/f noise. Phys.
Rev. Lett. 52, 228–231 (1984).

14. Jensen, K., Kim, K. & Zettl, A. An atomic-resolution nanomechanical mass
sensor. Nat. Nano 3, 533–537 (2008).

15. Schedin, F. et al. Detection of individual gas molecules adsorbed on graphene.
Nat. Mater. 6, 652–655 (2007).

16. Kim, J.-H. et al. Single-molecule detection of H2O2 mediating angiogenic redox
signaling on fluorescent single-walled carbon nanotube array. ACS Nano 5,
7848–7857 (2011).

17. Choi, Y. et al. Single molecule sensing with carbon nanotube devices. Proc. SPIE
8814, doi:10.1117/12.2025661 (2013).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10475 ARTICLE

NATURE COMMUNICATIONS | 7:10475 | DOI: 10.1038/ncomms10475 | www.nature.com/naturecommunications 7

http://www.nature.com/naturecommunications


18. Gerenser, L. J., Elman, J. F., Mason, M. G. & Pochan, J. M. E.s.c.a. studies of
corona-discharge-treated polyethylene surfaces by use of gas-phase
derivatization. Polymer 26, 1162–1166 (1985).

19. Comizzoli, R. B. Uses of corona discharges in the semiconductor industry.
J. Electrochem. Soc. 134, 424–429 (1987).

20. Schroder, D. K. Contactless surface charge semiconductor characterization.
Mater. Sci. Eng. B 91–92, 196–210 (2002).

21. Ang, P. K., Chen, W., Wee, A. T. S. & Loh, K. P. Solution-gated epitaxial
graphene as pH sensor. J. Am. Chem. Soc. 130, 14392–14393 (2008).

22. Wang, N.-P., Heinze, S. & Tersoff, J. Random-telegraph-signal noise and device
variability in ballistic nanotube transistors. Nano Lett. 7, 910–913 (2007).

23. Deshpande, V. V., Hsieh, S., Bushmaker, A. W., Bockrath, M. & Cronin, S. B.
Spatially resolved temperature measurements of electrically heated carbon
nanotubes. Phys. Rev. Lett. 102, 105501–105504 (2009).

24. Bushmaker, A. W., Deshpande, V. V., Hsieh, S., Bockrath, M. W. &
Cronin, S. B. Gate voltage controllable non-equilibrium and non-ohmic
behavior in suspended carbon nanotubes. Nano Lett. 9, 2862–2866 (2009).

25. Pop, E. et al. Negative differential conductance and hot phonons in suspended
nanotube molecular wires. Phys. Rev. Lett. 95, 155505–155508 (2005).

26. Bushmaker, A. W., Deshpande, V. V., Bockrath, M. W. & Cronin, S. B. Direct
observation of mode selective electron� phonon coupling in suspended carbon
nanotubes. Nano Lett. 7, 3618–3622 (2007).

27. Cao, J., Wang, Q. & Dai, H. Electron transport in very clean, as-grown
suspended carbon nanotubes. Nat. Mater. 4, 745–749 (2005).

28. Bushmaker, A. W., Amer, M. R. & Cronin, S. B. Electrical transport and
channel length modulation in semiconducting carbon nanotube field effect
transistors. IEEE Trans. Nanotechnol. 13, 176–181 (2014).

29. Chang, C.-C. et al. A new lower limit for the ultimate breaking strain of carbon
nanotubes. ACS Nano 4, 5095–5100 (2010).

30. Levi, A. F. J. Applied Quantum Mechanics (Cambridge University Press, 2006).
31. Rahman, A., Jing, G., Datta, S. & Lundstrom, M. S. Theory of ballistic

nanotransistors. IEEE Trans. Electron Devices 50, 1853–1864 (2003).
32. Sze, S. M. & Ng, K. K. Physics of Semiconductor Devices (John Wiley & Sons,

2006).
33. Horinek, D. & Netz, R. R. Specific ion adsorption at hydrophobic solid surfaces.

Phys. Rev. Lett. 99, 226104 (2007).
34. Park, J. et al. Coulomb blockade and the Kondo effect in single-atom

transistors. Nature 417, 722–725 (2002).
35. Singh, N. et al. High-performance fully depleted silicon nanowire (diameter

r5nm) gate-all-around CMOS devices. IEEE Electron Device Lett. 27, 383–386
(2006).

36. Michler, P. et al. A quantum dot single-photon turnstile device. Science 290,
2282–2285 (2000).

37. Estrup, P. J. Surface effects of gaseous ions and electrons on semiconductor
devices. IEEE Trans. Nucl. Sci. 12, 431–436 (1965).

38. Bushmaker, A. W. et al. Single event effects in carbon nanotube-based field
effect transistors under energetic particle radiation. IEEE Trans. Nucl. Sci. 61,
2839 (2014).

39. Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials. J. Phys. Condens. Matter
21, 395502 (2009).

40. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

Acknowledgements
We acknowledge Rocky Koga, Jeffrey George and Steve Bielat of The Aerospace
Corporation for assistance with operation of the LBNL 8800 cyclotron, and Steve Moss,
Ron Lacoe and Robert Nelson of The Aerospace Corporation and Cory Cress of NRL for
discussions regarding the interpretation of the data. The portion of the work performed
at The Aerospace Corporation was funded by the Independent Research and Develop-
ment Program at The Aerospace Corporation. DFT calculations were performed on a
SGI Silicon Graphics Inc. integrated cluster environment (SGI ICE X) system, with wall
time provided by the DoD HPC Modernization Office. A portion of this work was
performed in the UCSB nanofabrication facility, part of the NSF funded NNIN network.
Sample fabrication was supported by the US Department of Energy, Office of Basic
energy Sciences, Division of Materials sciences and Engineering under Award No. DE-
FG02-07ER46376.

Author contributions
J.C. and S.B.C. fabricated CNT FET samples; A.W.B., D.W. and A.R.H. designed the
study, procured experimental hardware and collected the data; A.W.B., V.O. and D.W.
analysed the data; V.O. performed DFT theory calculations; and A.W.B. performed
device-level modelling and wrote the paper. All authors discussed results and commented
on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Bushmaker, A. W. et al. Single-ion adsorption and
switching in carbon nanotubes. Nat. Commun. 7:10475 doi: 10.1038/ncomms10475
(2016).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10475

8 NATURE COMMUNICATIONS | 7:10475 | DOI: 10.1038/ncomms10475 | www.nature.com/naturecommunications

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Electrical current during exposure to gaseous ions
	Multiple ion interactions
	Switching event duration
	Temperature effects

	Figure™1Device layout and switching transients caused by single-ion adsorption.(a) Scanning electron microscope image of CNT FET device and (b) plot of drain current versus time showing switching transients observed during ionized gas exposure. The inset 
	Figure™2Drain current and calculated resistance plotted versus time.(a) The drain current shows numerous sharp reductions in magnitude, and (b) calculated resistance shows quantized equally spaced resistance states. The resistance was calculated using Ohm
	Ion polarity effects
	Contact effects
	DFT modelling

	Figure™3Statistical analysis of multi-level switching and Poissonian model for ion adsorption.(a) Resistance plotted versus time for an exemplary data set of 5,000 data points showing multi-level switching. (b) Resistance measurement histogram for an enti
	Figure™4Statistical analysis of ion residency time.(a) Drain current plotted versus time during gaseous ion exposure, with the threshold for event detection denoted with a red line, and (b) histogram plotting duration of a large number of switching events
	Gate voltage dependence and electrical transport modelling
	Decreased gate efficiency

	Figure™5Ion adsorption and in™situ thermally induced desorption.Drain current data plotted versus time before, during and after ion exposure and local electrical heating. After ion exposure, the CNT remains in a high resistance state until application of 
	Figure™6Density functional theory results.(a) Calculated density of states with (cyan) and without (black) adsorbed ion plotted versus energy, (b) ionizationsoladsorption energy diagram for N2+ adsorbed to the surface of an (8,0) CNT and (c) electron dens
	Figure™7Ion potential and gate voltage dependence.(a) CNT potential plotted versus distance along the CNT axis with adsorbed ion. (b) Drain current plotted versus gate voltage showing experimental data from CNT in both pristine (red circles) and defected 
	Discussion
	Methods
	CNT device fabrication
	Electrical characterization and ion generation methods
	Theoretical modelling and simulation

	YaoZ.KaneC. L.DekkerC.High-field electrical transport in single-wall carbon nanotubesPhys. Rev. Lett.8429412000KongJ.Quantum interference and ballistic transmission in nanotube electron waveguidesPhys. Rev. Lett.871068012001DeshpandeV. V.BockrathM.The one
	We acknowledge Rocky Koga, Jeffrey George and Steve Bielat of The Aerospace Corporation for assistance with operation of the LBNL 88Prime cyclotron, and Steve Moss, Ron Lacoe and Robert Nelson of The Aerospace Corporation and Cory Cress of NRL for discuss
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




