
S
t

P
a

b

a

A
R
R
A
A

K
C
G
C
W

1

t
w
h
o
r
a
1
w
s
s
t
i
m
t
s
[

d

h
0

Sensors and Actuators B 202 (2014) 1290–1297

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

journa l homepage: www.e lsev ier .com/ locate /snb

elective gas detection using CNTFET arrays fabricated using air-brush
echnique, with different metal as electrodes

. Bondavalli a,∗∗, L. Gorintina, G. Feugneta, G. Lehoucqa, D. Pribatb,∗

Thales Research and Technology, Palaiseau 91767, France
Sungkyunkwan University, 300 Cheoncheon-dong, Suwon, South Korea

r t i c l e i n f o

rticle history:
eceived 5 March 2014
eceived in revised form 5 June 2014
ccepted 17 June 2014
vailable online 23 June 2014

eywords:
arbon nanotubes

a b s t r a c t

This paper deals with the tests of carbon nanotube field effect transistors (CNTFETs) for gas sensing
applications, exploiting an original sensing technique to dramatically improve selectivity. Such devices
exploit the extremely gas-sensitive change of the Schottky barrier heights between carbon nanotubes
(CNTs) and drain/source metal electrodes. This effect is at the origin of the change of the CNTFET transfer
characteristics. Indeed the main effect is related to the gas adsorption creating an interfacial dipole that
modifies the Fermi levels alignment and so the bending and the height of the Schottky barrier at the
contacts with the CNTs. This change is strictly dependent on the metal/CNTs junction and on the gas
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involved. We have fabricated on the same chip an array of four CNTFETs composed of four different
metals (Pd, Pt, Au, Ti) as electrodes and we have demonstrated that each CNTFET interacts in a very
specific way, identifying a sort of electronics fingerprinting. This array has been tested after exposure
to NO2, NH3 and di-methyl-methyl-phosphonate (DMMP, a sarin gas simulant) with gas concentrations
varying from 10 ppb to 10 ppm using air as gas carrier.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

The first paper demonstrating the efficiency of carbon nano-
ubes field effect transistors (CNTFETs) for gas sensing applications
as published in 2000 by Kong et al. [1]. Since then, many teams
ave obtained very interesting results concerning the sensitivity
f this new kind of sensors. We can mention, for example, the
esults obtained by Qi et al. [2] who were able to detect 1 ppt of NO2
nd, the same year, Snow and co-workers who were able to detect
ppm of di-methyl-methyl-phosphonate using transistors made
ith random networks of carbon nanotubes [3,4]. These results

eem to prove that the main issue for this kind of sensors is not the
ensitivity. Indeed the real concern consists in finding a suitable
echnique to achieve a highly selective sensor that could be used
n every-day life applications or in operational context. Various

ethods have been proposed so far. Among these, the deposi-

ion of polymers on the CNTFETs (functionalization) is extensively
tudied and very promising results have been already obtained
see ref. [2]]. However, the use of polymers could present several

∗ Corresponding author. Tel.: +82 (0)31 299 6271.
∗∗ Corresponding author.

E-mail addresses: paolo.bondavalli@thalesgroup.com (P. Bondavalli),
idier53@skku.edu (D. Pribat).

ttp://dx.doi.org/10.1016/j.snb.2014.06.064
925-4005/© 2014 Elsevier B.V. All rights reserved.
drawbacks such as increasing the sensor response time and
decreasing its lifetime as methods currently used to desorb gas
molecules (thermal anneal and UV exposition) should degrade
these polymers. Another issue is the lack of knowledge on the real
physical effect of polymers: up to now the choice of polymer contin-
ues to be empirical. Another approach is the bio-functionalization,
using DNA sequences of the single-walled-CNTs (SWCNTs) to
improve the sensitivity for specific gases, performed by researchers
at Pittsburg University [5]. Finally we can mention the approach
developed jointly by researchers at Nanomix Inc. and Pittsburgh
University [6,7]. They deposited nanoparticles of different metals
on networks of SWCNTs connecting, by percolation, two Pd elec-
trodes (“metal decoration”). Therefore they fabricated an array
of CNTFETs each one characterized by a different metal “decora-
tion”. They exposed this array to several gases (NO, H2, CO, CH4,
H2S, NO2, NH3) and they observed a specific change of the trans-
fer characteristics of each transistor as a function of the nature of
the nanoparticles and of the gas. These results made researchers
think that large arrays of “metal-decorated” CNTFETs could be
used in order to recognize univocally the gases, identifying their
electronic fingerprinting. All the approaches that we have pre-

sented above appear to be very interesting from a scientific point
of view but the technological steps for the fabrication of the
sensors (e.g. polymer/bio-functionalization or metal decoration)
are quite complex and their industrial exploitation has not been

dx.doi.org/10.1016/j.snb.2014.06.064
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.06.064&domain=pdf
mailto:paolo.bondavalli@thalesgroup.com
mailto:didier53@skku.edu
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ticles to move to the borders of the drops when evaporating at
ambient conditions [18,19]).

Indeed, in our specific case the substrate was heated to a tem-
perature higher than 202 ◦C (evaporation point for NMP) in order
P. Bondavalli et al. / Sensors an

ealized yet. Our approach for solving the selectivity problem is
o make a sensor comprising an array of SWCNT-based transis-
ors where each transistor will be fabricated using different metals
s source/drain electrodes. Considering that no cheap and rapid
ethod, up to now, exists for separating semiconductor from
etallic SWCNT specimens, we decided to use SWCNT mats as

ransistor channel. There are two principal advantages in doing
o. Firstly the use of SWCNT mats instead of individual SWNTs
facilitating methodology) results in percolation networks with a
etter overall electrical control of the system. Secondly, using the
ynamic spray-gun technique (patented by Thales) we can achieve
niform and highly controlled SWCNT densities which allows us
o obtain CNTFETs with highly reproducible electrical character-
stics [8,9]. Moreover, this technique allows us to fabricate large
rray of sensors with a method very simple, rapid, totally com-
atible with existing CMOS technology and therefore suitable for

ndustrial exploitation at relatively low-cost. We have chosen to
iversify the metals electrodes in order to exploit the different
ffects of the interaction of the gas with the metal/SWCNTs junc-
ion on the Schottky barrier. As a consequence after gas exposure
he Fermi level alignment between metal and CNT at the contact
ill change, modifying the characteristics of the Schottky barrier

t the junction. Actually, we cannot talk about a “real” Schottky
arrier in our case because we do not deal with a junction exhibit-

ng an intimate contact (like a classical Schottky barrier between
emiconductor and metal, where the Fermi Level is pinned by inter-
ace defects as explained by Leonard and Tersoff [10]). In our case
e have a “non-intimate” contact because the SWCNT is simply
eposited on the metal without annealing. This model was firstly
uggested by Yamada [11,12] of the Ames Research Center in 2004
or Au/SWCNT contacts, generalized by Bondavalli et al. [13] to
ll the metal/SCWNT junctions and, for network based CNTFETs,
urther improved by Peng et al. [14]. In this contribution we will
emonstrate that, after being exposed to different gases (NO2, NH3
nd DMMP) at concentration from 10 ppb to 10 ppm, each transis-
or will be influenced in a very peculiar way: this influence on the
arrier is strictly related to the interaction between a specific gas
nd a specific metal/CNT junction [15]. Indeed, the gas adsorption
ill change the metal work function and so the junction electrical

ehavior. This is not possible for traditional semiconductor/metal
unctions because the Fermi level is pinned by interface defects, as
uoted above [10]. Using this method, we will be able to demon-
trate that each gas will be “fingerprinted” and so unambiguously
dentified.

. Experimental

.1. CNTFET fabrication

Our CNTFET arrays have been fabricated using n-doped Sili-
on substrates (common gate electrode) covered with 50 nm of
hermally grown SiO2. The electrodes have been prepared by UV
hotolithography: the metal deposition has been performed using
vaporation technique and lift-off. This step has been repeated
equentially for each metal in order to achieve a final chip
0.5 cm × 0.5 cm) composed by 16 couples of electrodes. We have
repared two series of eight couples of electrodes with a distance
f 10 �m and a width respectively of 1 and 3 mm. In this way we
an modulate the final current value between Drain and Source:
he wider electrodes will be able to provide higher current because

 
 

 

he number of SWCNT chains linking the two electrodes is higher.
he metal electrode thickness was 35 nm. A 5 nm Ti thick layer has
een added in order to improve the layer adhesion of Au, Pd, Pt and
i layers on the substrate (see Fig. 1).
Fig. 1. Top and bottom schematic view of one of the transistors. In the inset a SEM
image of the SWCNTs based mat acting as channel in the CNTFET.

2.2. SWCNT deposition

The SWCNTs that we have used, have been supplied by South
West NanoTechnologies, and were CoMoCat SG65 composed by
90% of semiconducting SWCNTs [16]. In order to obtain stable
suspensions, we have put them in solution using N-methyl-
pyrrolidone (NMP) as solvent [17]. SWCNT bundles and residual
impurities (e.g., catalyst particles) have to be eliminated from the
original SWCNT suspension. This can be accomplished by sonica-
tion to “break” the bundles (1 h), followed by centrifugation (two
phases of 10 min at 3000 rpm) and careful recuperation of the
supernatant part of the suspension. The final solution of SWCNTs
has been deposited using a dynamic air-brush technique developed
at Nanocarb Lab. at Thales Research and Technology (patented)
(Fig. 2).

This method relies on the SWNT deposition from the suspen-
sions using a spray-gun which can be moved along the three axes
(35 cm × 35 cm × 35 cm). In order to achieve uniform mats of nano-
tubes on large surfaces in an extremely reproducible way, the
substrates, on which the solutions are deposited, are heated to
avoid the so-called “coffee ring” effect (the tendency of nanopar-
Fig. 2. Overall view of the set-up for the deposition of solutions of CNTs using the
dynamic air-brush deposition technique.
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and the flux value corresponded to 300 sccm. Indeed, the sample
is in a chamber where ambient air is present. We have worked
at ambient conditions and so at ambient pressure. Thanks to

 
 

 

ig. 3. (a) Chip containing 16 CNTFETs achieved using four different metals as elec
ounted on the C-DIL used for tests.

o evaporate instantaneously the solvent droplets hitting the sub-
trate: in this way the drops will instantaneously “collapse” and the
WNCTs are pinned at the impact zone. The advantage of this tech-
ique, compared with similar technologies such as electrospray,

s that it is not necessary to apply an electric field to deposit the
anomaterials. Actually, this electric field can damage the nanoma-
erials’ functionalization and the nanomaterials have the tendency
o be mainly distributed along the electric field lines (and so not
niformly). Other teams utilize static spray, i.e. motion-less depo-
ition method. This technique does not permit to obtain extremely
niform mats on large surface areas and the thickness is not pre-
isely tuned. Moreover this static spray technique is not scalable
nd so not suitable for industrial exploitation.

.3. Experimental set-up

Our test set-up measures the electrical characteristics (current
etween drain and source as a function of gate voltage) of the
WCNT based transistors and, the changes over time, before and
fter exposure to a specific gas. The sensor chip is mounted in a
eramic-dual-in-line package (C-DIL), model KD-S78346-C, and the
rain and source contacts are wire bonded (see Fig. 3). The currents
nd voltages are controlled and measured thanks to 3 Keithley
ource Meters 2400. Indeed considering that we have to test four
ransistors at the same time (for each different metal electrode cou-
les) we need four source measurement units (SMUs) for the four
rain contacts, one for the source contacts (in common and con-
ected to ground) and one for the back gate (see Fig. 4). To carry
ut the electrical measurements, instead of standard probe tips,
e have used an electronic card on which is implemented a socket.

hen the C-DIL package with the sensor chip, is plugged onto the
ocket. After plugging the chip housing to the socket, the electronic
ard is inserted inside the gas enclosure through an aperture made

or this purpose. The samples are placed inside a chamber where we
an control the gas composition under which the sample is exposed.

The gas input tube is positioned right above the sample (the
hip with the CNTFETs). The design of the input tube is performed
s (four for each metals), (b) Chip dimensions compared to a 20 cents coin, (c) Chip

to keep a laminar flux on the sample and so to control, during all
the test phase, very accurately the gas concentration (see Fig. 5).

To manage the gas composition inside the chamber, we use a
set of mass flow meters, a bubbler (for those materials, which are
liquid at room temperature), tubes connected to gas bottles on one
side and to the measurement enclosure on the other side. This set-
up allows us to dilute gases up to 1000 times and so to perform
tests with concentrations potentially varying between 10 ppb and
10 ppm. The gas carrier used for our tests was dry synthetic air
Fig. 4. Schematic view of the set-up connections. Smu 1,2,3,4 corresponds to the
transistors drains. Smu 5 to the sources which are grounded and connected together.
Smu 6 corresponds to the bias applied to the substrate that acts as bottom gate.
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Fig. 5. Detail of the chamber used to perform measurements.

ome-made software, we can control the gas input composition
through flow meters) which we can change over time with pre-
rogrammed sequences, and we can both send routines to the
eithleys and save data (transistor characteristics, and drain cur-
ent over time) on a computer.

. Experimental results

After fabricating chips, we have performed measurements
xposing chips to three different gases, namely NO2, NH3 and
imethyl methylphosphonate (DMMP). We have exposed each
ime one single chip to the gas. In this way we were able to record
he change of the transfer characteristics of four CNTFETs, com-

osed by four different metals (Au, Pt, Pd, and Ti) as electrodes,
t the same time. The first measurements have been performed
xposing the CNTFETs to concentration values from 100 ppb to
0 ppm for NO2 and NH3 (see Fig. 6 for schematics explaining the

Fig. 6. Effect of the gas molecules of NO2 and NH3 on the align
ators B 202 (2014) 1290–1297 1293

modification of the Schottky barrier height by dipole formation at
the injecting contact when the CNTFET is exposed to NO2 or NH3).
In this way we have tried to evaluate the limit of sensitivity of each
metal. The variations of the IDS current during the exposure cycles
(for VGS = −16 V and VDS = −1.6 V) are shown in Figs. 7 and 8 for NO2
and Fig. 9 for NH3. The exposure time was of 300 s to gas and 600 s
to air.

All the CNTFETs fabricated show a p-type behavior because
the metal work functions are larger than the CNT work function
(around 3.7 eV). However Ti has a lower marked p-type behavior
because its Fermi level approaches the CNT’s one. Moreover Ti-
based electrodes are naturally oxidized and so the current is quite
low compared to the other metals. The CNTFETs have been exposed
during 300 s to the gas, followed by 600 s to air. From the measure-
ments, it is highlighted, as shown in literature, that the behavior
of the CNTFETs is exactly the opposite in the case of the two gases.
As shown in previous papers [13–15] in case of short channel con-
figurations (less than 100 �m) and gas concentration lower than
around 200 ppm (for the most reacting gases [20]), the main effect
of gas on the CNTFET is at the metal/CNT junctions.

Indeed, if we consider that the contact resistance between two
SWCNTs in the random mat varies after being exposed to a gas, this
effect will be negligible if the channel transistor is short (<100 �m).
In fact, the metal/SWCNTs contact resistance is around three orders
of magnitude larger than the resistance between two SWCNTs with
the same electronic character. Therefore, the metal/SWNT behavior
at S/D contacts will dominate the overall sensor behavior. This pre-
dominance will be strongly reduced using long channel transistors
(∼> 100 �m) with a number of SWCNT/SWCNT contacts (in each
chain linking the two electrodes) larger than 100. In this case, the
mat resistance will attain a value comparable to the metal/SWCNT
contact resistance [4,21].

Indeed considering that NH3 is a so-called “electro-donating”
gas, it increases the Schottky barrier at the metal/CNT interface

(for all the metal electrodes) as if electrons were transfered in the
SWCNT (moving up the Fermi level) and so it reduces the pass-
ing hole current. Exactly the opposite behavior is observed for
NO2, which is an “electro-withdrawing” gas (the Schottky barrier is

ement of the Fermi Levels of CNTs and metal electrodes.
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ig. 7. Change of the IDS current as a function of time for VGS = −16 V and VDS = 1.6 V
00 s and to air of 600 s.

educed by the downwards displacement of the Fermi level in the
WNT see Fig. 6). We can also see that the CNFETs seem to be more
ensitive to NO2. We can observe a clear change in the IDS for con-
entrations as low as 100 ppb for Pt and Au, and for all the metals at
00 ppb (Figs. 7, 8). For exposition to NH3, Au and Pt show a change

n IDS for 100 ppb but in order to see a clear change for all the CNT-
ETs, we have to reach a concentration of 1 ppm. These results are at
he state of the art considering that our chip has not been function-

lized (using chemical or biological species) and the measurements
ave been performed using air as carrier gas at ambient pressure
nd temperature.

ig. 8. Detail of the change of the IDS current as a function of time for VGS = −16 V and VDS =
ncentrations between 100 ppb and 10 ppm of NO2. The exposure time to NO2 is of

3.1. Testing selectivity

The most important issue for gas sensors is the selectivity. Our
approach is to use different metals as electrodes because the inter-
action of each gas with each metal is specific. In this way we are
able to identify a sort of fingerprinting of each analyte. This idea is
not simply based on the fact that for “short” channel configurations
the main effect of the gases is on the metal/CNT junctions. Indeed,

considering that the channel (composed by CNT-based mats) is
the same one for each transistor, the only difference in the reac-
tion of a particular gas with the CNTFET array can only originate

1.6 V at 100 ppb and 1 ppm. The exposure time to NO2 is of 300 s and to air of 600 s.
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ig. 9. Change of the IDS current as a function of time for VGS = −16 V and VDS = 1.6 V
00 s and to air of 600 s.

rom the S/D contact junctions (fabricated using different metals
s electrodes). In order to verify this hypothesis, we have checked

hat the response of the chip is not only different for two gases
f two different families (like NH3, NO2), but also for gases with
he same electronics character. For this reason we have performed
ifferent measurements exposing the same sensor chip to DMMP,

ig. 10. Change of the IDS current as a function of time for VGS = −16 V and VDS = 1.6 V for c
s of 300 s and to air of 600 s.
oncentrations between 10 ppb and 10 ppm of NH3. The exposure time to NH3 is of

which is an “electro-donating” gas (like NH3). To obtain concen-
trations from 1 ppm to 20 ppm, we have bubbled dry air through

the liquid DMMP. We have not been able to test the sensitivity
for lower concentrations because the saturation pressure of DMMP
is ∼1600 ppm at ambient conditions, and with our system (max
dilution of 1/1000) we can only reach a maximum concentration

oncentrations between 1 ppm and 20 ppm of DMMP. The exposure time to DMMP
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Fig. 13. Relative conductance change as a function of VGS for VDS = 1.6 V for a con-
centrations of 10 ppm of DMMP.

 
 

 

ig. 11. Relative conductance change as a function of VGS for VDS = 1.6 V for a con-
entrations of 10 ppm of NH3.

round 1 ppm. The results of several exposure cycles are reported
n the following Fig. 10.

In order to deeply analyze the effect of each gas on each CNT-
ETs we have calculated the relative change of resistance for a
oncentration of 10 ppm after 300 s of exposure for VDS = −1.6 V
Figs. 11–13). We have chosen this concentration because we have
valuable change of the IDS for all the CNTFETs and all the gases. The
alues are reported as a function of the gate voltage for each gas.
he most important result is that each gas appears to interact in a
pecific way with each CNTFET fabricated using a different metal.
or example for NH3 the more sensitive CNTFET, for gate voltages
igher than −5 V, is composed by Pd-based electrodes, followed by
he Pt, Ti and Au-based ones. For lower voltage values, Pt appears
o be more sensitive compared to Pd. For NO2 sensing, the most
ensitive CNTFET is composed by Pt-based electrodes for all the
ate voltage values, followed by Pd, Au and Ti for voltages higher
han 0 V. For lower voltage values, Au appears to be more sensi-

ive than Pd and Ti. Finally, in the case of DMMP (a gas with the
ame electronics character as NH3) the more sensitive metal is Pt
n the entire spectrum followed by Pd, Au and Ti. We can observe
hat the more sensitive metals electrodes are, in the three cases,

ig. 12. Relative conductance change as a function of VGS for VDS = 1.6 V for a con-
entrations of 10 ppm of NO2.
not the same for the entire gate voltage spectrum. If we observe
more carefully the graphics of the relative conductance change, for
each metal we have a maximum at a specific value. This is related
to the fact that the gas changes the barrier at the metal/CNT con-
tact and so it translates the IDS (VGS) characteristics. In the case of
NH3 and DMMP, considering that they are both “electro-donating”
gases, they promote a translation of the IDS (VGS) characteristics
toward negative bias (the SWNT Fermi level increases and so the
threshold voltage of the CNTFETs are more negative, as shown by
Kong et al. [1] in case of single nanotube based CNTFETs). In case of
NO2 we observe the opposite effect and the transfer characteristics
are translated toward higher gate voltage (the Fermi level of the
SWNT decreases see e.g. Fig. 14 for Pt). From this analysis, we can
deduce that we can achieve a sort of electronics fingerprinting of
the gas (for a defined gate voltage) simply with our chip composed
by a CNTFET array with different metals as electrodes. This seems
to demonstrate that it is the effect of the gas on the junctions that
influences the response of the CNTFETs, considering that, as pre-
viously quoted, the channel composed by nanotubes is exactly the
same for all the CNTFETs.
Fig. 14. Transfer characteristics of a CNTFET fabricated using Pt electrodes after
exposure to Air, NO2, NH3 and DMMP (10 ppm, each time for 5 min).
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. Conclusions

In this work, we have demonstrated that the NO2, NH3, and
MMP gases interact differently with each metal/CNT junction.
his is because each gas changes the Fermi level alignment of
he SWNTs with the metal at the S/D contacts in a specific way
nd therefore changes the transfer characteristics of the CNTFETs.
his effect does not depend on the initial metal work function.
n fact, if we analyze the relative change of the conductance, we
ave observed that it is not correlated to the starting work func-
ion and it is different for each gas. From these results, we think
hat CNTFET-based arrays could be potentially used to obtain an
lectronic fingerprinting of specific gases and therefore to perform
elective sensing using very simple, relatively low-cost devices. The
esults obtained in this contribution, concerning the sensitivity of
ll the transistors on the same chip (200 ppb for NO2, 1 ppm for NH3
nd around 1 ppm for DMMP), are at the state-of-the-art consider-
ng that we have not functionalized chemically or biologically our
evices and that we have tested CNTFETs fabricated using CNT mats
s channels for the transistors at ambient conditions.
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