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1. Introduction

Single-wall carbon nanotube field-effect transistors (CNTFETs)
are promising candidates for future electronics due to their
nanoscale dimensions, excellent performance and high sensi-
tivity to many kinds of analytes. However, one of the major
challenges regarding their operation is the noticeable gate
hysteresis which is often displayed in their transfer characteris-
tics. This phenomenon has previously been attributed to sever-
al different factors, among which mobile charges or ions
within the dielectric layer,[1] defects in the CNTs,[2–4] chemical
adsorbents on the CNTs,[5] stationary charge traps on the die-
lectric,[6–10] and CNT-bound water layers.[11–13]

Since hysteresis involves the movement of charges, we used
electrostatic force microscopy (EFM) in order to gain additional
information regarding this phenomenon. In a previous study,[14]

we reported that applying gate-voltage compliance in the vi-
cinity of grounded electrodes induces surface-charge redistrib-
ution which aims to screen the electric field that originates
from the gate electrode. In a second study,[15] we demonstrat-
ed that this electrical drift-based mobility of charge on the
SiO2 surface is the underlying mechanism for the hysteresis
phenomenon in suspended CNTFETs and in on-surface
CNTFETs operating at low gate voltages. Our experiments im-
plied that the time dependence of the charge distribution pro-
cess follows an exponential behavior with a single relaxation
time constant, t, which is strongly affected by 1) ambient hu-
midity and 2) the distance from the electrodes. The first obser-
vation led us to conclude that the process is greatly assisted
by water molecules, in agreement with previous studies which
have investigated SiO2 surface conductivity,[16, 17] as well as hys-
teresis in CNTFETs.[11, 12, 18] The second observation implied that
t depends on the magnitude of the electrical fields. In a simpli-
fied model that we introduced in ref. [14] the relaxation time is
described by the following relation: t=e0eox/s, where e0 is the
vacuum permittivity, and eox and s are the dielectric constant

and the conductivity of SiO2, respectively. In this model, which
assumes a linear response, s does not depend on the external
applied gate biases. Observation 2, however, raises the possi-
bility that t, and therefore s as well, depend on the applied
gate voltage (Vg). This gate dependence is the focus of the
study herein.

In this study, we report of gate-induced modification of
water adsorption on SiO2 surfaces. Utilizing both EFM-based
measurements and CNT-based measurements, we examine the
effect of Vg on the time constants of the charge-redistribution
process and hence on the surface conductivity. Using compu-
tational simulations, we prove that the observed effect is not
related to the system’s intrinsic properties, but rather results
from an external factor in the device surroundings. Since ambi-
ent humidity is a reasonable possibility, we quantify its effect
on the surface conductivity using CNT-based measurements.
Our hypothesis, which is discussed and proved shortly, is the
following: the external gate biases change the coverage of
water molecules that adhere to the oxide surface, and as
a result alter the conductivity and the relaxation time as well.
Next, a theoretical model which details this process and is
based on the dielectrophoretic (DEP) attraction between the
water molecules and the substrate is presented. The results
obtained from the model-based calculations are compared
with the experimental ones, and the findings support our hy-
pothesis. Furthermore, these results suggest that the surface

Humidity plays an important role in molecular electronics. It fa-
cilitates charge movement on top of dielectric layers and
modifies the device transfer characteristics. Using two different
methods to probe temporal charge redistribution on the sur-
face of dielectrics, we were able to extract the surface humidity
for the first time. The first method is based on the relaxation
time constants of the current through carbon nanotube field-
effect transistors (CNTFETs), and the second is based on electric

force microscopy (EFM) measurements. Moreover, we found
that applying external gate biases modifies the surface humidi-
ty. A theoretical model based on dielectrophoretic attraction
between the water molecules and the substrate is introduced
to explain this observation, and the results support our hy-
pothesis. Furthermore, it is found that upon the adsorption of
two to three layers of water the surface conductivity saturates.
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conductivity saturates after the adsorption of approximately
two to three layers of water which implies that CNTFETs are ex-
tremely sensitive detectors for this phenomenon.

2. Results and Discussion

The first question we addressed regarded the effect of Vg on t.
For this purpose, we directly probed the charge redistribution
in between two 10 mm-gapped electrodes as a function of
time, using our EFM-based method.[14] Briefly, for each applied
gate voltage, a set of consecutive force-curve measurements
with different tip voltages were quickly performed. The results
were fitted to a quadratic behavior in Vg�Vtip and the parabola
minimum (x0,y0) was extracted. The local oxide-charge density
was then calculated using the equation Qs =�x0·Cox =

�x0·e0eox/t, where t is the oxide thickness. This method over-
comes the difficulty of estimating an accurate tip-charge
mutual capacitance. Repeating this measurement at different
times results in Qs versus time, which fits nicely to an exponen-
tial behavior, with a time constant t for each applied gate volt-
age. Figure 1 depicts log10[Qs(t)�Qs(1)] versus time, where

symbols are experimental data and lines are best fits to the ex-
ponential behavior. The experiment was performed for a series
of gate voltages, which were each applied at t = 0 sec: �0.4,
�0.6, �0.8, �1, �2, and �3 V. Before applying each voltage,
the system was given a sufficient recovery time, after which
the surface-charge density was verified to be zero. In order to
avoid changes in ambient humidity, all of the measurements
were performed on the same day. The obtained results are
summarized in Figure 2 a. One can see that while t does not
depend on Vg for high gate voltages, a strong dependence is
observed for low gate voltages (Vg>�1 V). Since t and the
surface conductivity are inversely proportional,[14] this observa-
tion implies that 1) s is indeed dependent on Vg for the low-
voltage regime and 2) this dependence is non-linear.

In a former study we demonstrated that CNTs can monitor
the same surface-charge-redistribution process by measuring
their current as a function of time while applying a fixed value

of voltage to the gate.[15] Thus, in order to verify our above-
mentioned observation, we conducted another experiment
which was designed to examine the effect of Vg on the time
constants of the current of the CNT. In this measurement, we
used a CNT which was suspended over a 1.8 mm gap, and mea-
sured its current as a function of time while applying the same
series of gate voltages as before: �0.4, �0.6, �0.8, �1, �2,
and �3 V. Before applying each value, the gate voltage was
fixed at 0 V until no current changes were observed in order to
reset the charge drifting on the surface of the device. The time
constants of the exponential fits to the current decay of the
CNT for each value of Vg are summarized in Figure 2 b. The
inset of Figure 2 b depicts the normalized t(Vg)/t(Vg=�0.4 V)
for the two sets of measurements (EFM-based in circles and
CNT-based in triangles), and one can see that the obtained
patterns are very similar. The same behavior was found for
four other tubes as well, supporting our conclusion regarding
the dependence of the surface conductivity on Vg. Notice that
the values of t in Figure 2 b are approximately five times small-
er than the values in Figure 2 a. As we have already demon-
strated, t is strongly affected by the distance from the electro-
des.[14] Therefore, this difference can be explained by the fact
that the gap in the CNT-based measurement is roughly five
times smaller than the gap in the EFM-based experiment.

Figure 1. EFM-based measurements of log10[Qs(t)�Qs(1)] versus time for dif-
ferent gate voltages applied at t = 0 s. Symbols are experimental data and
lines are best fits to the exponential behavior. Error bars are smaller than
the markers.

Figure 2. a) Time constants of the charge-redistribution process [Qs(t)] in be-
tween two electrodes as a function of Vg, as probed by EFM technique. The
gap between the electrodes was 10 mm. b) Time constants of the current
decay of a CNT as a function of Vg. The CNT was suspended over a 1.8 mm
gap. The experiments were conducted at 55 % humidity. Inset: normalized
t(Vg)/t(Vg=�0.4 V) versus gate voltage for EFM-based data (circles) and CNT-
based data (triangles).
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In order to verify that the discovered dependence of the sur-
face conductance is not related to the geometry of the system,
we used a finite element analysis software (COMSOL Multiphy-
sics 4.2a) to perform physical simulations of our system.[14] As
opposed to the experimental data, the extracted t of the tem-
poral charge distribution process is constant according to the
simulation at all Vg regimes, and for varying gap sizes. The fact
that the source of the experimentally observed dependence is
not accounted for in the computational simulation implies that
it is not related to the intrinsic properties of the system. In-
stead, this observation probably derives from the device sur-
roundings. Such an external component which has a well-
known effect on SiO2 surface conductivity is ambient humidi-
ty.[16, 17] It is therefore appealing to suggest a hypothesis re-
garding the influence of Vg on the amount of water which is
adsorbed on the surface of the device. In order to verify this
hypothesis, however, it is first necessary to quantify the effect
of ambient humidity on the SiO2 conductivity.

In a former study using EFM-based measurements of the
surface-charge redistribution, we reported that ambient hu-
midity greatly affects the SiO2 surface conductivity.[14] In order
to quantify this effect, we used CNT-based measurements, and
monitored the current of the CNT as a function of time upon
applying Vg =�0.8 V at t = 0 s and keeping the voltage con-
stant. This process was repeated several times, and under dif-
ferent ambient humidity [% h] conditions. The normalized time
constants [t(% h)/t(% h=45 %)] of the exponential fits to the
current decay of the CNT for each humidity percentage are
summarized in Figure 3. As expected, t exhibits a strong de-
pendence on ambient humidity, and the saturation range is
around 60 % humidity and above. The same behavior was ob-
served for other CNTs as well.

To summarize the data so far, using EFM-based measure-
ments as well as CNT-based measurements we found that
both the applied gate voltage and ambient humidity have
a strong influence on the time constants of the charge-redis-
tribution process, and hence on the SiO2 surface conductivity.
The significant effect of surface water on the conductivity has
already been mentioned in previous reports.[16, 17] It is assumed
that water molecules facilitate the drift-based movement of

charge on the SiO2 surface. The influence of the gate voltage,
however, is less straightforward. By using computational simu-
lations we found that the effect of Vg is not related to the ge-
ometry of the system or to any other intrinsic property. In light
of this, we propose the following hypothesis: the amount of
water molecules on the SiO2 surface, which usually depends
on ambient humidity alone (for a given temperature), is in-
creased upon applying Vg, and as a result, the surface conduc-
tivity is increased as well.

One possible reason why water molecules from the sur-
rounding environment may be attracted and adsorbed onto
the dielectric surface is their high dipole moment, p = 6.2 �
10�30 C m. When such a polarized object is found in a nonuni-
form electric field (such as the one induced upon applying
voltage to the gate at t = 0 s), a force which is known as DEP
acts upon it. This force is given by Equation (1):

~F ¼ ~p � rð Þ~E ð1Þ

where ~p is the dipole of the particle and ~E is the electric field.
This DEP force can change the partial pressure of water mole-
cules on SiO2 relative to their partial pressure high above the
surface, according to the fluid statics Equation (2):

dP
dz
¼ 1 �~a ð2Þ

where dP
dz is the water partial-pressure gradient in the z direc-

tion (perpendicular to the sample surface), 1 is the density of
the water molecules, and ~a is the DEP force-induced accelera-
tion on a single water molecule. Using the ideal gas equation
one finds Equation (3):

dP
dz
¼ P

RT
� NA � 103 � ~p � rð Þ~E ð3Þ

where R is the gas constant, T is the temperature and NA is the
Avogadro number. This first-order differential equation has the
following solution [Eq. (4)]:

P0 ¼ P1 � e
NA

RT �103 �p� E0�E1ð Þ ð4Þ

where P0 and E0 are the water partial pressure and the electri-
cal field on top of the SiO2 surface, and P1 and E1 are the
water partial pressure and the electrical field high above the
device. Finally, it is possible to obtain the number of water
layers on the SiO2 surface as a function of the temperature and
the water partial pressures on the surface and far above it ac-
cording to the Brunauer–Emmett-Teller isotherm [Eq. (5)]:[19]

X ¼P0

Ps

C ¼e
HI�HLð Þ

RT

q ¼ CX
1� Xð Þ 1þ C � 1ð ÞXð Þ

ð5Þ

Figure 3. Normalized time constants, t(% h)/t(% h=45 %), of the current
decay of the CNT upon applying Vg =�0.8 V at t = 0 s as a function of hu-
midity.

4204 www.chemphyschem.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2012, 13, 4202 – 4206

Y. E. Yaish et al.

www.chemphyschem.org


where Ps is the saturation partial pressure of water high above
the surface at a given temperature, HI is the adsorption enthal-
py of water on SiO2 (HI�42 kJ mole�1 [20]), HL is the liquidation
enthalpy of water (HL = 40.65 kJ mol�1e[21]), and q is the number
of water layers on the surface.

In order to examine the agreement between this model and
our experimental data, we used computational simulations
again to extract E0 and E1 for different values of Vg. Next, we
calculated the amount of water layers on the SiO2 surface
under different gate and humidity conditions according to
Equations (4) and (5). Figure 4 a shows the calculated number
of water layers as a function of Vg at 55 % humidity. One can
observe, in agreement with our hypothesis, that the amount of
water layers is indeed modified by the applied gate voltage.
According to our experimental findings which probed the
charge-redistribution process at ~55 % humidity (Figure 2 a
and b), for Vg��1 V the surface conductivity is no longer de-
pendent on Vg. In Figure 4 a one can see that at 55 % humidity,
there are 2.5 layers of water or more on the SiO2 surface for
Vg��1 V. Figure 4 b depicts the calculated number of water
layers as a function of humidity upon applying Vg =�0.8 V.
Notice that when the humidity is 60 % and above, there are
again 2.5 layers of water or more on the SiO2 surface. This
result is in agreement with our experimental findings, which
show that for applying Vg =�0.8 V the dependence of the sur-
face conductivity on ambient humidity indeed saturates at ap-
proximately 60 % humidity (Figure 3).

To clarify these results further we use the data in Figure 4 to
convert the CNT-based t vs. Vg data (Figure 2 b) and t vs. hu-
midity data (Figure 3) into t vs. number of water layers, as de-
picted in Figure 5. One can observe that the two data sets are
in good agreement with each other, and furthermore, the de-
pendence of t on the number of water layers saturates upon
adsorption of approximately 2.5 layers for both data sets, as
discussed before.

The experimental data and the theoretical model support
our hypothesis, according to which external gate biases
modify the surface humidity, which can be very different from
the average humidity in the lab. Moreover, these results imply
that surface conductivity depends on the number of water
layers adsorbed on it up to approximately 2.5 layers. Above
that, the conductance saturates and the dependence becomes
much weaker if any.

3. Conclusions

In conclusion, using both EFM-based measurements and CNT-
based measurements we have demonstrated that for low gate
potentials, there is a strong dependence between Vg and the
surface conductivity. In order to verify that this dependence is
not related to intrinsic properties of the system, we used com-
putational simulations, and concluded that the observed effect
results from an external factor in the device surroundings.
Since humidity is such an external factor which is known to in-
fluence the surface conductivity, we suggested that Vg changes
the amount of water on the dielectric, and thus, indirectly,
changes its conductivity as well. In order to examine this hy-
pothesis, we first measured and quantified the influence of
ambient humidity on the SiO2 conductivity. Next, we intro-
duced a theoretical model which details the mechanism
through which the gate potential increases the number of
water layers on the surface, and the model-based calculated
results were compared with the experimental ones. The find-
ings supported our hypothesis, and furthermore, suggested
that upon the adsorption of two to three layers of water the
surface conductivity saturates.

Figure 4. a) Number of water layers as a function of Vg for 55 % humidity.
b) Number of water layers as a function of humidity for Vg =�0.8 V. E0�E1
values were extracted from the computational simulation. Error bars are
smaller than the markers.

Figure 5. t versus number of water layers, as calculated from the CNT-based
t versus Vg data (Figure 2 b, squares) and t versus humidity data (Figure 3,
circles), using the data of Figure 4.
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These findings are of great importance, first by establishing
that the surface humidity can be much higher than the aver-
age environmental humidity, and second by observing that it
can be modified by external gate voltages. This information is
very relevant to CNTFETs as well as to other nano-scale devices
whose operation is very sensitive to the actual surface humidi-
ty. In addition, several interesting applications for such an abili-
ty can be imagined. For example, it is known that the rate con-
stant of several chemical reactions can be controlled by the
amount of surrounding water layers. It should be possible,
then, to covalently attach the relevant molecules to the surface
of the device, and obtain a gate-controlled chemical reac-
tion—a long desired “bridge” between electronics and surface
chemistry.

Experimental Section

For the CNT-based charge-redistribution measurements, suspended
CNTFETs were fabricated using a growth-at-the-end method.[22, 23]

The processing was performed on 500 nm SiO2 thermally grown
on highly p-doped silicon substrate, using photolithography tech-
niques. First, source and drain electrodes were patterned from
5 nm chrome covered with 40 nm platinum, with gaps of 1.8 mm
between source and drain. Next, the devices were submerged in
1:6 buffer oxide etch (BOE) for two minutes in order to etch
trenches of about 200 nm deep between each electrode pair. Final-
ly, iron nanoparticles were deposited at specific places on top of
the electrodes, and the CNTs were grown by chemical vapor depo-
sition (CVD) with a methane/hydrogen gas mixture at 900 8C. This
technique yields extremely clean devices, since the CNT growth is
performed at the last step of the process, and all resist residues are
burned and disposed of in the CVD process. All experiments were
performed at 300 K. Experiments which required control of ambi-
ent humidity were performed inside a humidity chamber. A sche-
matic representation of the CNT-based measurements experimen-
tal setup is depicted in Figure 6 a.

The samples that were used for EFM-based charge-redistribution
measurements were fabricated in the described-above manner,

with 10 mm gaps between source and drain and with no trench.
Experiments were performed on a commercial AFM Nanoscope V
Dimension 3100 from Veeco Instruments. The cantilevers used
were manufactured by MikroMasch, with triangular shape, 200 mm
in length and 40 mm in width. The nominal spring constant was
3 N m�1 and the resonant frequency ranged from 45 to 75 kHz. The
quality factor Q was approximately 250. The tips were made of Si
coated with Cr-Au to ensure a metallic behavior, and their nominal
radius of curvature was less than 50 nm. All experiments were per-
formed in ambient conditions. A schematic representation of the
EFM-based measurements experimental setup is depicted in Fig-
ure 6 b.
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Figure 6. a) Experimental setup for the CNT-based measurements. b) Experi-
mental setup for the EFM-based measurements.
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