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TCAD Simulation Framework of Gas Desorption in
CNT FET NO» sensors

Stefania Carapezzi, Susanna Reggiani, Member, IEEE, Elena Gnani, Senior Member, IEEE,
and Antonio Gnudi, Member, IEEE,

Abstract—A TCAD simulation framework of gas desorption
induced by self-heating in CNT FET gas sensors is presented.
Its key feature is the use of temperature profiles extracted
from electrothermal simulations to determine the change of
the effective gas-induced doping concentration during the gas
desorption phase. The approach allows to investigate the impact
of geometrical and physical parameters, in particular the ones
related to contacts, on the self-heating desorption process. The
main conclusion is that, due to the non-uniform self-heating
temperature profile, the near-threshold part of the IDS-VGS
curves recover their pristine aspect faster than the rest of the
characteristics.

Index Terms—carbon nanotube, CNT FET sensor, gas des-
orption, electrothermal simulation, technology computer-aided
design (TCAD) modelling.

I. INTRODUCTION

ONDUCTOMETRIC gas sensors based on semiconduct-

ing metal oxides are widely investigated [1] due to their
low cost, simplicity and range of detectable gases. However,
these devices need high temperatures because of 1) their
working principles and 2) their recovery procedures, which
occur through the gas desorption mediated by temperature.
All this makes solid-state gas sensors high-power consump-
tion (mW-range) devices, in contrast with the current trend
for development of power-saving devices. Carbon nanotubes
(CNTs) are envisaged to be a possible solution for low-power
gas sensors, given their sensitivity to gas at room temperature
[2]. Moreover, it has been demonstrated [3] that the ultra low-
power (2.9 uW at Vpg of -1.3 V) process of CNT self-heating
is enough for the recovery of CNT field effect transistors (FET)
used for gas sensing. In fact, a single walled CNT represents an
almost ideal low-power heating wire given its minuscule heat
capacity and volume, allowing the Joule heat to be generated
at very low power dissipation.

A better understanding of self-heating in CNT-based FETs
is thus mandatory for the optimization of these devices. In this
respect, the use of technology CAD (TCAD) tools to perform
electrothermal simulations is particularly attractive. Some re-
sults have already been published [4] showing that the TCAD
drift-diffusion approach is successful in simulating CNT FET
gas sensors. However, currently a TCAD model to mimic the
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effect of gas desorption under self-heating conditions is still
missing. The aim of the present work is to provide an approach
in order to emulate the resetting procedure of CNT gas sensors.
The key feature of the procedure is the use of temperature
profiles extracted from electrothermal simulations to determine
the change during the desorption process of an effective doping
concentration that mimics the gas-induced charges. Our results
show that the change of doping concentration is not uniform
along the CNT, and shed light on the impact of this change
in the different regions of the CNT on the I-V characteristics.

II. ELECTROTHERMAL SIMULATIONS OF CNT-BASED
SENSOR FOR NOy

Fig. 1 illustrates the structure of the simulated CNT FET,
which is inspired to the experimental devices of [5]. Please
refer to the figure caption for geometrical details. Simulations
have been performed by means of Sentaurus SDevice [6]. The
CNT is modeled with a cylinder of 2-nm diameter made of a
semiconducting material having physical parameters chosen
so as to mimic a zig-zag (26, 0) CNT. In particular, the
(26, 0) CNT density-of-states (DOS) for electrons can be
approximated by [7]

DOSCNT(E) = E - ECi) 3

=3 e 6
matV/3 <~ \/E? — EZ,
(1

where © is the Heaviside function, ¢ = 2.7 eV the nearest
neighbor atom hopping energy, a = 0.246 nm the lattice
spacing and FE¢; the edge of the ¢-th conduction subband.
We consider only the first two conduction subbands and
symmetrically the first two valence subbands, with Ec; = ETG
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Fig. 1. Scheme of the CNT FET device. A CNT of 2-nm diameter and 2-
pm length is suspended across two pillars. Each pillar is made of a layer of
silicon dioxide (thickness 240 nm), with a 40-nm thick layer of palladium.
Between the two pillars and at their bottom, another 40-nm thick layer of
Pd lies, making dg = 240nm. The space around the CNT and up to dg
nm above it is filled with an insulating material (relative permittivity equal
to 1; air). After [5], the metal layers on top of the oxide pillars are biased at
the same external voltages than the correspondent contacts at the ends of the
CNT.
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Fig. 2. The black solid line shows the first two subbands above the Dirac
energy of DOScnT (1) of a zig-zag (26, 0) CNT. The dashed orange
line represents the first two subbands of DOSip (2), integrated over the
cylinder cross-section of a semiconductor wire having the same energy gap
and effective mass of the CNT first subband.

29t — ().3767 eV,

and Ecz = Eg, with the band gap B¢ = 22

being d = 26 a /.

In order to mimic the CNT DOS within the TCAD simu-
lator, the SDevice Multivalley 1D DOS model is used, using
the option dospower = -0.5, reading for electrons

\/2m7; 1
DOSip(E) = ) 5= X —epe

where m; is the effective mass of the ¢-th subband. The
values m; = 0.23 and mo = 0.55 have been used for best
fitting of the CNT DOS (1). The DOScnT and the TCAD
DOS;p have been plotted in Fig. 2 for comparison purpose.
For the source/drain contacts, the SDevice Schottky contact
model with contact recombination velocity for electrons and
holes and contact resistance has been used. The contact areas
coincide with the circular cross-sections at the two CNT ends.
The workfunction of graphene (4.55 eV) [8] has been used
for the CNT, while the workfunction of Pd has been set to
4.9 eV, resulting in a slightly negative Schottky barrier for
holes equal to -0.16 eV. It has been demonstrated in [4] that
the experimental transfer characteristics at different Vgp of
a CNT FET sensor exposed to different gas concentrations

x O (E — Eci), 2)

i

40
=~ 304
X
S J
L
S 204
©
o i
@ — model A
= 10 4 model B
—1[6]
-1 \
T T T T T
200 300 400 500
T(K)

Fig. 3. Empirical models of CNT thermal conductivity.

can be successfully reproduced, provided four parameters are
calibrated as a function of the gas concentration, namely
the Schottky contact recombination velocity and resistance,
as well as the CNT uniform channel mobility and effective
doping concentration.

As far as electrothermal simulations are concerned, a ded-
icated Physical Model Interface (PMI) has been used to
implement the following CNT thermal conductivity empirical
model (hereafter indicated as model A)

E(T) = (e T + aoT? 4 asT~2)~! 3)

where a1 = 3.2x107° cm/W, as = 9.7 x 10~® cm/(W K) and
az = 8x10% cm K3/W. Eq. 3 is a simplified version of a model
of CNT thermal conductivity presented in [9]. In particular,
we have considered the limit of infinite channel length. A
slightly different empirical model has been found in [10],
whose functional dependence on 7' can still be described by
(3), provided parameters a;, with ¢ = 1,2, 3, are conveniently
adjusted. Both models are shown in Fig. 3, together with a
third model (hereafter indicated as model B), obtained from
model A by changing the value of a; into 9 x 1075 cm/W.
The thermal conductivity of model B lies somewhat in between
model A and [10]. Both models A and B have been used in the
electrothermal simulations discussed in the next paragraphs in
order to investigate the sensitivity of the results on the value
of the thermal conductivity. Neumann boundary conditions
for the temperature have been imposed at the lateral and top
boundaries of the air layer. The metal gate underneath the
CNT is maintained at room temperature with zero thermal
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Fig. 4. (a) Band diagram, along the CNT axis, in the active region (VGS

= -5V) for the first case study device; VDS = -0.5V. EC and EV are the
conduction and the valence band edges, while QFEn and QFEh are the Quasi
Fermi Energies for electrons and holes. (b) Hole carrier density and hole
Quasi Fermi Potential (QFPh) in the active region (VGS = -5V).
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Fig. 5. (a), (c) Simulated IDS-VGS curves after 1-ppm NOz exposure. (a) The Schottky contact recombination velocity and resistance, the channel mobility
and effective doping concentration are taken from [4]. Black line: VDS = -0.5 V; red line: self-heating condition at VDS = -1.0 V. (c) Same parameters as
in (a), but with an infinite contact recombination velocity and a contact resistance of 50 k2. Black line: VDS = -0.1 V; red line: self-heating condition at
VDS = -1.0 V. (b), (d) Temperature profiles along the CNT axis, extracted from simulations at VDS = -1 V and VGS = -1 V. Thermal conductivity model A
(solid lines) and model B (dashed lines) have been considered. For each case, two values of contact thermal surface resistance (SurfR) have been used: 10~6
cm2K/W (black lines) and 10~7 c¢cm2?K/W (red lines). In (b) the other model parameters are as in (a); in (d) as in (c).

contact resistance, while for the source/drain contacts room
temperature is imposed for the metals, but a non-zero surface
thermal resistance is used. Simulations have been performed
with two values of surface thermal resistance to account for
some variability, namely 1076 ¢cm?K/W and 10~7 cm?K/W
(after [9]).

Two case studies have been considered. In both cases the
geometry is the one illustrated in Fig. 1. In the first case the
Schottky contact recombination velocity for both electrons and
holes is 2.2 x 10% cm/s, the contact resistance is 1.5 MY, the
electron and hole mobilities are both equal to 4 x 103 cm?/(Vs)
and the uniform effective p-doping density is 2.5 x 10'® cm~3.
Such parameters have been taken from [4] and correspond to
1-ppm NOy concentration. In Fig. 4(a) is plotted the band
diagram along the CNT axis at VGS = -5V (active region),
VDS = -0.5 V. The conduction band edge EC and the valence
band edge EV at the contacts are determined by the contacts
voltage and by the Schottky contacts barriers. The hole barrier
strongly favors hole injection, while the electron barrier tends
to suppress the electron injection. In a narrow region close to
the contacts the band edges relax due to the screening effect of
the underneath metal layers, which rest on top of the two oxide
pillars (see Fig. 1). Besides these thin regions near the contacts
the gate effect dominates and reaches its maximum strength
in the middle of the channel. This picture is consistent with
the hole density p and the hole Quasi Fermi Potential (QFPh)
shown inFig. 4(b), for VGS = -5V, VDS = -0.5 V. At source

contact p is less than the equilibrium hole concentration (fixed
by the barrier height) pg, while at drain contact it is greater
than pg, because the recombination velocity is finite. Then
the hole density tends to relax to the intrinsic concentration
in the narrow region close to the contacts, while it rises in
the middle part of the channel. Consequently, the QFPh has a
larger gradient near the contacts (in particular at the source)
than in the middle of the channel.

The resulting IDS-VGS characteristics at VDS = -0.5 V
are shown in Fig. 5(a) (black line). Simulated currents of the
same device at VDS = -1 V are also shown in the same figure
(red line), corresponding to the self-heating condition. The
temperature profiles along the CNT axis calculated with the
electrothermal simulations at VGS = VDS = -1 V are shown
in Fig. 5(b). Both thermal conductivity models A and B have
been employed, as well as the two above mentioned values of
contact thermal resistance. The maximum temperature, which
occurs around the center of the CNT, is only about 303 K.
The reason for such low temperature is the small current
value, which is limited by contact effects due to the large
electrical contact resistance and finite recombination velocity,
as discussed in [4]. This makes the heat generated by Joule
effect not high enough to produce a significant increase in the
CNT temperature.

In the second investigated case, an infinite contact recombi-
nation velocity (thus imposing equilibrium electron and hole
concentrations at the contacts) and a contact resistance of 50
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Fig. 6. (al), (a2) Effective doping profiles along the CNT axis computed at different times after the start of the self-heating process. The temperatures used to
calculate them have been extracted by a thermal simulation using I) model A of thermal conductivity, IT) contact surface thermal resistance of 10~% cm?K/W
(dashed lines) and of 10~7 cm2K/W (solid lines), IIT) doping concentration of (al) 109 cm™3 and (a2) 0. (b1) - (b4) Simulated IDS-VGS curves (VDS =
-0.1V) after 5 (green lines), 10 (blue lines) and 30 (cyan lines) minutes from the beginning of self-heating. The doping densities of (al) have been used in
(b1) (doping: dashed lines) and (b2) (doping: solid lines). The doping densities of (a2) have been used in (b2) (doping: dashed lines) and (b4) (doping: solid
lines). The currents under pristine condition (black lines) and after exposure to 1-ppm NO2 concentration (red lines) are also shown for comparison.

k(2 have been considered. Such values have been chosen with
the aim of achieving at VGS = VDS = -1 V a value of current
(1.7 x 1075 A) similar to the experimental current (1.6 x 10~6
A) measured in [3] at recovery condition. It should be observed
that for the experimental device of [3] self-heating was indeed
successfully used to reset the CNT FET. In addition, a uniform
p-doping density of 10'? cm™3 has been used to emulate a
threshold voltage shift induced by gas absorption of about 1V.
The simulated IDS-VGS characteristics at VDS = -0.1 V and
VDS = -1 V are shown in Fig. 5(c). The simulated temperature
profiles in the recovery conditions are shown in Fig. 5(d). Now
the maximum temperature, which occurs nearly in the middle
of the CNT, ranges from 333 K (for thermal conductivity
model A and contact thermal resistance of 10~ cm?K/W) to
377 K (for thermal conductivity model B and contact thermal
resistance of 1079 cm?K/W). Understandably, the temperature
is larger when a higher contact resistance and a lower thermal
conductivity are used.

III. GAS DESORPTION MODEL

Under the hypothesis that the contacts are passivated, as was
the case in [3], then the effect of gas desorption mainly affects
the effective doping. Instead, for unpassivated contacts 1) the
gas would be adsorbed also at the contacts, thus changing
their properties. Consequently, the contacts would contribute
to the sensor response. However, the contacts do not heat up
by self-heating because of their heat dissipation, therefore 2)

the gas could not be desorbed at the contacts. Hence, the
sensor resetting by self-heating would result impossible with
unpassivated contacts.

After [11], the following model has been implemented to
mimic the change of doping induced by self-heating

N(t,r,T) = No(r)e t/7ae=(T) 4)

where N (t,r,T) is the effective doping profile within the CNT
at time ¢ from the beginning (¢ = 0) of the self-heating process,
while Ny(r) is the initial doping profile. In our case Ny(r) =
10 cm~3. The desorption time constant 74.5(7) is given by

1
Taes(T) = —e~Fr/beT (5)

v
where FE is the analyte desorption energy barrier, v the at-
tempt frequency and kp the Boltzmann constant. £, = —1.01

eV has been taken from [3], while v = 10'2 s~! has been
taken from [12]. The model of Eq. 4 and 5 has been indeed
tested against experimental data [11]. However, it is a simple
picture of the process of gas desorption from CNT surface and
other effects, such as possible surface diffusion of molecules
from high concentration regions to low concentration regions
during the desorption process, have been neglected.

It should be noticed that in Eq. (4) temperature is implicitly
assumed to be time-independent, i.e. the temperature profile
calculated with a thermal simulation using the effective doping
concentration at ¢t = 0 (10'® cm~3) is used for any t. However,
the change of doping induced by self-heating indeed affects
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the current, and then in turn the temperature generated by
Joule effect. Therefore, the use of T' extracted by a thermal
simulation using a costant doping of 10 cm™3 for calculating
N(t,r,T) could lead to some overestimate depending on ¢. In
order to understand the range of variability introduced by this,
we have repeated the calculation of N (¢,r,T) by using the T
extracted by thermal simulation with zero doping.

Fig. 6(al) and (a2) shows the computed effective doping
profiles at different times after the beginning of the self-
heating process. Model A of thermal conductivity and both
previously mentioned surface thermal resistance values have
been used in the electrothermal simulations. As expected, the
desorption effect, i.e. the decrease in doping density, is more
relevant where the temperature is higher, that is in the middle
of the CNT. Near the two ends of the CNT, i.e. close to the
contacts, the heat dissipation is higher and the doping density
remains high. Also, the change in doping is more accentuated
when the 7" used for calculation is computed by electrothermal
simulations using a doping concentration of 10* cm~3 (Fig.
6(al)) compared to when a zero doping is used (Fig. 6(a2)),
especially in the short ¢ range. This is related to the fact that
with zero doping the currents are smaller than when doping
is 10 cm™3, then the Joule effect is smaller.

It is now interesting to evaluate the effect of the not uniform
change of doping density over the IDS-VGS curves. To this
end, the computed doping profiles at different time steps of
Fig. 6(al), (a2) have been loaded onto the device geometry
file and new TCAD simulations have been performed at VDS
= -0.1 V. The results are plotted in Fig. 6(bl) - (b4): doping
of panel (al) has been used as input in simulations of Fig.
6(bl), (b3), while doping of panel (a2) has been used for
simulations of Fig. 6(b2), (b4). The currents for the pristine
and the 1-ppm NO; conditions are also shown for comparison.
It is apparent from Fig. 6(b1), (b2) that the near-threshold part
of the characteristics tends to recover the pristine condition
faster than the high-current part. This can be attributed to the
larger sensitivity of the near-threshold current on the doping
concentration in the middle of the CNT, which tends to desorb
faster (Fig. 6(al), (a2)). This is confirmed also by the results
of Fig. 6(b3), where a partial recover is obtained after 30 min
only near threshold. Of course, in this case much longer times
are required for a more complete recover, due to the lower
temperatures.

IV. CONCLUSION

TCAD simulations of CNT FET gas sensors have been pre-
sented in this letter, coupled with an analytical gas desorption
model that uses the temperature profiles extracted from the
electrothermal simulations of the CNT during the self-heating
process. An effective doping concentration accounts in the
TCAD simulation framework for the gas-induced charge in the
CNT. The procedure allows to study the impact of the contact
electrical and thermal resistance, as well as the CNT thermal
conductivity, on the temperature profiles along the CNT and
hence on the self-heating desorption process. An interesting
conclusion of the present study is that, in spite of the non-
uniform gas desorption due to the self-heating temperature

peaking near the center of the CNT, the near-threshold part of
the IDS-VGS characteristics recovers within a reasonable time
to its pristine aspect, as opposed to the high-current part of the
curve. Finally, our results confirm the importance of achieving
a good control of the electrical and thermal properties of the
contacts for reliable sensor operation.
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