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Modeling Hysteresis Phenomena in
Nanotube Field-Effect Transistors

Arnaud Robert-Peillard and Slava V. Rotkin, Member, IEEE

Abstract—A model is developed to explain a hysteresis observed
experimentally in nanotube field-effect transistors. The model ex-
plains the hysteresis through trapping of electrons in an oxide layer.
The Fowler–Nordheim tunneling mechanism is held responsible
for the electron injection. The influence of different parameters
such as the sweeping rate or the range of the gate voltage on the
hysteresis is studied and compared with experimental results.

Index Terms—Electrostatics of one-dimensional (1-D) systems,
field-effect transistors (FETs), hysteresis, nanotechnology, nan-
otube (NT) nonvolatile memory, NT transistors, tunneling.

I. INTRODUCTION

ONE promising direction for the transistors of the future in-
volves “molecular electronics” in which the active part of

the device is composed of a single molecule or a few molecules.
One type of molecular electronic devices is based on carbon
nanotubes (NTs). Their small diameters and their unique phys-
ical, chemical, and electronic properties may permit scaling be-
yond the limits of Si MOSFETs. NTs can be used to design
nanotube field effect transistors (NT FETs) [1] with character-
istics theoretically quite similar to MOSFETs. Experimental re-
sults displaying the ability to use these NT FETs as nonvolatile
memory elements operating at the few-electron level have al-
ready been published [2]–[4]. The shift of the threshold voltage
for gate voltage increase and decrease, i.e., a hysteresis in
the current/voltage curves has been observed and can be trans-
lated into memory effects.

The hysteresis is usually explained by a charge injection from
the NT into the oxide at large gate bias, where the charges
are trapped until the polarity is reversed. We propose a simple
model, which explains the main experimental findings about the
hysteresis by deriving dependence of the hysteresis width on the
voltage scan range when exceeding some characteristic
voltage. The sweeping rate (SR) of influences the magni-
tude of the hysteresis because of slow traps discharging on a
scale of seconds.
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We explore electronic tunneling as the main mechanism for
stable nonvolatile memory applications. We are aware that an-
other model has been invoked to explain the experimental data
in [4]. A possible dependence of the hysteresis on the relative
humidity of the ambient was shown. The traps may actually be
located very close to the surface of the oxide (a few nanometers),
and water molecules adsorbed on the surface can weaken some
bonds in the first layers of the oxide, which influences the trap-
ping process. Water could also mediate the transfer of charge to
and from the traps.

The ambient temperature also has an influence on the shift
of the threshold voltage [3]: at lower temperature, fewer elec-
trons are injected into the oxide. There is no explicit depen-
dence of the hysteresis on temperature in our presented model,
although this dependence is possibly related to the activation en-
ergy of the traps. A dependence similar to the one observed in
NT FETs with the hysteresis greatly reduced at both low temper-
ature (20 K) and high temperature (500 K) has been explained
for MOSFETs invoking the anomalous positive charge [5]–[8].
This effect is also based on a reversible exchange of charge with
the channel via a tunnelling mechanism.

II. THEORETICAL MODEL

We consider the following geometry of the device: a carbon
NT of radius contacted to side electrodes, and lying on an
SiO layer of thickness and dielectric constant separating
the NT from a back gate. To calculate the electrostatic part of the
problem, we use a model with full axial symmetry. It is known
that a solution for planar geometry differs from the axial one
near the contacts only. We assume translational invariance of
the problem with uniform potential created by the gate on
the NT.

The shift of the threshold voltage is due to the injection and
the trapping/detrapping of carriers in the SiO at large . Ex-
perimentally, a sweep to large positive values of creates a
positive shift in the threshold voltage [3], indicating injection
of electrons. These trapped electrons create an additive term to
the external potential seen by the NT charge carriers. The ex-
ternal potential on the NT can be expressed as the sum of
and the potential created by trapped charges in the oxide. In our
model, it has three contributions, which are: 1) (the potential
created by some negative charges); 2) (the potential created
by positive traps close to the surface of the oxide); and 3)
(the potential created by the injected electrons populating these
traps). The total external potential reads as

(1)

1536-125X/$20.00 © 2005 IEEE
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TABLE I
VALUES OF THE DIFFERENT CONSTANTS USED FOR THE

TRAPPING/DETRAPPING MODEL

The electric field at the NT/SiO interface can be written as

(2)

where is the NT radius, is the effective gate distance, as
defined above, and constitutes 1 V/nm at V using
the values for and given in Table I. In fact, that strong
field is due to the one-dimensional (1-D) shape of the channel
of the NT FET. This makes an important difference with the case
of a standard MOSFET. The electrons can be injected into the
oxide at such high field and remain trapped until the polarity is
reversed, which causes hysteresis in the current/voltage curve.

We consider the tunneling of electrons through a triangular
potential barrier at the NT/SiO interface via a Fowler–Nord-
heim tunneling electron injection (FN-TEI) mechanism. The
FN current as a function of the electric field at the barrier is

.
Using (2), we can redefine the constants and to write

(3)

Substituting typical values for and for the FN tunneling in
MOS devices, we calculate and . The kinetics law for the
trapping of the electrons, a first-order differential equation for

[8], is used to calculate the rate of the trapping

(4)

where is the trap density, is the trapping cross section of
the trapping centers, is the tunneling current density, and is
the filled trap density (empty traps are assumed to be positive
and become neutral when an electron is trapped). The rate of
the detrapping process, which corresponds to the hole injection
and further recombination with trapped electrons, at the reverse
polarity, is given by

(5)

The constants and in this equation are slightly different as
compared to the previous one, as the potential barrier for the
holes is higher than for the electrons. We assume that and
have the same value and are field independent. To analytically
calculate the potential created by the trapped charge density, we
need to make several assumptions.

We approximate a trap density around the tube channel by
the cylindrical volume with a thickness . Furthermore, we sub-
stitute a two-dimensional (2-D) charge distribution at the cylin-
drical surface instead of taking the volume integral over a bulk
distribution . We then introduce an effective surface charge

density and an effective distance
to reflect the electric potential inside the oxide. is chosen
3 nm, as experimental papers suggest that the injected electrons
are trapped very close to the NT surface (the final result depends
on the exact value of only logarithmically though, it influ-
ences our choice of ). Their potential can then be calculated
analytically as follows:

(6)

where is the trap capacitance.
is the effective dielectric constant of the oxide.

One substitutes the 2-D positive trap density , assumed
uniformly distributed, into (6) and calculate the potential of the
positive traps in a similar way: .
should be high enough to match the experimental width of the
hysteresis cm . This high value may be ex-
plained in terms of water contamination at the open surface of
the oxide, which increases the density of traps just beneath it.
The last term in (1) is due to a potential of unspecified negative
charges in the oxide , which are not populated/depopulated,
and it is a fitting parameter of the model to be discussed later.

Table I summarizes the values chosen for the variables de-
fined in this paper.

III. RESULTS AND DISCUSSION

A full cycle of starts at low positive . The electric field
given by (2) is small and there is no injection of electrons in

the oxide. Thus, is constant and is linear in . As we in-
crease , and both increase, and so does the injection of
electrons according to (3). Electrons start to fill the oxide traps,
and increases. For larger , the increase in is compen-
sated by the increase in . and then become constant and
independent of . The gate voltage is large enough to provide
enough electron injection, completely compensating increasing

as long as there are empty traps available near the NT. (The
same happens for the large negative gate voltage.) This corrob-
orates with the experimental fact [3] that the threshold voltage
shift is equal to the increase in at the large , the slow
sweep and room temperature.

We model the influence of two model parameters: the SR and
the range of the gate voltage ( , ) on the hysteresis

, which is just the shift of the external potential over a full
cycle of due to the injection of carriers at the large (in
all figures presented in this paper, is represented for

V and V/s).
Figs. 1 and 2 summarize the results of the modeling. We plot

the external potential versus the gate voltage for different
and SR. As expected, increases linearly with the increase of

for large enough . will saturate at some value de-
pending, of course, on the density of available traps (around
22 V for our choice of parameters).

The SR also has an influence on the width of the hysteresis.
It is obvious that the slower is swept, the larger the density
of injected electrons. Experimentally, substantial dependence of
the width of the hysteresis on the SR has been observed [4]. The
results of our model are presented in Fig. 2.
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Fig. 1. Threshold voltage versus V calculated over a full cycle of V for
different gate voltage ranges. SR = 1 V/s. Inset: width of the hysteresis as a
function of V .

Fig. 2. Threshold voltage versus V calculated over a full cycle of V for
different SR. V = 10 V. Inset: semilog plot of the width of the hysteresis
as a function of SR.

In this paper, we assume that the transport is diffusive. Ap-
proximation of the diffusion transport is usually good for semi-
conducting NTs longer than 1 m. The tube considered here is
5- m long, as in [2], [3]. It has been discussed [10] that the NT
total resistance is qualitatively the series resistance of a channel
resistance and two contact resistances. Theoretical studies have
shown that this is a good approximation for small drain voltages
[11]. We have to note that our results are also applicable for cal-
culation within a ballistic transport model, then (10) has to be
substituted by a formula for a quantum-mechanical scattering
coefficient. The charge density and self-consistent potential will
be given by the same expressions.

We consider here an NT with p-type ohmic contact (no
Schottky barrier to the valence band), which is usually the
case experimentally with p-type contacts (metals with work
functions larger than that of the NT, such as Au or Co).

We calculate the charge density and the potential on the tube
following [12] for a cylindrical geometry. In our model, we cal-
culate the effect of charges in the oxide on the external potential

using an approximation of translational invariance, which is ac-
curate only far enough from the contacts, at the distances from
them larger than the oxide thickness [12], which is much smaller
than the length of the tube. Most of the tube can then effectively
be described within our model.

The average total potential at the surface of the NT is given
by , where is the 1-D charge density along
the NT and is the geometrical
capacitance to the (cylindrical) gate.

In equilibrium, the charge density is related to the position
of the middle of the energy gap measured from the Fermi level

,

(7)

where is the Fermi distribution (calculated at room tempera-
ture) and is the density of states (DOS). We will neglect the
effect of higher 1-D subbands, as our calculations show that, for
the range of obtained here, (second sub-
band edge). Here, is half of the band gap given by

eV for nm and a Fermi velocity
m/s. The DOS of a semiconducting NT is then

given by the following expression [12]:1

(8)

Finally, the position of the Fermi level relative to the middle
of the energy gap shifts with the total potential

(9)

where is related to the work-function difference between
contact electrodes and NT; , in our case, as we have
assumed the p-type ohmic contact. We solve (7) and (9) in a
self-consistent way to get the charge density.

The drift–diffusion modeling of the transport, as in [13], is
used for the calculation of the tube resistance due to diffusive
scattering. The nonequilibrium charge is computed within the
linearization approximation [13] and, in the limit of small ,
the tube resistance is given by

(10)

We choose a mobility cm V/s [3]. The equilib-
rium charge density is uniform in the most of the tube
for a 5- m-long tube. Thus, we have , where

is our self-consistent charge density calculated above in the
translational invariance approximation.

We cannot explicitly calculate the dependence of the contact
resistance on , as it would require solving the problem close
to the contact, where the translational invariance approximation
does not hold. However, it has been shown both experimentally
[10] and theoretically [14] that, in the case of the p-type ohmic

1Our calculations have shown that the band structure near the first subband
edge is almost unchanged under the external perturbations applied here.
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Fig. 3. Current versus V for different ranges of gate voltage; SR = 1 V/s. V = 1 mV. The NT is p-type.

Fig. 4. Current versus V for different SR; V = 10V. V = 1mV. The
NT is p-type.

contact: 1) for p-type operation (Fermi level in the tube in the va-
lence band at negative ), the contact resistance at each con-
tact is small and relatively constant (we will use typical values of
30 [10], [14]) and 2) for n-type operation (Fermi level in the
tube in the conduction band at positive ) and for relatively
thick oxides ( 100 nm, which is the case here), the contact re-
sistance is very large (always in the megaohm region) due to the
Schottky barrier in the conduction band for electrons, and then
the device remains OFF even for very large positive .

When the Fermi level in the tube is in the bandgap, the contact
resistance changes abruptly, but if the tube resistance is
very large, and the transport through the device is determined
by , the value of the contact resistance in this region does
not affect the current characteristics. The position of the Fermi
level in the tube as a function of the external potential has
been calculated in the self-consistent way according to (9).

Fig. 3 and 4 show the calculated currents.

The current is due to the p-type conduction. Close to the
threshold voltages, the current increases almost linearly with

, as in the drift–diffusion model, and sublinearly further
from the threshold when the contact resistance is comparable
with . Furthermore, an injection of carriers into the oxide
starts to occur at large enough negative . Remember that,
at that moment, progressively saturates and becomes inde-
pendent on . Therefore, the current progressively saturates
as well. For the n-type conduction region, the contact resistance
keeps the device OFF, and the n-type conduction never shows up
in our simulation.

IV. SUMMARY

We present a theoretical model for the hysteresis observed in
NT FETs based on the tunneling and trapping of electrons in the
oxide. Using rate equations for the trapping/detrapping process,
we obtain the dependence of the width of the hysteresis on the
SR and the range of the gate voltage, which match the experi-
mental data well. Included in a semiclassical model of the trans-
port in the NT, it provides the current–voltage characteristics in
good agreement with experimental ones.

Here, we have studied only one mechanism for the hysteresis
(based on the trapping of electrons in the oxide). The model
gives the results consistent with most experimental observa-
tions. We are aware of the possibility of charge injection into
the water adsorbed on the surface of the oxide, as it has also
been suggested by several authors. The reaction involved still
has to be elucidated, possibly being ionization or neutralization
of some species under the high electric field. We have to notice
that the possibility of the hysteresis being created by a diffusion
of ions in the adsorbed water can be ruled out: a motion of pos-
itive ions in the electric field is toward the channel for positive

and, thus, always creates a negative shift in the gate voltage,
where it has been observed to be positive.
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