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Electronic fingerprints of confined and adsorbed
water in SWCNTs
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This article shows the differentiation between water adsorbed outside of a single-walled carbon nanotube
(CNT) and that confined inside. This distinction is made possible by tracking the electronic transport of a
CNT-based field effect transistor constructed with an individual nanotube and exposed to controlled
environments. The presence of water shifts the electrical neutrality point, indicating charge transfer
between the nanotube and its environment. We identify three types of water molecules: (i) chemically
adsorbed on the SiO, surface, forming silanol groups, (ii) physically adsorbed outside the nanotube, and
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(iii) confined inside. The first type is eliminated only by high-temperature treatment under vacuum, while
the latter two desorb at room temperature under moderate or high vacuum, i.e. 10~ mbar. We observe
that water confinement inside the nanotube is fast and thermodynamically favorable, with no qualitative
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1 Introduction

Counterintuitively, water can spontaneously adsorb inside
hydrophobic carbon nanotube (CNT) channels. This occurs
because the surface tension of water is lower than the wetting
threshold of CNTs," and the chemical potential of water inside
a single-walled carbon nanotube (SWCNT) is lower than in
bulk water.” Confining water within nanoscale channels alters
the orientation of water molecules® and reduces its dielectric
permittivity.” Despite these effects, the impact of confined
water on the electronic properties of CNTs remains poorly
understood. It has been suggested that confined water may
modify the internal electric field, potentially polarizing the
SWCNT and altering its density of states (DOS).”

When studying water adsorption on an individual SWCNT
deposited on a SiO, substrate, two distinct types of water states
can be identified: (i) chemisorbed water, which forms silanol
groups at the SiO, surface and at the CNT interface, and (ii)
physisorbed water, which weakly adsorbs either directly onto
the CNT surface or bonds with silanol groups. Physisorbed
water can be removed easily by pumping under vacuum at
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influence from the metallicity of the nanotube.

room temperature, while chemisorbed water requires higher
temperatures (>200 °C) and secondary vacuum to desorb.®

To the best of our knowledge, a clear discrimination of the
impact of water confined inside or adsorbed outside is
missing. However, such a discrimination is not possible on
macroscopic samples, since one may expect the CNT response
to water adsorption to be extremely broad when working with
a distribution of different diameters. Therefore, it is necessary
to investigate the impact of water at the level of an individual
CNT.

The intrinsic electronic properties of SWCNTs, such as
carrier mobility and neutrality points, as well as their extrinsic
properties, like the Schottky barrier between the SWCNT and a
metal, are highly sensitive to environmental conditions.”® For
instance, exposure of CNT field-effect transistors (CNTFETS) to
ambient air leads to hysteretic behavior.”’® Similarly, CNTFET
conductance has been modified when exposed to various salts.
Four possible mechanisms were proposed to account for the
modification of the CNT transfer characteristics upon analyte
adsorption: electrostatic gating or doping, Schottky barrier
modulation, capacitance changes, and variations in charge
mobility."* Electrostatic gating results from CNT doping by
adsorbed molecules, shifting conductance along the gate
voltage axis. The adsorbed molecules can also modify the local
work function at the CNT-metal interface, tuning the Schottky
barrier and affecting the electron and hole conductance
branches differently. The capacitance effect arises when
adsorbed molecules alter the gate capacitance, changing the
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slope of the CNTFET transfer characteristics. Finally, the
adsorbed molecules can influence carrier mobility, leading to
conductance changes in either or both conductance branches.

Water-electron coupling has been studied in both mole-
cular dynamics (MD) simulations and experiments, primarily
focusing on water adsorbed on the outer walls of closed CNTs
or CNT networks. In MD studies, it was found that water
decreases electrostatic gating, mobility, and capacitance, likely
due to doping or capacitance effects between water and the
CNT."** Experimental studies have shown that water adsorp-
tion alters the threshold voltage and ON-OFF ratio of CNTs."”
Furthermore, water exhibits an electron-donating nature when
exposed to a network of closed SWCNTs, with semiconducting
SWCNT networks showing greater sensitivity than metallic
ones."® This difference is attributed to the lower DOS near the
Fermi level in metallic tubes compared to the valence band
edge in semiconducting ones."”” To summarize, liquid water
adsorption on the outside of CNTFETSs tends to increase hys-
teresis and shift gate voltage neutrality points to more negative
values, though the exact mechanism of coupling, either
doping or capacitance, remains debated.'**%*°

In this work, we investigate water interactions with an indi-
vidual SWCNT-based CNTFET. We measure the effects of water
adsorption and confinement by comparing the behavior of the
CNTFET when the tube is first closed and then opened, allowing
for clear differentiation between the various water states. Our
observations show that the shift in the gate voltage neutrality
point in the CNT transfer characteristics is primarily driven by
doping rather than by capacitance effects. We distinguish three
water states: (1) physisorbed water on the CNT exterior, (2) con-
fined water inside the CNT, and (3) chemisorbed water (e.g,
silanol groups) at the SiO, surface near the CNT. Water adsorp-
tion, both outside the CNT and within the nanotube, occurs
rapidly (in less than a minute under experimental conditions),
while water desorption takes 40-60 minutes and requires
vacuum and/or annealing, depending on the adsorption site.
This disparity between adsorption and desorption times indi-
cates a significant entropic contribution.® Furthermore, we
show that the metallicity of the nanotube does not qualitatively
affect its interaction with water.

2 Materials and methods

Carbon nanotubes are grown using Chemical Vapor
Deposition (CVD) on a Si/SiO, wafer, with the SiO, layer
obtained via either dry oxidation (300 nm) or wet oxidation
(2 pm). An Fe-based catalyst solution is used for the syn-
thesis.>® Scanning Electron Microscopy (SEM) is employed to
locate an individual SWCNT suitable for use in a FET. The
selected nanotube is electrically contacted by depositing tita-
nium and platinum electrodes with 10 nm and 90 nm thick-
nesses, respectively. A SEM image of the final device is shown
in Fig. 1a, which displays metallic electrodes of 5 pm width
spaced 5 pm apart, deposited on the SWCNT. A global gate is
formed by contacting the doped Si substrate with silver paste.
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Fig. 1 Device fabrication and characterization: (a) SEM image of a
CNTFET. The nanotube (blue arrows) is grown by CVD from the catalyst
patterns (visible on the left). Ti and Pt electrodes are deposited on the
CNT by E-beam evaporation; (b) customized chamber used to measure
the device under a controlled atmosphere; (c) transfer characteristic
curves measured for a semiconducting and a semi-metallic or small
band gap CNT in air.

The transfer characteristics of the SWCNT-FET are
measured in air using a probe station and a source measure
unit (SMU). For experiments under a controlled atmosphere or
vacuum, a custom-designed chamber (Fig. 1b) is used. The
transfer characteristics are measured by sweeping the gate
voltage while applying a constant source-drain bias voltage
(Vsp = 10 mV). Fig. 1c illustrates the typical response of semi-
conducting (black) and semi-metallic or small band-gap (red)
CNTs in air, where hysteresis in the transfer characteristics is
observed, indicating charge trapping in the environment (on
the substrate, at the substrate-CNT interface, or on the CNT).*"

To reliably study the impact of water, experiments are con-
ducted on individual SWCNTs by exposing both the outside
and the inside of the tubes to water. CVD-grown CNTs have
closed ends with fullerene-like caps, requiring intentional end
opening to enable water filling. This is accomplished through
electrical breakdown, where a voltage is applied between
selected electrodes to cut the CNT at a specific location. The
resulting current induces Joule heating, which ultimately
causes the CNT to fuse between the two electrodes, as evi-
denced by an abrupt drop in the current-voltage curve
(Fig. S1). This procedure is conducted under 10~ mbar
vacuum conditions. The ends of the nanotube are thus left
open through a process of electrical cutting.””> A current of
10-50 pA leads to heating the CNT to 1300-1600 K.** In this
step, we clearly distinguish individual SWCNTs from multi-
walled or bundled tubes. When the breakdown current is
below 30 pA with a single jump at both ends, the CNT is con-
sidered individual (Fig. S1). In what follows, we only focus on
individual SWCNTs.

3 Coupling mechanism between
electrons and water molecules

In this work, we show that the coupling between electrons and
water molecules is primarily dominated by doping, rather than
by capacitive effects.

Fig. 2a compares the response of a closed individual
SWCNT in air and when soaked in Milli-Q water. We observe
that the ON/OFF transition disappears under water. Among
the four possible mechanisms reported,'" only two can explain

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The transfer characteristic curve of the SWCNT upon exposure
to different environments: (a) closed individual SWCNT exposed to
liquids with different dielectric constants. Normalized current versus
gate voltage rescaled by the capacitance formed with different liquids.
The inset is a zoom at low V/Ces in the case of water; (b) Isp as a func-
tion of Vs for two SWCNTs made of either semi-metallic or small
bandgap (top) or semiconducting (bottom) individual nanotubes
exposed to air (black curves) and after current annealing (T > 1000 K)
under vacuum (red curves).

such an outcome: (i) the capacitance effect, where the high
dielectric constant of water could rescale the gate axis, effec-
tively shifting the ON/OFF transition, and (ii) doping, where an
increase in charge trapping in the CNT environment shifts the
neutrality point.

To test the capacitance hypothesis, we soaked the closed
CNTFET in non-aqueous liquids with increasing dielectric con-
stants. If the conductance change were purely due to the
dielectric constant, a master curve should emerge by rescaling
the gate voltage (V) axis based on the capacitance, as the
CNTFET conductance is proportional to the applied electric
field, ie., Gonr = f(gent), With gont = CegfV. Here, Cegr is the
effective gate capacitance, dependent on both the dielectric
constant of SiO, and the liquid environment, Ces = g(esio,, &),
where ¢gj0, is the permittivity of SiO, and ¢; is the dielectric
constant of the liquid. Numerical simulations provide the
exact value of C for each liquid, as presented in Table S1.
Fig. 2a shows the normalized current versus the rescaled gate
voltage for the tested liquids. The raw data are also shown in
Fig. S2. The normalization facilitates tracking shifts in the gate
axis, but the transfer functions do not overlap. This indicates
that the dielectric constant of the liquid does not dominate
the change in the transfer characteristics, suggesting that
doping is the primary mechanism.

To confirm doping as the coupling mechanism, we
compare the transfer characteristics of the CNTFET in air and
after annealing under secondary vacuum, when the CNT is
fully dehydrated. Fig. 2b presents the transfer characteristics of
a CNTFET made of individual SWCNTs with different metalli-
cities, exposed to air with 40-50% relative humidity and after
current annealing under 10~ mbar vacuum. The key differ-
ence between the water-exposed and water-free devices is the
shift in the gate voltage neutrality point, regardless of the
nanotube’s metallicity. This confirms that doping from water
molecules is the dominant coupling mechanism. Additionally,
doping effects are observed when exposing closed SWCNTS to
varying humidity levels (Fig. S3).
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4 Differentiating water confined
inside from that adsorbed outside the
individual SWCNT

We demonstrate that it is possible to differentiate water
adsorbed outside from that confined inside by comparing the
CNTFET response before and after opening the tube. To
measure the impact of water adsorption, we set a reference
state for each CNTFET after annealing under vacuum, ensuring
that the device is completely dry and minimizing the concen-
tration of silanols on the substrate. Fig. 3a shows the relative
change in Vi' (corresponding to the neutrality point on the
positive side) of closed and opened tubes under various
environments: (i) after current annealing under 10~ mbar
vacuum, (ii) after about 1 min exposure to ambient air, (iii)
after 1 hour exposure to ambient air, and (iv) at room tempera-
ture under 10~® mbar. We repeated the exposure cycles several
times to ensure reproducibility (Fig. S4).

The main difference between the closed and open cases
occurs after placing the CNTFET under 10° mbar vacuum.
While vacuum does not noticeably impact the closed CNTFET,
it significantly shifts V" when the nanotube is open. This
shows that the change is due to water confined inside the
CNT. The initial increase in V" when exposed to air, whether
the tube is open or closed, can be attributed to doping by
water molecules adsorbed outside, either chemically or phys-
ically. We also tested the device with helium exposure after
vacuum annealing (Fig. S5). The absence of any change in the
transfer characteristics confirmed that the observed impact
was related to air (oxygen and water molecules).

Exposure to ambient air for 1 hour did not lead to any
change in either open or closed cases. This indicates that
water adsorption is spontaneous and relatively fast, both
outside and inside the CNT. Additionally, when the opened
CNTFET was exposed to liquid water and subsequently dried
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Fig. 3 Differentiating water confined inside from that adsorbed outside
an individual SWCNT and the impact of metallicity. Closed and open
tubes are represented by filled and open symbols, respectively. Symbols
are experimental data; horizontal and vertical dashed lines are guides to
the eye. (a) Individual SWCNT exposed to different environments: after
current annealing under 10° mbar vacuum, ~1 min exposure to
ambient air, 1 h exposure to ambient air, and under 10~° mbar vacuum
at room temperature; (b) comparison of 2 open individual SWCNTs with
different metallicities, exposed to the same environments as in (a).
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using a nitrogen (N,) flow, the results showed that exposure to
liquid water and its evaporation had the same impact as
exposure to ambient air (Fig. S6). This confirms that water,
rather than oxygen, dominates the response of the device.
Importantly, removing liquid water using a dry N, flow is
insufficient to desorb water confined inside the tube, high-
lighting the stable confinement of water within the nanotube.
However, under 10~ mbar vacuum, the closed CNTFET exhibi-
ted no significant change, whereas the open CNTFET dis-
played a significant shift in the gate voltage neutrality point.
This shift can be attributed to the desorption of confined
water.

Finally, both open and closed tubes returned to their initial
states after annealing under vacuum. Assuming that no phys-
ically adsorbed water remains under 10~® mbar vacuum at
room temperature, the shift in Vg' is likely due to the dis-
appearance of silanol groups on the substrate surrounding the
tube. Comparing the V" shift induced by silanol groups and
confined water molecules shows that their impacts are both
significant and quantitatively similar. In Fig. S7, we sketch the
different adsorption and confinement sites.

Next, we estimate the amount of charge on the nanotube
surface induced by the water molecules. Using a simple
electrostatic capacitor model, we can write gnr = Cetr Vg,
assuming that the dominant effect of water-nanotube inter-
action is doping (neglecting capacitance change) and all poten-
tial difference is transferred into the charge (neglecting
quantum capacitance). Thus, dgnxrt = Cegr dV relates the charge
due to water (dgnr) to the measured neutrality point shift
(dVg). The surface area of the nanotube is Syt = 2nRytLn
where Lyt is the length of the nanotube between two succes-
sive electrodes, and Ryr is the nanotube radius. Assuming Ryt
=1 nm and Lyr = 5 pm, we calculate pyr = 0.06 C m™2,
Considering the number of atoms in a nanotube (~2 x 10"
atoms per m?), the charge per carbon atom is approximately
~0.02 e~ per carbon. This value is consistent with previous
reports,”*** and the negative change suggests OH™ adsorption,
as proposed by Grosjean et al.”®

To verify if water-electron coupling depends on the electron
density of states (DOS) of the nanotube, we tested two individ-
ual open SWCNTs with different metallicities: one semicon-
ducting and the other semi-metallic. We observed the same be-
havior for both CNTFETS, confirming that the impact of water
adsorption is independent of the metallicity of the nanotube
(Fig. 3b). Fig. S8 presents the shift in the V5" when several
open SWCNTs with different metallicities are exposed to the
same environments.

So far, we have focused on individual SWCNTs. We also
tested nanotubes in bundles or multi-walled carbon nanotubes
(MWCNTs), as identified during the nanotube opening step.
When this group of CNTFETS is exposed to different environ-
ments (Fig. S9), no significant differences are observed
between the open and closed cases. We attribute this behavior
to the dominant electronic response of the outermost wall in
DWCNTs and MWCNTSs, which is not influenced by the pres-
ence of water confined inside the central channel. In the case
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of bundles, it is difficult to distinguish the impact of water due
to the diversity of the tubes, varying water adsorption sites,
and poor contact with the electrodes. Thus, no clear trend can
be drawn from the measurements when the tube is not an
individual SWCNT.

To sum up, the impact of water confined inside the
CNTFET can be clearly differentiated from that adsorbed
outside, but only in the case of individual SWCNTs. The
charge transfer observed is independent of the metallicity of
the nanotube.

5 Water desorption

We now investigate the desorption of water from an annealed,
open CNTFET when exposed to ambient air and varying
vacuum levels. Fig. 4 shows the behavior of the transfer charac-
teristic curve as the pressure is decreased stepwise, with
measurements taken every 30 minutes until no further change
occurs. We measured water desorption on different nanotube
lengths (5-25 pm) and various sections (5 pm long) of the
same individual open SWCNT.

When examining the impact of water desorption on sec-
tions with different lengths (5 pm and 25 pm), we found that
all sections behaved qualitatively similarly. A slight decrease in
the neutrality point occurred when the pressure was reduced
to 10~ mbar, followed by no significant change at 10~ mbar.
At 1072 mbar, another slow decrease in Vg was observed. We
interpret these stages as follows: the first step at 10™" mbar
corresponds to the removal of water molecules physisorbed at
the external surface and nearby substrate surfaces, while the
second step at 10~ mbar is attributed to the desorption of
water molecules confined inside the tube.

The gradual change in Vs during desorption indicates that
the removal of both physisorbed and confined water is not
instantaneous. Furthermore, the same behavior of the 5 pm
and 25 pm sections implies that the desorption mechanism
does not depend on the length of the nanotube. Specifically,
for water physisorbed outside the tube, desorption is straight-
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Fig. 4 The change of Vg~ as a function of time for different vacuum
pressures. Symbols are experimental data; horizontal and vertical
dashed lines are guides to the eye. (a) Water desorption from the
CNTFET with different channel lengths (5 pm and 25 pm) of the same
individual SWCNT; (b) water desorption from the same channel length
(5 pm) of the same individual SWCNT measured near the opened extre-

mities and in the center.
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forward. For water confined inside, desorption is governed by
the extraction of water molecules and not by the reorganiz-
ation of the water molecules within the tube. In other words,
the primary energy barrier is associated with extracting water
from the SWCNT extremities rather than the diffusion of water
molecules inside the tube. This is in line with the fact that
water confinement is thermodynamically favorable.?

The data for various 5 pm sections (Fig. 4b) align with these
findings, confirming that the desorption behavior is consistent
across the nanotube length. Importantly, no difference was
observed between the sections near the opened extremities
and those far from them. This further supports the conclusion
that the main energy barrier for water molecules during de-
sorption is linked to removal at the SWCNT extremities, not
diffusion along the nanotube.

6 Conclusion

We showed that it is possible to differentiate water confined
inside an SWCNT from that adsorbed outside, by monitoring
the transfer characteristics of a CNTFET based on an individ-
ual SWCNT. The water/CNT coupling mechanism was found to
be dominated by doping, i.e. the charge transfer from the
water molecules to the CNT, thanks to the shift of the neu-
trality point of the transfer characteristics. Water adsorption
outside and confinement inside is spontaneous and rather
fast (i.e. less than 1 min under our experimental conditions),
while physically adsorbed water is desorbed in 40-60 minutes
at room temperature under vacuum. The impact of water
adsorption on the CNT is independent of its metallicity. We
identify three water adsorption sites that we attribute to (i) phy-
sisorbed water, (ii) water confined inside the CNT, and (iii)
chemisorbed water, each with distinct adsorption energy. In
addition, we found that the energy barrier for water molecule
desorption is governed by their extraction from the SWCNT
extremities rather than by their diffusion inside the tube.

Last but not least, our investigation clearly shows that,
under our experimental conditions, it was possible to obtain
reproducible and reliable outcomes if and only if the CNTFET
was made with an individual SWCNT.
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