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To my family and my friends

“And today we begin to deal with those things that are present in greatest
quantities on earth and that everyday surround us: the gases.”

(M. Sancrotti’s class)
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Introduction

Crucial features in gas sensors for environmental monitoring are the gas sen-
sitivity in the low ppb (parts per billion) range and the ability to discriminate
variations of a certain polluting gas from other interfering gases. Monitoring of
ammonia concentrations is mandatory to reduce the hazard for human health
and vegetation determined by the widespread use of ammonia and its deriva-
tives as agricultural nitrogen fertilizers, which is known to cause severe environ-
mental problems [1-4]. In particular, a growing body of investigations [5-8] is
highlighting the relevant role played by ammonia as a precursor of secondary
fine particulate (PM10 and PM2.5), which represents a serious threat to human
health. Ammonia, besides being a toxic molecule, could hence be used as a lo-
cal marker of secondary fine particulate formation, allowing indirect control of
particulate emission sources. In spite of this urgency, the detection of ammonia
concentrations in urban areas with chemiresistor gas sensors (CGSs) has been
so far widely overlooked, since the average levels are usually low, i.e. in the
20-30 ppb range (as shown in Fig. 1 and recently discussed by Chiesa et al. [9])
while the CGSs are usually tested by exposure to ammonia in the ppm (parts
per million) range.

In the last two decades several scientists proposed a new carbon based technol-
ogy, against the usual silicon based one, and the allotropes of carbon, i.e. carbon
nanotubes, single atomic layers of graphite (graphene), fullerene molecules and
diamond, as new electronic materials with unique properties.

Carbon nanotubes (CNTs), since their discovery attributed to Iijima [10] more
than 20 years ago, are well known and studied systems for many applications
by now. Of course, gas sensing is one of these applications. With respect to
commercial electrochemical sensors for environmental monitoring (mostly based
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Figure 1: Polluting gases (NO,, NO2 and NH3) concentrations over one week in an urban
area (City of Milan, during March 2008). Data source: ARPA LOMBARDIA (monitoring
station of Via Pascal, Milan). Public data (with the exception of [NH3]) available on the
website: www.arpalombardia.it. Figure adapted from [9].

on metal oxide materials), CNTs show a higher physical and chemical stability,
better transport of charge to the electrodes and a wide range of possible architec-
tures and operational features, among which the operation at room temperature,
that make them unique materials for gas detection. So far, many CNT-based
architectures have been proposed [11,11,12,12-23]), following a systematic in-
vestigation in testing chambers. However, little attention has been paid to the
capability of these sensors to measure sub-ppm [NHs] in air. Although sensitiv-
ity in the ppt (parts per trillion) range of pristine CNTs to ammonia has been
demonstrated in inert Ar atmosphere under UV irradiation [24], the use of inert
gas represents a limitation for realistic [NH3] environmental monitoring, where
chemiresistor gas sensors (CGSs) should provide a sensitivity at the ppb level
under real atmospheric conditions. To overcome this limitation, most of the
study of this thesis have been carried out in the lab environment, which is much
closer to the final destination of the CNT's sensors. The control over selectivity
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and interfering gases effects is also mandatory in gas detection. Among inter-
fering gases, NOy and Hy0 are the most important when monitoring [NHj] in
the environment. In particular, the presence of high concentrations of humidity
may dramatically alter the working conditions of gas sensors.

The main goal of this thesis is to increase the sensitivity to [NH3] and to im-
prove the detection limit (DL), exploring sample preparation strategies of low-
cost single walled carbon nanotubes (SWCNT)-based gas sensors operating at
room temperature, considering also the response to other interfering gases. The
search for a sensitivity improvement also allowed us to explore the time-scale of
the sensors response and recovery. This, in turn, revealed the capability of our
SWCNT-based devices to track quick signal fluctuations otherwise missed by
commercially available gas sensors based on metal oxides. Furthermore, effects
of metal oxide nanoparticles functionalization and gas response of hybrid layers
have been also investigated. The choice of SWCNTs rather than multi-walled
carbon nanotubes (MWCNTS) is motivated by the need to reduce the complex-
ity of gas-nanostructure interactions as much as possible, and focus only on the
device sensitivity, avoiding multiple wall effects in the interaction of polluting
gas with CNTs.

The outline of the thesis is as follow:

e in chapter 1 an overview of the physical properties of SWCNTs and their
application as gas sensors is reported;

e in chapter 2 a brief description of the experimental techniques employed
to the electrical measurements, the general sample preparation and char-
acterization, is given;

e strategies explored to enhance ammonia sensitivity and response time-
scales analysis of SWCNT-based gas sensors on ceramic (Al;Og) substrates
are described in chapter 3;

e in chapter 4 the effects of functionalization with metal oxide nanoparti-
cles of SWCNT layers, deposited on plastic substrates, on the selective
response to other gases, i.e. NOy and water vapor, are discussed;

e finally, in chapter 5 we report the gas sensing response of hybrid material
of nanostructured carbon grown on ZnO nanorods or ITO substrates.
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Chapter 1

Properties of carbon
nanotubes and gas sensing
application

The discovery of carbon nanotubes (CNTSs) is often attributed to S. Iijima
who started to work on the growth mechanism of buckyballs Cgy using arc-
discharge method and accidentally noticed helical microtubules of graphitic car-
bon in High-resolution TEM (Transmission Electron Microscopy) images, re-
ported in the famous letter in Nature of 1991 [10]. Actually, the first images of
multi-wall carbon nanotubes was recorded in 1952 by L.V. Radushkevich and
V.M. Lukyanovich, while in 1976 that of a single-wall carbon nanotube by M.
Endo and coworkers [25,26]. However, the exceptional electronic properties of
CNT were not known yet, so that these hollow carbon cylinders are left in half-
light. The rediscovery by lijima and the theoretical studies by the late 1980s of
several condensed-matter groups reporting the fascinating electronic properties,
especially for the single-wall CNTs, give rise to a rebirth in carbon science and
technology. In this chapter, an overview of the characteristic structural and elec-
tronic properties of CNTs is given, also considering interaction with gases, then
the typical methods of synthesis are summarized and gas sensing application is
presented.
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1.1 Structural and electronic properties

Carbon nanotubes are composed by single or multiple graphene sheets rolled-
up to form hollow cylinders, consequently they are called single-wall carbon
nanotubes (SWCNTSs) or multi-wall carbon nanotubes (MWCNTs). SWCNTs,
main object of this thesis, have mean diameter of 1-3 nm and length of the
order of um. MWCNTSs have a similar length, but larger diameter, of the order
of hundreds nm. Thanks to this characteristic dimensions, carbon nanotubes
are considered quasi-1D crystals. As in graphene sheet, the C atoms are in sp?
hybridization, with bond length of 1.34 A and bond angle of 120°, arranged
in an hexagonal structure. Fig. 1.1 shows the graphene honey-comb lattice,
with the base vectors a; and ay that form an angle of 60° and have module
a; = as = ag = 2.461 A. The graphene sheet is rolled-up to form the CNT so
that the chiral vector c=nia;+nsas is the circumference of the tube. The pair
of integers (n,nz), called chiral indexes, uniquely defines a certain tube. Many
properties, as band structure of carbon nanotubes, depend on the chirality. The
direction of the chiral vector is given by the chiral angle 6 between a; and ¢

05050 0205000
0800000300 000¢
o ogcse092030
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Figure 1.1: Honey-comb lattice of graphene with lattice the vectors a; and as and the chiral
vector ¢ = 8 a1 + 4az of the corresponding nanotube (8, 4). The translational period a and
c form a rectangle which is the unit cell of the tube. The chiral vector for the armchair and
zig-zag tubes are also shown. [27].
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Nanotubes with (n, 0) and 6 = 0° are called zig-zag tubes, while the tubes with
(n, n) and 6 = 30° are called armchair tubes, according to how the C atoms
are arranged on the circumference. In general, if n; # ny the nanotube present
chiral properties, while zig-zag and armchair are achiral.

The graphene lattice geometry and the chiral vector determine many parameters
such as the diameter, the unit cell, the numbers of carbon atoms and the shape
and dimension of the Brillouin zone [27]. The diameter is related to the length
of the chiral vector ¢ by the formula:

d=<=2%VN, (1.1)
Vs

T

where N = n? + njny + n3. The smallest lattice vector a perpendicular to ¢
defines the translational period a along the tube axis and, with the diameter
d, it defines the unit cell of the nanotube (the cylindrical surface of height a
and circumference ¢) which strongly depends on the chirality (Fig. 1.2). The

(17,0) (10,10)

Figure 1.2: Structure of zig-zag (17, 0), armchair (10, 10) and chiral (12, 8) carbon nan-
otubes. The unit cell has been highlighted [27].

number of C atoms n¢ in the unit cell can be calculated from the area of the
cylindrical surface of the tube S; = a - ¢ and the area of the hexagonal cell of
graphene S,. If g is the number of hexagons lying on the unit cell, given by the
ratio q = S;/S,, the number of C atoms is

4(n? 4+ ning + n3)

ne =2q = oy (1.2)
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because there are 2 atoms in the hexagonal unit cell. The very interesting phys-
ical and chemical properties of CNTs are mainly due to their structure, e.g.
from a mechanical point of view, the C-C bond gives stiffness and strength to
CNTs, while in terms of electronic properties, CNTs can be both metals and
semiconductors, based on the diameter of the tube and the chirality [27,28]. The
structural parameters are summarized in Table 1.1. Starting from the chiral in-

type tube diameter d chiral angle ©
A (n, n) V3nag /T 30°
Z (n, 0) nag/m 0°
C (n1, n2) | \/n¥+nina+n3ag/m arccos ——aitn2/2
\/nf+n1n2+ng

Table 1.1: Some structure parameters of (A) armchair, (Z) zig-zag and (C) chiral carbon
nanotubes [27].

dexes pair (ng, ny), a simple rule in order to determine the character (metallic
or semiconducting) of CNTs has been shown by Hamada et al. [29] and Saito
et al. [30]. It says that if n; - np = 3m (where m is an integer or zero) the tube
is metallic, otherwise it is semiconducting.
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Figure 1.3: (a) Band structure (the Fermi energy is placed at 0 eV) and (b) sketch of the
Brillouin zone for graphene [28].
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Regarding the electronic properties of carbon nanotubes, we can start consid-
ering the graphene electronic properties, e.g. the band structure reported in
Fig. 1.3. In first approximation, C atoms of CNTs have the same chemical
bonds that exist among the graphene atoms. Along the cylinder wall the o sp?
bonds form the hexagonal network while 7 bonds, from p, carbon orbital, point
perpendicular to the nanotube surface. Of course, the curvature of the tube
has to be taken into account in order to calculate the electronic band structure
of CNTs. A lot of works in literature can be found on the calculation of the
band structure of SWCNTs, mainly starting from ab-initio calculation and den-
sity functional theory (DFT), e.g. Ref. [31]. Once the band structure of the
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Figure 1.4: Example of band structure and corresponding dendity of states for a carbon
nanotube (4, 2) [32].

SWCNT is known, the electronic density of states (DOS) for ¢ one dimensional
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electronic bands of the nanotube is given by

_ aE (kLv ) 1
DOS = q|k|2/ 7%2 |~ dk. (1.3)

where k; are the roots of equation E - E; (kL,k ) = 0 and qlk.| is the length
of the 1D Brillouin zone. The quantity |22 l”’ | L diverges for stationary
points of dispersion relation E(k) giving rise to the Van-Hove singularities, typ-

ical of 1D systems (Fig. 1.4). In Fig. 1.5 a schematic illustration of the DOS of

Metallic Semiconducting

Energy

Density of States

Figure 1.5: A schematic illustration of the density of states (DOS) of metallic and semicon-
ducting SWCNTs. The shadow (yellow) indicates the occupied state [33].

metallic and semiconducting SWCNTSs are shown. By combining scanning tun-
nelling microscopy (STM) and spectroscopy (STS) it is possible to correlate the
electronic properties of SWCNTs with their structure [34-36], confirming theo-
retical predictions on the metallic or semiconducting character of SWCNTs [29].
In scanning tunnelling spectroscopy, the tip is positioned at an appropriate point
on the sample and the tunnelling current (I) is measured as a function of the
bias voltage (V) between the tip and the sample. According to a simple but
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Figure 1.6: STM images and STS spectra of SWNTs, from Ref. [34]. (a) An atomic resolution
image of a (13, 7) tube, (b) an image of a (10, 0) tube, (c) a comparison of the DOS obtained
from experiment (upper curve) and tight-binding calculation for the (13, 7) SWCNT (second
curve from top); the calculated DOS for a (12, 6) tube is included for comparison, (d) a
comparison of the DOS obtained from experiment (upper curve) and calculation for the (10,
0) SWCNT [34].

realistic model, the derivative of the I-V curve gives an approximation to the
density of electronic states (DOS), confirming theoretical prediction. In par-
ticular, M. Ouyang and co-workers [36] confirmed a further aspect foreseen by
theoretical calculation, that for some metallic tubes, curvature can have the
effect of opening a gap at the Fermi level, effectively destroying the metallic



18 Properties of carbon nanotubes and gas sensing application

G 0.05

1(nA}
(=]
o

-0.06

<01 0.0 01
Bias (V)

-0.05

m
1(nA)
5 &

-01 00 01
Bias (V)

bundie

di/dV (a.u.)
|
AR} [P
\y s \y
= ©
5 e
—
(al/dV)A1I/V) (a.u.)
1(nA)
(didV)/(INV) (a.u.)

005 005
0.1 00 01 T aobeo

Bias (V) g_- e

005

-~ (15.0) 0.1 00 01
_Ji\—L isolated Bias (V)
1 1 I I I i T f O T P
-1.0 05 00 05 10 1 0.0 0.1 -0.1 0.0 0.1
Energy (V) Energy (eV)

Energy (eV)

Figure 1.7: Figure adapted from Ref. [36]. (A-C) atomic structure and spectroscopy of
“metallic” zig-zag SWCNTs. (A) Typical atomically resolved STM image of a (15, 0) SWCNT
(scale bar = 1 nm). (B) Tunneling conductance data, dI/dV, for different zig-zag SWCNTs,
with corresponding calculated DOS shown below each experimental curve. (C) Typical high-
resolution normalized conductance (dI/dV)/(I/V) curves and measured I-V curves (insets)
for (9, 0), (12, 0), and (15, 0) tubes, respectively. (D-E) Atomic structure and spectroscopy
of armchair SWCNTs. (D) STM image of an (8, 8) armchair SWCNT. (E) High-resolution
(d1/dV)/(I/V) and measured I-V (inset) data for bundles and isolated (8, 8) SWCNTs. [36].

character [36]. In Fig. 1.7 some of the gaps observed in metallic zigzag tubes
are shown. For isolated armchair nanotubes (n, n), no gap was seen, confirming
their theoretical metallic character. However, for armchair tubes in bundles, a
small suppression in the density of states, called pseudogap, was found.

Although STM and STS are the most powerful techniques for correlating the
structure of SWCNTs with their electronic characteristics, also Raman spec-
troscopy is a very useful technique in this area [37—40]. Both the G-band and
the radial breathing feature can be used to distinguish between metallic and
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semiconducting nanotubes. In SWCNTs the G-band is composed of two com-
ponents, one peaked around 1590 cm~! (GT) and the other peaked at about
1570 cm~! (G7). The Dresselhaus group and others have shown that the line-
shape of the G~ feature is highly sensitive to whether the SWCNT is metallic
or semiconducting [38,39]. The same group showed that the radial breath-
ing mode can be used to obtain values of E;;, the electronic transition ener-
gies, for individual tubes. This was achieved through a careful analysis of the
laser energy dependence of the Stokes and anti-Stokes Raman spectra of nan-
otubes [40]. Regarding the transport properties of SWCNTSs, we consider the
transport behaviour of metallic nanotubes first. The transport behaviour of
metallic nanotubes is essentially that of a quantum wire, so that conduction oc-
curs through well separated, discrete electron states [28]. Thus, the resistance
does not increase smoothly as the length of the wire is increased, but is the
same independent of length, assuming no scattering. An important aspect of
quantum wire behaviour is that transport along the tubes has a ballistic nature.
Transport in semiconducting SWCNTs is more complicated, and appears to be
diffusive rather than ballistic [41]. However, experiments have found evidence
for extremely high mobilities in semiconducting SWCNTs [42].

1.1.1 Interaction with gases

The interaction between gas molecules and carbon nanotubes has been stud-
ied by experimental [43-47] and theoretical works using ab-initio calculations
and density functional theory (DFT) [48-50]. In fact, 7 electrons distribution
around the CNT make it electrochemically active, therefore when oxidizing or
reducing gas molecules, e.g. NOy or NHg3, are adsorbed onto carbon nanotubes
surface, the charge transfer change the electronic properties like the band struc-
ture, the DOS, the electrical conductivity of CNTs. One of the first works
based on DFT was performed by Zhao et al. who study the interaction be-
tween molecule like NOs, Oo, HoO, NH3, CHy, COs, Ho, Ny, Ar and SWCNTSs
with different chirality (the obtained results are in Table 1.2). Gas molecule
adsorption on the SWCNT surface may induce a significant variation of the
electronic properties due to the charge transfer. In Fig. 1.8 the electronic DOS
of NH3 adsorbed, pure and NOy adsorbed on (10, 0) carbon nanotube (respec-
tively in top, mid and bottom panel) are shown. The NHj effect is weaker with
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Figure 1.8: (a) Electronic DOS of NH3 adsorbed (top panel), pure (mid panel), NO2 ad-
sorbed (bottom panel) on (10, 0) carbon nanotube. Dashed lines denote the Fermi level.
Modification of the DOS is more pronounced in NOg than NHjz. (b) Contour plot of electron
density (slice passing through SWCNT and NO2 molecule) [48].

respect to NOs interaction which shift the Fermi level into the valence band.
This theoretical results are in accordance with some experimental findings that
reported a significant increment of the electrical conductivity upon exposure
of NOy [43]. It has been shown by Collins et al. that also the presence of
oxygen induce significant effects on the conductivity and the DOS of CNTs In
general, the presence of Oy make carbon nanotubes p-type semiconductors [44].
In Table 1.2 the overall results obtained by Zhao et al., i.e. the equilibrium dis-
tance d between the molecule and the tube, the adsorption energy E, defined
as F,(d) = Eyo(tube + molecule) — Eyp(tube) — Eypr(molecule), and charge
transfer Q which denotes the total Mulliken charge number on the molecules
(positive Q means charge transfer from the molecule to the tube) are reported.
For molecules like HoO, NH3, CO5, which are donors, i.e. they inject electrons
on the nanotube surface, the charge transfer is low (0.01-0.035 electron per
molecule) and the adsorption energy is weak (<0.2 eV), while for NO3 and O,
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NO, 0, H,0 NH; CH, Co, H, N, Ar
(10.0) SWNT
d (&) 1.93 232 2.69 2.99 317 320 281 323 332
E, (meV) 797 509 143 149 190 97 113 164 57
0 (e 0061 —0.128 0035 0031 0.027 0016 0014 0008 001
Site T B T T C C C C C
(5.5) SWNT
d (&) 2.16 246 268 2.99 333 354 319 323 358
E, (meV) 427 306 128 162 122 109 84 123 82
0 (e —0071 —0.42 0033 0033 0022 0014 0016 0011 0.011
Site T B T T C C C C C
(17.0) SWNT
d (&) 2.07 250 2.69 300 3.9 323 2.55 313 334
E, (meV) 687 487 127 133 72 89 49 157 82
0 (e —0.089 —0.096 0033 0027 0025 0015 0012 0006 0.01
Site T B T T C C C C C

Table 1.2: Equilibrium tube-molecule distance (d), adsorption energy (Eq) and charge trans-
fer (Q) of various molecules on (10, 0), (17, 0) and (5, 5) individual SWCNTs. Adsorption
sites: T (top of an carbon atom), B (top of the centre of the C-C bond), C (top of the centre
of carbon hexagon) [48].

acceptors which induce higher charge transfer (0.06-0.14 electron per molecule),
the adsorption energies are also greater (>0.4 eV).

In order to exemplify the interaction between gas molecules and bundle of SWC-
NTs, in Fig. 1.9 we report the case of Hy molecule adsorbed on (10, 10) SWCNT's

Site dA) E,meV) Qe
Surface  3.01 94 0.014
Pore 283 111 0.012
a® Groove 333 114 0.026
Interstial  3.33 174 0.035

Figure 1.9: Illustration of possible adsorption sites for the Hy molecule in the (10, 10)
SWCNTSs bundle. (a) Surface; (b) pore; (c) groove; (d) interstial. In the table on the right,
the equilibrium tube-molecule distance (d), adsorption energy (E,) and charge transfer (Q)
on the different adsorption sites are reported [48].
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bundle considered by Zhao et al. [48]. As we can observe from the table on the
right of Fig. 1.9, the adsorption energy and charge transfer in the interstitial
and groove sites are greater with respect to that on the surface sites. This can
be explained thinking on the greater number of carbon nanotubes that interact
with the molecule. But it is important to highlight that the possibility to be
adsorbed in interstitial sites is reduced for large molecules.

We finally report the experimental results of Goldoni et al. using X-ray photoe-
mission spectroscopy (XPS) in order to study the interaction between SWCNTs
and gas molecules like SO2, N Hz, O3 or NOs. The authors show that the reac-
tion with oxygen is not due to carbon nanotube interaction, but to the presence
of residual contaminants of the purification process (especially the species con-
taining Na) [47]. Once these contaminants are completely removed, SWCNTs
appear not sensitive to Oz, CO, H30 e N5, while a strong sensitivity to NOs,
SO, and NHj is still observed. In Fig. 1.10 XPS C 1s spectra of the SWCNT
clean sample, i.e. without contaminants, during gas exposure of SO,, NH3 and
NO; are shown.

S0, [al NH, [b] [e]

Photoemission Intensity

Cls

T T T T T T T T T T --V i
286.0 2855 2850 2845 284.0 2835 286.0 285.5 285.0 284.5 2840 2835 286.0 2855 2850 2845 2840 2835
Binding Energy (eV) Binding energy (eV) Binding Energy (eV)

Figure 1.10: C 1s spectra of the clean SWCNT bucky-paper measured while exposing the
sample at 150 K to SO3 (a), NHs (b), and NOg (c) at partial pressures of about 10~8 mbar [47].

The shift of C 1s peak during gas exposure is toward lower binding energies
in the case of SOy and NOy (Fig. 1.10 a and c), while during NH3 exposure
(Fig. 1.10 b) the shift is smaller and toward higher binding energies. If these
binding energy shifts are ascribed to shifts of the nanotube chemical potential,
the NO2 and SO5 molecules bound to SWCNTs act as charge acceptors, while
the NH3 molecules act as charge donors, in full agreement with the experimental
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observations reported by Kong et al. [43] and theoretical results [48].

1.2 Synthesis of carbon nanotubes

Carbon nanotubes are synthesized by three main popular techniques: Chem-
ical Vapor Deposition (CVD), arc-discharge and laser ablation. None of these
techniques produce pure nanotubes, so that purification processes are needed
to obtain CNTs of high purity [28]. The Chemical Vapor Deposition (CVD)

———— ke Catalyst

S00-1000°C furnace

Figure 1.11: Typical CVD experimental set-up [51].

SUPPORT c

Figure 1.12: An illustration of the tip growth mechanism (upper diagram) and the base
growth mechanism (lower diagram) of nanotube growth. M (or Fe) represents the metal (or
iron) catalyst nanoparticle [28].
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growth process is the more suitable technique for the large mass production of
high purity carbon nanotubes. The typical CVD set-up is reported in Fig 1.11:
a catalytic material (typically metal nanoparticles, as Fe, Ni, Co or others)
is heated at high temperature (~500-1000°C) and exposed to a flux of carbon-
containing gas such as methane, ethylene, acetylene, carbon monoxide, etc. The
formation mechanism could be tip and base growth, as proposed by Baker et
al. [ref], and illustrated in Fig 1.12. During the CVD process the hydrocarbon
molecules dissociate and the C atoms are deposited on the metal nanoparticles
leading to the formation of tubular structures characterized by sp? bonds. It is
possible to obtain both multi-wall carbon nanotubes (MWCNTS) or single-wall
carbon nanotubes (SWCNTs) by CVD method, but in general the tempera-
tures used for synthesizing SWCNTSs are higher than those used for MWCNTs,
because SWCNTSs have smaller diameters and then higher tension energy. Typ-
ical temperatures are 550-750°C for MWCNTs [32] and 800-1200°C for SWC-
NTs [28]. Arc-discharge method, traditionally used to produce buckyballs, con-
sists in an electric arc (current of ionized gas) of carbon atoms, generated be-
tween two graphite rods at high temperatures by applying a very high electric
field. The set-up (Fig. 1.13, left panel) is composed of a sealed chamber, where
two graphite electrodes are separated by a distance of the order of millimeters
with a voltage of 20-30 V.

Furnace at 1200° Celsius

Water-cooled
copper collector

— |
‘I r Argon gas
He inlet
T

J/ Cathode

connection .

Nanotube ‘felt’ growing
along tip of collector

Linear motion
feedthrough

Anode

Eicetrode Electrode Graphite target

connection

Neodymium-yttrium-
Bottom aluminium-garnet laser

Figure 1.13: Schematic illustration of arc-evaporation (left panel) and laser-vaporization
apparatus (right panel) for the production of carbon nanotubes [28].

The laser ablation method consists in the synthesis of CNTs by the removal of
matter from the surface of a graphite target through laser pulses. The graphite
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target is generally placed in a reactor heated at high temperature and the effect
of the laser is to vaporize the surface (Fig. 1.13, right panel). Catalytic metals
(Fe, Co, Ni are the most popular) are often added to the target in order to im-
prove the yield. After the vaporization induced by the laser, the carbon vapor
condenses on a water-cooled surface of the reactor to produce nanotubes. The
laser ablation method typically produces mostly single-wall nanotubes with a
relatively narrow diameter, in bundles [52].

1.3 Gas sensors based on SWCNT's

SWCNTs are appealing systems to be used as gas sensors at least for two
reasons: the huge surface to volume ratio and their one-dimensional nature that
makes them very sensitive to very small external perturbations [53]. Further-
more, gas sensors based on SWCNTs are able to operate at room temperature.
As referred to Section 1.1, gas molecules adsorbed on the carbon nanotube sur-
face could act as dopants (donors or acceptors), they could shift the Fermi level
or change the band structure of SWCNT. Such a change may be easily detected,
once the nanotubes are inserted within an electronic device. The several differ-
ent types of electrochemical sensors based on SWCNT's electrical properties (e.g.
resistance [17,43,54-56], capacitance [57] or frequence [58] variation, ionization
chamber with CNTs [59]) can be grouped in: sensors based on impedance, piezo-
electric transducer-based sensors and solid state miniaturized sensors [60]. The
chemFET (chemical Field Effect Transistor) and the chemiresistor belong to the
solid state miniaturized sensors category. In Fig. 1.14 the CNT-based device
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Figure 1.14: CNT device and electronic circuit scheme in the chemiresistor (a) and chem-
FET (b) configuration.
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and the electronic circuit scheme in the chemiresistor and chem-FET configu-
ration are shown.

In the chemiresistor configuration, the CNTs create a bridge between two elec-
trodes (to which a certain potential is applied), allowing the current flow. When
a reactive gas molecule is adsorbed on the nanotube surface, the charge transfer
alters the electrical resistance of the CNTs.

The chemFET configuration is similar to the chemiresistor configuration, ex-
cept for the fact that the current flowing through the CNTs between source
(S) and drain (D) electrodes is modulated by a third electrode, the gate (G),
separated from the other two by a thin layer of insulating material (typically
Si0g). This metal/CNT semiconductor/metal system has the characteristics of
a p-type transistor [43]. An example of response to NO and NHj exposure of
a CNT-based chemFET is shown in Fig. 1.15, taken from one of the first work
on the gas sensing properties of CNTs.

In Table 1.3 a summary of pristine CNT chemiresistors and ChemFETSs sensing
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Figure 1.15: Electrical response of a semiconducting SWCNT to gas molecules in a chem-
FET configuration, but at fixed gate voltage (Figure adapted from [43]). (a) Conductance
(under Vgate = +4 V, in an initial insulating state) versus time in a 200 ppm NO2 flow. (b)
Conductance (Vg = 0 V, in an initial conducting state) versus time recorded with the same
SWCNT sample in a flow of Ar containing 1% NHgz [43]. These conductance variations to
oxidizing (i.e. NOg2) or reducing (i.e. NHgz) molecules indicate the p-type character of the
SWCNT response.

performance is shown [12]. The chemFET configuration tends to be more sen-
sitive to gas because of the possibility to modulate the conductance of CNTs
via the gate voltage. However it requires more sophisticated electronics and
much higher costs [17]. Chemiresistors have been chosen for the gas sensing
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Sensor Response

CNT type configuration  Targeted analytes Detection limit ~ time (s) Reversibility

Single ChemFET NO,, NH; 2 ppm (NO;) <600 Irreversible

SWNT 0.1% (NH3)

SWNTs ChemFET Alcoholic vapors N/S 5-150 Reversible
(methanol, ethanol, (=20 V gate
1-propanol, 2-propanol, bias potential)
and tert-butanol.)

SWNTs Chemiresistor 0, N/S N/S Reversible

SWNTs ChemFET DMMP <1 ppb 1000 Reversible

(3 V gate bias)

MWNTs Chemiresistor NO; 10 ppb N/S Reversible

(165°C)
SWNTs Chemiresistor NO;, Nitrotoluene 44 ppb (NO»), 600 Reversible
262 ppb (Uv)
(Nitrotoluene)

MWNTs Chemiresistor NH; 10 ppm ~100 Reversible

SWNTs Chemiresistor SOCl,, DMMP 100 ppm 10 Irreversible

SWNTs Chemiresistor O3 6 ppb <600 Reversible

MWNTSs Chemiresistor NO, 5-10 ppb ~600 Reversible

(165°C) (165°C)

SWNTs Chemiresistor  methanol, acetone N/S ~100 N/S

SWNTs Chemiresistor H20 N/IS 10-100 Reversible

Carboxylated Chemiresistor CO I ppm ~100 Reversible

SWNT

Table 1.3: Summary of selected sensing performance of pristine CNT chemiresistors and
chemFETs (N/S=Not-stated) [12].

measurements, because they are simpler to produce and to manage. For this
type of sensors interdigitated electrodes (IDE) are often used in order to have
more sensitive area and to increase the number of contacts between the elec-
trodes and the CNTs. The main techniques to deposit CNTs are: direct CVD
on the substrate (discussed in Section 1.2); deposition of a solution in which the

CNTs are dispersed, e.g. by drop-casting method or ink-jet printing. Finally, in
order to align CNTs between the electrodes, a method called dielectrophoresis
(DEP), which consists on applying an AC electric field between the electrodes
during the deposition process, has been used by Suheiro et al. [56] to build a
MWCNT-based ammonia gas sensor.
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Chapter 2

Experimental techniques

In this chapter the general samples preparation, the set-up for chemiresis-
tor gas sensing measurements and the techniques applied to characterize the
sensitive layers are described.

2.1 Gas sensing measurements

2.1.1 General samples preparation

Here the general procedure for the preparation of SWCNT-based samples,
tested as gas sensors and discussed in chapter 3 and 4, is reported. Whereas
the hybrid architectures preparation is described in more detail in a specific
sections of chapter 5. CNT thin layers have been deposited by drop-casting a
solution containing water, NaOH and SLS (Sodium Lauryl Sulphate) in which
SWCNT (CarboLex Inc.) are dispersed, on either ceramic or plastic substrates.
Alumina plates (10x 15 mm?) with Pt interdigitated finger electrodes have been
selected as ceramic substrates (Electronics Design Center, Case Western Reserve
University, Cleveland, Ohio), while on plastic substrates samples (SWCNT on
printable transparency foils) two stripes of Ag paste have been deposited at the
opposite sides of the films, as electrical contacts. The choice of the substrates
was dictated by the idea that the AloO3 plates appear to be more mechanically
robust and potentially stable over a long time outdoor operation, while the
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Figure 2.1: Sketch of the procedures to prepare thin SWCNT layers on ceramic substrate
(10x15 mm? Al2O3 plates with Pt interdigitated finger electrodes): drop-casting followed by
sonication in acetone ultrasounds bath (left panel) and dielectrophoresis method (right panel).

use of cheap flexible plastic substrates discloses possible production for ink-jet
printing process, or application in flexible integrated circuits [61,62]. In Fig. 2.1
the procedures to prepare thin SWCNT layers on ceramic substrate, i.e. drop-
casting followed by sonication in acetone ultrasounds bath and dielectrophoresis
method, are shown. In the first method, after the deposition by drop-casting of
the SWCNT solution using a micropipette, sonication of the device was carried
out in acetone (three times for 15 minutes, testing the gas sensing response after
each sonication). The second method, i.e. dielectrophoresis assisted deposition,
following the indications of Suehiro et al. [56], consists in applying a voltage
of 5 V between the Pt interdigitated electrodes while an ac current at 1 MHz
was flowing, during the deposition by drop-casting of the solution containing
SWCNTs. The gas sensing response of this kind of samples is discussed in
chapter 3. Also in the case of SWCNT on plastic substrates (considered in
chapter 4), the sensing layer deposition was carried out by drop-casting method,
starting from the solution in which SWCNT are dispersed. The preparation of
functionalized samples has been carried out by adding nanoparticles of metal
oxides to the SWCNT solution before the deposition process.

2.1.2 Data acquisition and gas sensing set-up

In Fig. 2.2 a general sketch of the SWCNT-based sample used as chemire-
sistor gas sensor is shown. The sensitive element is composed by bundles of
SWCNTs that change their conductivity in presence of certain gases, e.g. NHs,
NOs. In the case of samples prepared on ceramic substrate the electrical con-
tacts are Pt interdigitated electrodes, while the samples on plastic substrates
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Figure 2.2: (a) Sketch of the SWCNT-based sample used as chemiresistor gas sensor: the sen-
sitive element is composed by bundles of SWCNTSs that change their conductivity in presence
of certain gases, e.g. NH3, NO2. (b) Scheme of the circuit for the electrical measurements:
a constant voltage V=5V is applied across the sensor in series with a load resistor. By
monitoring the voltage Vot across the sample, the sensor resistance is measured.

have two stripes of Ag paste as electrodes. The sensor conductance (or resis-
tance) is detected by the electronic circuit to which the device is connected. The
basic electronic circuit for chemiresistor gas sensing measurements (Fig. 2.2 b)
consists in a load resistor (Rz) in series with the sample resistance (Rg), at
which a constant voltage (Vo = 5 V) is applied. By monitoring the voltage
Vour across the sample, the Rg is measured. In fact, by using the Ohm’s law,
the current flowing through the sample is

Ve —Vour
[= " 2.1
- )

and from this value we obtain the sample resistance Rg=Vopyr/1, i.e. by using

the following equation:

~ Vour- R

Rs (2.2)

- Ve —Vour
where Voyr is the voltage drop measured upon gas exposure across the sample
resistance, Ry, is the load resistor value and V¢ is the fixed voltage (5 V, in our
measurements). In order to detect the presence of gases, the resistance variation
of the sensor (AR = Rg - Rp) upon gas exposure was measured, where Ry is
the baseline resistance value, i.e. the resistance value measured just before each
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exposure to the polluting gas. An example of resistance variation during gas
exposure is sketched in Fig. 2.3 a. By measuring the sensor response AR/Rg
for several gas exposures at different concentrations, it is possible to drawn the
response curve (Fig. 2.3 b).

RESPONSE
(a) o CURVE _(_t:)
R AR e -~
~ 7
R o
0 < /

RECOVERY TIME

— > >
— 1 [NH,]

Figure 2.3: (a) Sketch of resistance R vs time t during gas exposure. After a sequence of
gas exposures at different concentrations, it is possible to drawn the response curve (b), i.e.
sensor relative response AR/Rg vs gas concentration. Figure adapted from [63].

All sensors, including humidity and temperature sensors, were mounted on a
specifically designed circuit board (Fig. 2.4) connected to a personal computer
through a National Instrument shielded I/O connector block for 68-pin (NI
SCB-68) and PCle-6251 data acquisition board. The sensors signal has been
acquired by a home-made software, written in LabVIEW environment (block
diagram of the software is shown in Fig. 2.5).

Gas exposure have been carried out either in a gas testing chamber or in
the laboratory air. During measurements in lab air, the board with sensors
has been left outside the gas testing chamber (Fig. 2.6) and the response to
ammonia has been tested by exposing the sensors to a point-like source of liquid
ammonia (less than 50 ml in a small container) placed at different distances
(10 to 120 c¢m) from the sensors. The gas concentration for the exposures in
lab air was measured with a calibrated, commercially available, chemiresistor
gas sensor (Figaro, Mod. TGS 2602, Fig 2.7). The reliability of this sensor
calibration curve was cross-checked by measurements in the testing chamber
with the calibrated mass flow controllers (MFCs) and target gas. These kind of
measurements were carried out either in the dark or under ambient light, giving
rise to the same response. The testing chamber was selected mainly for the
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Figure 2.4: (a) Board specifically designed for the location of relative humidity (R.H.),
temperature, TGS Figaro2602 sensor and CNT-based ammonia gas sensors. (b) General
scheme of the electronic acquisition system.
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float RH;
RH=((Vout/5)-0.16)/0.0062;

L TRH=RH/(L0546-(0.00216°T));

Figure 2.5: Block diagram of the home-made software, written in LabVIEW environment,
to acquire the 6 different input signal channels (4 channels dedicated to gas sensors signals,
1 channel for relative humidity and 1 channel for temperature measurement.) In particular,
the screen shot shown the channel related to a CNT-based sensor: the Vo, was measured in
differential acquisition across the sample in a range of 0 - 0.1 V.
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Figure 2.6: The measurements outside the testing chamber have been carried out in the
laboratory air by exposing the sensors to a point-like source of liquid ammonia, placed at
different distances from the board with sensors.

(a)

E eVs
in the presence of
reducing gas

o Tre
o -7~ A,

Grain boundary Grain boundary

& Electron

Figure 2.7: (a) Picture of the reference chemiresistor gas sensor (Figaro, Mod. TGS 2602)
during the measurements in lab air. (b) Model of inter-grain potential barrier in oxygen
atmosphere and in the presence of a reducing gas for the Figaro 2602 gas sensor [64].

sensor calibration, and for measurements upon NOy exposure, while exposures
to acetone, ethanol, water vapor and most of the [NHj3] measurements were
carried out in the laboratory atmosphere, which provides an environment closer
to the final destination of the sensors, although signal fluctuations can be larger
with respect to the measurements carried out in the sealed, testing chamber (a
discussion about this fluctuations is given in chapter 3).

In Fig. 2.8, a picture and a scheme of the gas sensing set-up with the testing
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Figure 2.8: (a) Picture of the experimental set-up for gas sensing measurements. (b) Scheme
of the gas sensing experimental set-up equipped by three mass flow controllers (MFCs), a gas
testing chamber (V = 1 1) and a PC for data acquisition. The certified cylinders contain
47.1£1.2 ppm NH3 or 10.0040.78 ppm NOg, both diluted in dry air. The range of fluxes are
0 - 500 sccm for MFC 1 connected to dry air cylinder, and 0 - 10 sccm for MFC 2 and MFC 3,
connected to cylinders with NH3 and NOg, respectively.
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chamber are shown. The gas mixing system and gas testing chamber were built
in-house. The chamber is composed by two cross stainless steel cylinders (the
total volume of the chamber is 1 1) and it is provided with a quartz window
which allows measurements under illumination, e.g. UV light. The system is
equipped with three gas cylinders containing dry air (oxygen 21%, nitrogen
79%), 47.1£1.2 ppm NHs or 10.00£0.78 ppm NO; diluted in dry air (certified
by S.I.A.D. S.p.A.), and three mass-flow controllers (MFCs). Two low-flow
MFCs (max flow = 10 sccm) for controlling the analytes flow rate from the
gas cylinders containing NH3 or NO; diluted in dry air, and a high-flow MFC
(max flow = 500 sccm) employed for further dilution in dry air and for the
refresh of the chamber, during which signal recovery is recorded. In a typical
gas testing chamber measure, the total flow is 50 sccm or, for further analyte
dilution, 500 scem. Finally, for UV curing after NOo exposures (discussed in
chapter 4), a UV led (ENFIS UNO Air Cooled Light Engine [65]) with an
excitation wavelength at 350 nm and a power of 80 mW, placed in front of the
quartz optical window has been used.



2.2 Characterization techniques 37

2.2 Characterization techniques

The samples were characterized by micro-Raman and X-ray photoemission
spectroscopies, as well as by scanning electron microscopy (SEM) and atomic
force microscopy (AFM).

Micro-Raman data were collected on the CGS device with a Renishaw-Invia sys-
tem (Fig. 2.9), equipped with a 633 nm laser source. A 1800 lines/mm grating
was used and the laser light was focussed onto the sample with a 50x objective.

RENISHAW: |

inVia Raman Microscope

Figure 2.9: Renishaw-Invia system equipped with a 633 nm laser source utilized for micro-
Raman spectroscopy.

XPS data were collected with a VG-Scienta spectrometer and a twin anode X-
ray source. The Al k,, line at hy = 1486.6 eV was used to excite the sample.
The analyser was operated in transmission mode with a pass energy of 200 eV,
yielding an overall resolution of 1.2 eV. For the XPS analysis, samples were
prepared by drop casting 1 pl of CNT solution on a reference silicon wafer,
previously cleaned in an ultrasonic bath. For the measurements on the extra
samples prepared on glass substrates, in order to test the sonication effects, the
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Figure 2.10: Set-up for X-ray Photoemission Spectroscopy, equipped with a VG-Scienta
spectrometer and a twin anode X-ray source with Al k line at hv = 1486.6 eV and Mg kg
line at hv = 1253.6 eV.

Mg k,, line at hv = 1253.6 eV was used to excite the sample.

The surface morphology of each sample was characterized by Scanning Elec-
tron Microscope (SEM) and Atomic Force Microscope (AFM). SEM measure-
ments were performed using a Zeiss SupraTM 40 working in a base pressure of
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4 x 10719 mbar.
AFM measurements were performed using a Solver P47-Pro NT-MDT equip-
ment. Topographical images were acquired in semicontact mode using rectangu-

Figure 2.11: Atomic Force Microscope Solver P47-Pro NT-MDT used to acquired topo-
graphical images, current images and local I-V curve.

lar silicon cantilevers (HA_NC ETALON NT-MDT series, tip curvature radius
10 nm, resonant frequency 140+10 kHz). Image analysis has been performed
using Nova software.

Current images and local I-V curves were also acquired using a Solver P47-Pro
SPM NT-MDT, in contact mode using rectangular silicon cantilevers (CSG01/10
NT-MDT series, single crystal silicon, n-type, 0.01-0.025 Qcm, tip curvature ra-
dius 10 nm). For these type of measurements a bias voltage was set between
the tip and the sample.
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Chapter 3

Enhancing the response to
ammonia gas

In this chapter, we present single-wall carbon nanotube (SWCNT) chemire-
sistor gas sensors (CGS) operating at room temperature, displaying an enhanced
response to NHg. High sensitivity is required to detect concentrations of pol-
luting gases in the low-ppb range, for a realistic monitoring of the air quality in
an urban environment. This limit has been so far virtually neglected, as most
of the testing of new ammonia gas sensor devices based on CNTs is carried
out above the ppm limit. In addition to a careful preparation of the SWCNT
layers on ceramic substrates, through sonication and dielectrophoresis meth-
ods that improved the quality of the CNT bundle layers, the low-ppb limit is
also attained by revealing and properly tracking a fast dynamics channel in the
desorption process of the polluting gas molecules. Ammonia concentrations in
air as low as 20 ppb have been measured, and a detection limit of 3 ppb is
demonstrated, which is in the full range of the average NH3 concentration in an
urban environment and well below the sensitivities so far reported for pristine,
non-functionalized SWCNTs operating at room temperature.
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3.1 Sample preparation and characterization

3.1.1 Drop-casting and sonication vs dielectrophoresis
method

CNT-based chemical resistors were prepared by drop casting 4 1l of a SWCNT
dispersion in a solution containing water, sodium hydroxide and sodium lau-
ryl sulphate (CarboLex Inc.) onto a ceramic substrate with interdigitated Pt
electrodes. Alumina plates (10 x 15 mm?) with Pt interdigitated finger elec-
trodes were selected (Electronics Design Center, Case Western Reserve Uni-
versity, Cleveland, Ohio) for electrical measurements. A thin film of CNTs is
required to allow charges, injected from ammonia when the molecules adsorb on
the nanotubes, to reach the Pt electrodes of the substrate, and not be dispersed
in the bundles of nanotubes. In order to enhance the sensitivity to ammonia
gas, two strategies (which led to comparable results) have been applied. The
first method is based on drop-casting and sonication. Indeed, to obtain a thin
film of CNTs, after the drop-casting deposition, sonication of the device was
carried out in acetone for an overall time of 45 minutes (the device was soni-
cated three times for 15 minutes). The second method, i.e. dielectrophoresis
assisted deposition, started with drop casting 4 pl of SWCNT dilution on the
alumina substrate. During the solvent evaporation a constant voltage of 5 V
(with a bias offset of 2 V) was applied between the interdigitated electrodes
while an ac current at 1 MHz was flowing, following the indications of Suehiro
et al [56].

3.1.2 Layer characterization

The structural properties of the CNTs have been characterized by Raman
spectroscopy. The Raman spectrum (3.1) shows the typical peaks of SWCNT [67]:
the radial breathing modes (RBM, inset of Fig. 3.1) at 170 cm~!, the G-band
(with the G~ and G* contributions, at 1570 cm~! and 1590 cm ™! respectively)
and the D-band at 1320 cm™!. From the frequency of the RBM, we can estimate
the diameter of the nanotube using the equation wrpy = A/d: + B, where d;
is the tube diameter and A and B are experimental parameters. For bundles of
SWCNTs typical parameters are A = 234 cm~! and B = 10 cm™! [68]. Using

1

these values in the equation reported above, with wrpy ~ 170 cm™", we ob-
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Figure 3.1: Raman spectra of SWCNTSs deposited on alumina substrates by dropcasting
(red solid line) and dielectrophoresis (gray dashed line) [66]. Inset: spectral weight in the
radial breathing modes (RBM) region.

tain d; =~ 1.5 nm. The difference in the shape of the G-band reflects a more
metallic character of drop-cast SWCNT and a more semiconducting character
of SWCNT of the sample prepared by the dielectrophoresis method. This result
is in accordance with other studies [69].

The XPS-based elemental analysis of the CNT layer was carried out on a thin
film prepared depositing by drop-casting 1 ul of SWCNT solution on a silicon
wafer, previously cleaned in an ultrasonic bath. After the solvent evaporation,
the XPS analysis was carried out. As expected, the results of XPS (Fig. 3.2) in-
dicate the presence of Na and, to a minor extent, S ascribed to sodium hydroxide
and sodium lauryl sulphate in the CNT dispersion. No traces of other contam-
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Figure 3.2: XPS spectrum of SWCNTs (solid line), dispersed in a solution of water, sodium
idroxide and sodium lauryl sulphate and deposited (1 1) by drop-casting on a silicon substrate.
The XPS spectrum of the Si substrate is also reported (dashed line).

inants have been detected within the elemental sensitivity of the XPS probe
(about 0.5%). To complete the sample characterization, we wish to mention
that, in addition to ammonia, the CGSs were also tested against NOs, acetone
and ethyl alcohol exposures. Among these, NO, is a typical interfering gas in
the environment, to which the present sensors have been found to be sensitive,
with the expected resistivity decrease upon exposure. On the other hand, no
sensible response has been recorded to acetone and ethyl alcohol exposures.

3.1.3 Sonication effects

After the deposition by drop casting of the solution containing SWCNTs
on alumina substrates, the sample was sonicated in ultrasound acetone bath
for 45 minutes. Images from scanning electron microscope (SEM) show the
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Figure 3.3: SEM images of SWCNTs on alumina substrate before (a, b) and after 45 minutes
of sonication in ultrasound acetone bath.

morphology of the surface: bundles of SWCNTSs are wrapped together between
and on the electrodes. In Fig. 3.3, SEM images before and after the sonication
treatment are reported. Before the sonication (Figures 3.3 a and b), bundles of
SWCNTs that create agglomerates of tenths micrometer length are detectable.
After 45 minutes of sonication in acetone, the big amount of amassed SWCNT
bundles is sensibly reduced and the surface of the sample appears as shown
in Figures 3.3 (¢) and (d). In particular, Fig. 3.3 (d) shows the presence of
isolated bundles of SWCNT with diameters of 20 nm and length of the order of
the micrometer, on the alumina substrate.

In Fig. 3.4 the I-V curves of SWCNT-based chemiresistor gas sensor after 30
and 45 minutes sonication are shown. The trend is linear in the range of voltage
explored (0-1.8 V) and the sonication clearly affects the device resistance (inverse



46 Enhancing the response to ammonia gas
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Figure 3.4: I-V curve of SWCNT-based chemiresistor gas sensor after 30 minutes (empty
green circles) and 45 minutes (filled blue squares) sonication. The linear fit to obtain the
resistance value is also shown.

of the slope of the linear fit). The resistance increase is consistent with the lower
presence of conducting CNTs on the surface.

In order to analyze the sonication effect on the elemental composition of the
sensor surface, we prepared samples with 1 pl of SWCNT solution (deposited
by drop-casting on glass substrate with ITO electrodes) and then submitted one
of them to sonication process. In Fig. 3.5 XPS spectra of the sample before and
after 45 minutes of sonication in acetone ultrasound bath are reported. After
45 minutes of sonication in acetone ultrasound bath, no more traces of S (from
the SLS surfactant) are on the surface, however Na (from sodium hydroxide in
the solution) is still present. Si peaks, which come from the substrate, are more
intense after the sonication process due to the lower covering of glass substrate
by CNT film.
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Figure 3.5: XPS survey spectra of SWCNT's deposited on glass substrate with ITO electrodes
before (red solid curve) and after 45 minutes of sonication in acetone bath (green dotted curve).
XPS source: Mg Kea, Pass Energy=100 eV.

3.2 Results and discussion

3.2.1 Response enhancement

As mention in Section 3.1.1, we explored several strategies in order to en-
hance the sensitivity of pristine SWCNTs to ammonia gas. They consist in
a careful preparation of the sample, starting from a solution of pure water,
NaOH, SDS, in which SWCNTs (CarboLex Inc.) are dispersed and depositing
it on ceramic substrates with interdigitated Pt electrodes, following two differ-
ent methods: drop-casting and sonication, dielectrophoresis method. Fig. 3.6
shows the response enhancement of the CNT upon ammonia exposure for sam-
ple prepared following the sonication method. After each sonication, the sensor
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Figure 3.6: Response to ammonia gas of the SWCNT-based sensor after different steps of
the sonication process: sample not sonicated (a), after 30 min (b), and 45 min (c) sonication

in an ultrasound bath.
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response to ammonia was tested in the laboratory air and the results are shown
in Fig. 3.6 for the film before sonication, and after an overall sonication time of
30 and 45 minutes. The sample not sonicated (Fig. 3.6 a) does not respond to
ammonia, despite the high concentration (10 ppm of NH3). A response to 3 ppm
ammonia is detected for the sonicated layers (Fig. 3.6 b and c¢). Each response
is characterized by a steep increase in a short time (risetime) and, when the gas
exposure is stopped, by a slower decrease. In order to reproduce realistic work-
ing conditions, these measurements have not been carried out in a sealed testing
chamber, and therefore signal fluctuations are observed. These fluctuations are
different from the noise related to electronics. When the sensors are exposed to
ammonia in the testing chamber these fluctuations disappear, and a smoother
behavior is detected, as will be discussed later (Fig. 3.10). Instrumental noise
fluctuations can indeed be conveniently detected as fluctuations of the baseline
signal before any exposure to ammonia (see, e.g., inset of Fig. 3.6). The signal-
to-noise ratio (SNR) is defined as AR /o, where AR is the maximum resistivity
change (measured at the end of the exposure cycle) with respect to Ry, and o is
the standard deviation of the signal before exposure to ammonia. After 30 min
sonication SNR = 91, while after the total sonication time (45 min) SNR = 237.
The sonication also increases the sample resistivity from 4.86 Q (before sonica-
tion) to 13.8 Q (first sonication) and 296 € (second sonication). In the latter
case there is a good response to an ammonia exposure of about 3 ppm, with a re-
sponsiveness AR/Rg = 3% (AR = R - Rg). The second method we considered
to prepare a thin CNT layer is dielectrophoresis, as described in Section 3.1.1.

Sample | [NH3] (ppm) | R (Q) | AR/Rg (x1073)
DC-S-30 3.0 1.4 22
DC-S-45 3.0 295.6 28

DEP 3.0 363.9 31
DC-S-30 1.5 13.9 16
DC-S-45 1.5 289.3 19

DEP 1.5 360.1 18

Table 3.1: Response of three different CNT-based chemiresistors to the exposure to 3.0 and
1.5 ppm ammonia in air. DC-S-30(45): drop cast and sonicated for 30 minutes (45 minutes),
DEP: deposited by dielectrophoresis.
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In Fig. 3.7 the resistance of two test samples, prepared with the same amount
(1 pl) of solution containing SWCNTSs, is shown. One sample was produced by
dielectrophoresis (Fig. 3.7 a) and one by drop casting (Fig. 3.7 b). The values of
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Figure 3.7: Response to sub-ppm ammonia concentrations of two samples, one produced
by dielectrophoresis (a) and one by drop casting (b). Ammonia concentration (c), relative
humidity (%), and temperature (°C) during the exposures (d).

ammonia concentrations (Fig. 3.7 ¢), the relative humidity (RH) and the tem-
perature (Fig. 3.7 d) are also shown. The sample prepared by dielectrophoresis
shows a sensible resistance variation when exposed to NHgs, while the sample
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prepared by drop-casting and not sonicated does not respond to ammonia gas,
as observed in the case of an exposure of 10 ppm (Fig. 3.6 a). In order to
compare the response of this kind of sample with that prepared by drop-casting
and sonication, another sample has been prepared by dielectrophoresis method,
which has R ~ 360  (almost the same resistance of the drop-casted and soni-
cated sample). In Table 3.1, the device responses to 3 ppm and 1.5 ppm [NHj3]
for the sample prepared by dielectrophoresis (DEP) and that prepared by drop-
casting and sonication (DC-S) are compared. These results show that the device
response is similar in the two cases. Regarding the morphology, SEM images
(Fig. 3.8 a and 3.8b) indicate that the CNTs are more uniformly distributed

2_drop_0034 3_diel_0035

& o
x150 500 um 3_diel_0037
Universita Cattolica Brescia

Figure 3.8: Top panel: SEM images of the samples prepared by drop casting (a) and by
dielectrophoresis (b). Bottom panels: magnified views of selected areas. The bright stripes
are the uncovered Al2Oj3 regions, and the dark stripes are the Pt electrode fingers.

in the sample prepared by dielectrophoresis. These results are consistent with
those presented in other studies, which report that the dielectrophoresis method
allows SWCNTs to be more ordered (aligned) and to show a better sensitivity
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with respect to disordered SWCNTSs, ascribing this fact to the enhancement
of the surface area accessible to the ammonia molecules [70], [71]. The dielec-
trophoresis method allows us to obtain a sample sensitive to ammonia, without
resorting to the less reproducible sonication process. However, the Ry value is
similar for both samples and the sensitivities of the two samples to the same an-
alyte concentration are comparable. Both methods have the final goal of making
the CNT bundle distribution more uniform. In the case of sonication, fragments
of bundles loosely attached to the substrate are likely to detach, leaving on the
sample only the fragments with a firm contact and therefore allowing better
draining of the injected carriers through the electrodes. This can explain the
lack of response observed in the sample prepared by drop-casting and not soni-
cated where the great amount of agglomerated bundles (Fig. 3.3 b) hinder the
injected charge to easily reach electrical metal contacts. The dielectrophoresis
method has shown to yield more uniformly distributed bundles (Fig. 3.8), avoid-
ing the formation of too large, loosely bound, aggregates during the deposition
stage.

3.2.2 Detection Limit (DL)

So far, in literature ppt sensitivity towards NHs has been demonstrated in
an inert atmosphere under UV irradiation [24]. As for the sub-ppm detection
limit, a detection of 50 ppb ammonia diluted in Ar has been reported for CNTs
functionalized with polyaniline [72], while a DL = 200 ppb for ammonia in dry
air was achieved with Pt-decorated CNTs operating at 200°C [73]. The present
study was carried out in the lab environment, i.e. not inside a testing chamber,
which is much closer to the final destination of the CNTs sensors. In Fig. 3.9 (a)
and 3.9 (c¢), sequences of ammonia exposures of the SWCNT-based CGS are re-
ported. During the exposures to ammonia, the relative humidity (R.H.) and the
temperature were also monitored for both series (data reported in Fig. 3.9 (b)
and (d), respectively). On the basis of the data collected upon exposure to
ammonia at different concentrations, such as those presented in Fig. 3.9, the
response curve has been drawn in Fig. 3.9 (right panel), where the response
AR/Ry is plotted vs. ammonia concentration. We resorted to use the data
for the drop-cast samples as a larger data set was available for these devices.
Several points fall below the 1 ppm threshold, i.e. the calibration range of the
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Figure 3.9: LEFT PANELS: (a and c) two series of responses collected by the SWCNT drop-
casted and sonicated sensor to different ammonia concentrations [NHz]. (b and d) Relative
humidity and temperature during the exposures. RIGHT PANEL: response curve for the
SWCNT drop-casted and sonicated (blue empty squares) and dielectrophoresis (yelloy filled
triangles) sensors. Inset: set of measurements in the sub-ppm range for the SWCNT drop-
casted and sonicated sensor (blue empty squares are sub-ppb measurements, the green dots
are fluctuation jumps).

Figaro 2602 CGS. In order to obtain the concentration values for these sub-ppm
measures (19 values in the sub-ppm range), a fit of the data above 1 ppm (11
points above 1 ppm), plus the (0, 0) point, has been carried out by using a power
function (y = A xP), following Ref. [74] and considering Freundlich adsorption
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isotherm (see Appendix B). The fit parameters are: A = (15+1)x1072 and
p = 0.56+0.05. Therefore the equation relating the ammonia concentration to
the sensor response is: AR/Rg = 0.015([NH3])%-%, where [NH3] is expressed
in ppm units. With this fit, we can evaluate the concentration of the points
below the ppm level (inset of Fig. 3.9, right panel), down to the lowest exposure
limit of 20 ppb (last ammonia exposure in Fig. 3.9 ¢) and other small resistance
variations.

By considering the noise value and the response curve fit parameters we can
obtain the detection limit (DL) that we define as the lowest analyte concentra-
tion value detectable, corresponding to a 5o noise fluctuation, a more restrictive
condition than that proposed in Ref. [24], where a 30 noise level was consid-
ered. Indeed, according to the equation: (50 /Rg) = 0.015(DL)%%%, by assuming
a typical fluctuation o = 0.035 © (inset of Fig. 3.6) and an average resistance
Rp = 300 ©, the detection limit is 3 ppb. A similar approach was also ap-
plied to the sample prepared by dielectrophoresis, though to a smaller data
set with respect to the DC samples. The following parameters were obtained:
A = (17£1)x1072 and p = 0.60+£0.07. The data of fit parameters, o and Rq
values of the two samples are compared in Table 3.2. For both samples a de-
tection limit of 3 ppb is achieved. Having verified that the sensor responds to

Sample | Ry () | o () | A (x1073) p DL (ppb)
DC-S 300 0.035 15+1 0.56+0.05 3
DEP 360 0.035 17+1 0.60+0.07 3

Table 3.2: Baseline resistance (Ro), noise level, fitting parameters A and p of the response
curve and detection limits (DL) of the samples prepared by drop-casting and dielectrophoresis.

very low concentrations of ammonia (red crosses in the inset of Fig. 3.9, right
panel), we can interpret the small fluctuations of the signal during the gas ex-
posure as responses to very tiny changes in concentration. Additional points in
the sub-ppm range have accordingly been added to the inset of Fig. 3.9, right
panel (green dots). As already observed in Fig. 3.6, sharp signal fluctuations
are detectable on top of the response curves. These fluctuations can be noticed
also in the data shown in Fig. 3.9 (a) and (c) and ascribed to turbulences in the
environment around the sensor. By comparing the sensor response to ammonia
gas in the testing chamber and in laboratory air, we observed that the fluctu-
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Figure 3.10: CNT response to 3 ppm ammonia in air and in the testing chamber. Inset:
noise level before ammonia exposure.

ations during the exposure disappear when the measurement is carried out in
a sealed testing gas chamber (Fig. 3.10 and Fig. 3.11). In Fig. 3.10 the signal
changes upon exposure to 3 ppm ammonia in a sealed chamber and in air are
compared. For both measurements, the time scale has been normalized to the
time (t3ppm ) when the 3 ppm [NH;] was reached, as the sealed chamber (about
1 liter volume) required a much longer time to reach the 3 ppm concentration
value. In Fig. 3.11 a comparison of sensor response to 8 ppm ammonia gas in air
lab and in gas testing chamber for a SWCNT-based sensor on plastic substrate
is shown (the response of this kind of samples on plastic substrate is discussed
in chapter 4). In principle one can not exclude that the signal variation on top
of the curve during gas exposure are due to relative humidity effects (R.H.~40-
60% during measures in air, while in the testing chamber R.H.~10%), but other
test measurements (not shown here) performed in the testing chamber at differ-
ent R.H. values do not show these fluctuations. Therefore, if the measurements
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Figure 3.11: Comparison of sensor response to ammonia gas ([NHz & 8 ppm]) in air lab and
in gas testing chamber for a SWCNT-based sensor on plastic substrate [75].
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Figure 3.12: Example of response of SWCNT based gas sensor (a) and fluctuations over the
top of the curve (b), compared with noise (c).

are carried out in air, turbulences of the local environment can produce on the
top of the leading curve during gas exposure resistance fluctuations much larger
than the electrical noise (Fig. 3.12). The typical resistivity variations AR for the
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fluctuations of the CNT signal correspond to concentrations in the 15-150 ppb
range, matching the lowest value here detected upon ammonia exposure (20 ppb,
last point of Fig. 3.9 ¢). As an example, in Fig. 3.10 and in Fig. 3.12 (b) the
ammonia concentration values (57 ppb, 216 ppb and 23 ppb) related to signal
fluctuations are also indicated.

We believe that these fluctuations correspond to tiny [NHj3] variations not only
because they are larger than the noise signal (as shown in Fig. 3.12), but also
because we recorded the same fluctuation shapes (Fig. 3.13) in the signal of two
different samples both based on SWCNTs (one prepared as described in 3.2.1
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Figure 3.13: Response to an overall ammonia concentration of 3.7 ppm in air of SWCNTs
prepared by drop casting and sonication on ceramic substrate (blue solid line), SWCNTs on
plastic substrates (green dotted line) and commercial CGS Figaro 2602 (red dashed line) based
on metal oxide SnO2. “Same shape fluctuations” are observed on top of the curve signal of
gas sensors based on SWCNTs, ascribed to very tiny change in the NH3 concentration. The
measure was done at room temperature (T = 25°C) and the R.H. = 65%.
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with drop casting and sonication on ceramic substrate with Pt interdigitated
electrodes, and the other on prepared by drop casting the solution containing
SWCNTs on plastic substrate with two Ag paste stripes as electrodes, as we
discuss in next chapter).

3.2.3 Response time scales

Further evidence that the signal fluctuations can be regarded as a distinctive
behaviour of the response of ultrathin CNT layers to gas adsorption is provided
in Fig. 3.14 (left panel) where the responses of the CNT and of the commercial
metal oxide CGS Figaro2602 sensor upon exposure to 3.7 and 2.9 ppm of am-
monia are compared. In the right panel of Fig. 3.14, the comparison is shown
again to highlight the difference also in the rise time, where the SWCNT-based
gas sensor exhibit a faster response time. Fitting the signal during the rise time,
i.e. from the beginning of the response until the end of the gas exposure, the
Figaro2602 rise time signal is better fit by a single exponential (with a decay
time 7 ~60.2 +1.8 s), while the SWCNT signal is best fit by a double exponen-
tial curve (with decay times 7 ~3 £+ 1 s and 7o ~55 + 7 s). The Figaro2602,
used as reference sensor during the measurements, shows a much smoother be-
haviour in the regions were the CNT response displays fluctuations. In order
to prove that the response fluctuations are an intrinsic feature of CNTs, the
CNT response curve Royr(t) has been convoluted with a function F(t) = t
exp(-t/7F), which introduces an additional channel, with a 77 decay time, to
the metal oxide response. As can be observed in Fig. 3.14 (dashed line), the
convoluted spectrum Ronr(t) @ F(t) reproduces the behavior of the metal ox-
ide gas sensor quite well. This shows that the metal oxide response introduces
a component that increases the overall decay time with respect to CNTs. This
component is absent in CNTs and makes sharp concentration fluctuations well
resolved and detectable. We ascribe the effect introduced through the F(t) to
the different charge carrier path to the electrodes in the two cases. While for
CNTs the charge transfer to the electrodes is allowed by the thin CNT layer,
suitably treated using either sonication or dielectrophoresis methods, in the
metal oxide sensor the inter-grain charge transfer before reaching the electrodes
may alter the response time, introducing capacitive effects at the grain border.
The signal fluctuations observed in the CNT response to ammonia exposure are
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Figure 3.14: Comparison of response to ammonia gas of SWCNT and commercial metal
oxide CGS Figaro2602. LEFT PANEL: resistance of the SWCNT based sensor (blue line);
decay function F(t) =t exp(-t/7F); Tp = 7 s (green); convolution of the signal of the SWCNT
with F(t) (grey dashed line); resistance of the Figaro2602 sensor (red line). RIGHT PANEL:
resistance of the SWCNT based sensor (blue line) and Figaro2602 sensor (red dashed line); fit
of the signal during the rise time of the two sensors (green dashed line for SWCNT and solid
red line for Figaro2602).
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Figure 3.15: (a,b,c) Examples of fitting with exponential curve to obtain the decay time
of signal fluctuations on top of the curve during gas exposure. (d) Decay time values and
weighted average (inset).

ascribed to a fast recovery time allowing for the detection of small concentra-
tions in the ppb range. These signal fluctuations on top of the curve during
gas exposure also have their own characteristic time for signal rise and decay.
By picking up several of these fluctuations we have estimated the average decay
time by exponential fitting (some of these fittings is shown in Fig. 3.15) which
resulted to be 71 = 8.5540.17 seconds.

3.2.4 Convolution and signal shaping

The information related to the fast decay time of the small fluctuations,
allowed us to model the response of the SWCNT sensor. In first approximation,
we can model the constant analyte exposure as a rectangular function (Cy g, (t),
green dashed line in Fig. 3.16) equal to the ammonia concentration value for the
time of exposure, and otherwise equal to zero. The SWCNT response is modeled
with a multi-exponential function (as common to find in literature [76,77]) as

CNT(t) = CNT(t) + CNTy(t) (3.1)
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Figure 3.16: Modeling of the CNT sensor response, seen as the convolution of a rectangular
function Cn g, (t), which describe the constant analyte concentration, and an exponential-like
function CNT(t), sum of two parts: the first part CNTf(t) accounts for a quick decay of the
signal, while the second part CNT,(t)) is added to account for much slower decay processes
(see Eq. 3.2 and 3.3). The parameter values are: B =17, C = 0.15, 75 = 8.55 s, 7¢ = 112 s.

where

CONTy(t) =B -t-el -t/ (3.2)

and
ONTy(t) = C - t-el7t/m) (3.3)

CNT/(t) accounts for a fast decay of the signal (75, set to 8.55 s as the average
decay time we found from the analysis of signal fluctuations), while the second
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part, CNT4(t), is added to account for much slower decay processes, and aims
to model the slow recovery of the signal after gas exposure at room temper-
ature. Through a convolution of this function with the rectangular function
Cnm,(t), the overall features of the CNT response have been reproduced, as
shown in Fig. 3.16, where the thick yellow line is the result of the convolution
Cnm,(t) @ CNT(t). The convolution of two signals is formally written as

/C’NH3 (1) CNT(t — 1)dr (3.4)

and it takes into account a delay time between the gas concentration signal and
the response of the sensor. This curve well approximates the rising of the signal
over the exposure time and the slow decay to recover the initial resistance Ry.
Deviations with respect to the initial Rg value can be ascribed to slow desorption
processes, which are related either to chemisorptions or trapping of the molecules
within the CNT bundles. Indeed, the presence of an apparently irreversible
behavior in the response of the CNT to gas exposure has been discussed in detail
by Lee and Strano [78]. Based on the present results as well as on the discussion
proposed in the literature, we rationalize our findings as follows. Upon exposure
to a polluting gas (here ammonia) the leading edge of the signal is provided by a
convolution of a fast-response with the concentration profile. The fast response
time is extracted from the signal fluctuations that are detected on top of a
monotonically rising signal. An additional slow-response contribution is also
present and detectable during the signal attenuation. The difference between
the fast and the slow signal could be ascribed to different paths of the injected
charge from the CNT surface to the electrodes, the fast signal being related to
the CNT contacting the electrodes, and the slow signal to transport in bundled
CNTs before reaching the electrode. A signature of irreversible interactions, on
the time scale of the present measurements, is finally ascribed to the partial
recovery of the overall signal on a typical time scale of 103 s.

In order to support our analysis on response time-scale and convolution fit of
the signal, we consider the response to a very short “pulse” of NH3 diluted in
Ny (nominally [NH3] = 1.2 ppm). This signal is well fit by a convolution, as
we did for the response reported in Fig. 3.16, of a rectangular function Cp g,
(which represents the short ammonia “pulse”, with duration of 4 seconds, equal
to the ammonia concentration, i.e. 1.2 ppm, during the time of exposure and
zero otherwise) and by a double-exponential like function (Eq. 3.1-3.3) using
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Figure 3.17: Response to a 4 s short “pulse” of ammonia gas exposure in Ny inert atmosphere
([NH3] = 1.2 ppm). The response is modeled by the convolution of a rectangular function
CNH,4 (t), which describe the constant analyte concentration, and an exponential-like function
CNT(t) = CNT(t) + CNTs(t), following Eq. 3.2 and 3.3. The parameter values are: B = 3.2,
C=03,73 =855s, 70 = 38s.

the following parameters: B = 3.2, C = 0.3, 75 = 8.55 s (fixed from the results
of Fig. 3.15), 7¢ = 38s. The convolution is reported in Fig. 3.17.

3.3 Conclusions

The detection of low-ppb concentrations with films of SWCNTSs at room tem-
perature, obtained by dispersed nanotubes in aqueous solution with a surfactant,
without any functionalization is a remarkable forward step in the exploration of
detection limits of CNT-based sensors. To the best of our knowledge, the present
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results represent the lowest ammonia concentration so far attained in air with
pristine CNTs. This also shows that, starting from samples prepared according
to the procedures described in this study, lower detection limits can be expected
by further doping or functionalization of the CNTs. This result was obtained
on SWCNT bundle layers carefully prepared and selected by dielectrophoresis-
assisted deposition or by sonication of layers deposited by drop casting. We
ascribe the enhanced sensitivity to the removal of loose agglomerates with poor
electrical contacts and to more efficient transport of carriers, transferred to the
CNT bundles upon interaction with the reducing NH3 molecules, from the top-
most SWCNTs to the underlying electrodes. These facts allowed us to track the
fast dynamics processes, otherwise missed in conventional oxide-based nanos-
tructured gas sensors, where the grain boundaries between nanoparticles are
thought to introduce a capacitive component in the response that can average
out the response to quick transients of the analyte concentration. In perspec-
tive, this result makes the CNT-based CGS quite interesting to produce low
cost, high sensitivity, chemiresistor gas sensors for environmental monitoring of
sub-ppm ammonia concentrations. Finally, by revealing a fast dynamics chan-
nel, so far virtually neglected, in the gas desorption process, we have been able
to model the sensor response by a convolution of a rectangular function which
describe the constant analyte concentration, and an exponential-like function
which is related to the real response of the gas sensor.



Chapter 4

Effects of the
functionalization with metal
oxide nanoparticles

In the last 60 years, a large body of studies on semiconducting metal oxide
(SMOX) materials as gas sensors has been carried out, recently also at nano-
scale dimensions. In the last years hybrid materials composed of nano-SMOX
and SWCNTs have begun to attract interest of many researchers [79-85]. In
fact, further possibilities to improve the SWCNT-based gas sensor performances
are expected from SWCNT-oxide hybrid systems, in particular from the blend
of CNT with nanoparticle metal oxides such as TiO2, SnOs, WO3, indium-tin
oxide (ITO). In this chapter we present low-cost gas sensors based on SWCNT
layers prepared on plastic substrates and operating at room temperature, dis-
playing a high sensitivity to [NH3]. The use of cheap flexible plastic substrates
discloses possible production for ink-jet printing process, or application in flex-
ible integrated circuits. Once combined with the low noise, the high sensitivity
allowed us to reach an ammonia detection limit of 13 ppb, which matches the re-
quirements for ammonia monitoring in the environment. Furthermore, a blend
of SWCNT bundle layers with metal oxide nanoparticles, e.g. indium-tin oxide
(ITO) or titanium dioxide TiOg nanoparticles, resulted in an increased sensi-
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tivity with respect to pristine CNT. Finally, the response of the ITO-SWCNT
sensor to water vapor and nitrogen dioxide provides a way to tailor the sensor
selectivity with respect to two of most relevant interfering gases expected in
outdoor environmental monitoring. We propose a gas sensing model to explain
this peculiar response.

4.1 SWCNT and hybrid layers on plastic sub-
strates

4.1.1 Sample preparation and functionalization

a

V.
GAS Rs out

oV

Figure 4.1: (a and b) Chemiresistor gas sensors (CGS) based on single-wall carbon nanotubes
onto a flexible plastic substrate. (c) Scheme of the circuit for the electrical measurements: a
constant voltage Vo = 5 V is applied across the CGS, connected in series with a load resistor
Ry = 33 kQ. By monitoring the voltage Vot across the sensor, its resistance is measured [86].

The samples on plastic substrates, which we analyze in this chapter, were
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prepared at the micro-nano-carbon-lab of Elettra (TS) by A. Goldoni. Plastic
substrates were chosen in view of possible device development with printable
electronics methods [61,62]. The pristine sample (SWCNT) was prepared start-
ing from a SWCNTs dispersed in a solution containing water, sodium hydroxide
and sodium lauryl sulfate (CarboLex Inc.) and deposited by drop casting onto
a plastic substrate. The functionalized sample (ITO-SWCNT) was prepared
by adding 5% wt Indium Tin Oxide nanoparticles (average diameter < 50 nm,
purity grade 99.99%, IoLiTec Gmbh) to the CNT dispersion prior to the de-
position on the plastic substrate. The SWCNT + ITO nanoparticles mixture
was sonicated for 1 h and then deposited on the flexible plastic substrate. In
both cases, the sample is a rectangle with a sensitive area of about 75 mm?.
Two strips of Ag paste were deposited on the sides of the sample as contacts
with the electronic circuit. Images of these two samples and of the electrical
measurement circuit are shown in Fig. 4.1. A third sample (TiO2-SWCNT)
was prepared with SWCNT + TiOs nanoparticles (average diameter < 100 nm)
following a similar procedure as in the case of ITO-SWCNT sample.

4.1.2 Layer characterization

The structural properties of the SWCNT layers have been characterized by
Raman spectroscopy. The Raman spectra (Fig. 4.2 and Fig. 4.3) show the char-
acteristic SWCNT peaks [30]: the G-band (with the G~ and GT contributions,
at 1578 cm~! and 1600 cm ™! respectively), the D-band at 1330 cm~! and the
Go-band at 2640 cm~'. The radial breathing modes lines are found around 180
em ™!, indicating the presence of SWCNTSs. A precise assignment of multiple
RBM frequencies is out of the scope of this thesis, but we can roughly estimate
the diameter of the nanotubes, around 1.4 nm (using equation and parame-
ters proposed for SWCNT bundle [68]). The Raman spectra for SWCNT and
ITO-SWCNT samples taken at different points on the sample surface are quite
homogeneous, while in the case of TiO2-SWCNT sample the surface appears
quite inhomogeneous (Fig. 4.3).

As expected, in addition to carbon from the CNT, the results of the XPS analy-
sis indicate the presence of Na and, to a minor extent, S ascribed to surfactants
(sodium hydroxide and sodium lauryl sulfate) in the CNT dispersion. Except
for small traces of Si, no other contaminants have been detected within the el-
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Figure 4.2: Raman spectra of the ITO-SWCNT blend (blue dashed line) and pristine SWC-
NTs (red solid line). The spectra have been normalized to the maximum of the G-band
peak [86].
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Figure 4.3: (a) Microscope 20x image of the TiO2-SWCNT sample. (b) Low frequency
region and (c) high frequency region Raman spectra of the TiO2-SWCNT sample taken at
two different points (A and B) shown in the microscope image.
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Figure 4.4: XPS spectra of (a) SWCNT, (b) ITO-SWCNT and (c¢) TiO2-SWCNT sample.
The quantification analysis was carried out with the BRIXIAS package [87].
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emental sensitivity of the XPS probe (about 0.5%). By taking the area under
the XPS peaks, we can estimate the amount of each element on the sample’s
surface. The quantification analysis was carried out with the BRIXIAS pack-
age [87] and the results are shown in Fig. 4.4. The AFM images of the sample
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Figure 4.5: AFM images of (a) SWCNT, (b) ITO-SWCNT and (c) TiO2-SWCNT sample
on plastic substrates.

surfaces are shown in Fig. 4.5, where scans over a 2.5x2.5 um? (SWCNT) or
5x5 pum? (ITO-SWCNT, TiO2-SWCNT) areas are reported. The inset shows
an enlarged view (1x1 um?) of the three samples surfaces. As can be observed,
bundles of SWCNTSs with diameter ranging from 30 nm to 70 nm are detectable
for the pristine layer, while in those functionalized with the oxide nanoparticles
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Figure 4.6: SEM images of (a) the pristine SWCNT and (b) functionalized ITO-SWCNT(b)
samples on plastic substrates.

the bundled structure seems to disappear due to the filling of voids by the oxide

nm
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nanoparticles. SEM images confirm AFM images. In Fig. 4.6 (a) we observe
several um long SWCNT bundles with diameter from about 30 to 70 nm. In
Fig. 4.6 (b) ITO nanoparticles with dimensions of 50 to 100 nm anchored to the
SWCNT bundles can be detected.

In Fig. 4.7 the I-V curves of SWCNT-based chemiresistor gas sensors on plastic
substrates are shown. The trend is linear in the range of voltage explored (from
-1 V to 1 V) and from the inverse of the slope we obtain the resistance value
for each sample. I-V curves shown in Fig. 4.7 has been taken on samples of the
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Figure 4.7: I-V curves of SWCNT-based chemiresistor gas sensors on plastic substrates:
SWCNT (filled black circles) and functionalized TiO2-SWCNT (filled red triangles) and ITO-
SWCNT (empty blue squares).

same type, but not exactly on the same samples of those tested as gas sensors
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(Fig. 4.13), for this reason the resistance value is slightly different.

We now report the characteristic I-V curve of SWCNT based sensor collected
between the two Ag paste electrodes compared with the local I-V curve taken
using the AFM tip and one of the Ag paste contact as electrodes (Fig. 4.8). As
can be observed, despite the device presents an ohmic linear I-V curve, if the
current is detected locally on the SWCNT bundles surface a semiconducting be-
haviour is detectable. This could be ascribed to the formation of a p-n junction
between the p-type SWCNT bundle and the n-type silicon AFM tip.
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Figure 4.8: Local IV curve (red solid and blue dashed line) acquired with AFM tip compared
with the I-V curve collected between the two Ag paste electrodes of the SWCNT device (filled
black circles).
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4.2 Modeling of sensing: space-charge layers at
nano-scale semiconductor interfaces

In this section we want to introduce and summarize a common understanding
about gas sensing mechanism of semiconductors [88-90] and space-charge layers
at semiconductor interfaces [91]. So far most of the work has been done on metal
oxide semiconductors, since Heiland et al. [92] more then 60 years ago have
shown that the conductivity of semiconducting metal oxides (SMOX) depends
on the adsorption or desorption of gas molecules on their surface and Seiyama et
al. proposed in 1962 the use of ZnO thin film layers as gas detectors [93]. Since
that time gas sensors based on n-type and p-type SMOX has been studied by
a great number of researchers but, although progresses have been made in this
field, the gas sensing mechanism has not been fully understood. Works on gas
sensing modeling are being carried out also by considering materials different
from SMOX, e.g. carbon nanotubes, which also show a conductivity depending
on the composition of the surrounding atmosphere (as we have already reported
in previous chapters).

4.2.1 Classification of space-charge layers for n-type and
p-type semiconductors

An adsorbed molecule on a semiconductor surface represents a perturbation
to the local charge balance, so that electronic states at the surface are rearranged
to screen this perturbation [91]. The spatial regions of redistributed screening
charges are called space charge regions. Depending on the position of the Fermi
level at the surface and on the type of molecules adsorbed (reducing-donors, or
oxidizing-acceptors), an accumulation of surface charge can be created, which is
screened by an opposite charge inside the semiconductor material. The charge
of the surface states Qs (charge density per unit area) is compensated by an
opposite charge inside the semiconductor, the space charge Q.

st = _Qsc (41)

The condition of charge neutrality (4.1) determines the position of the Fermi
level at the surface. Fig. 4.9 (taken from ref. [91]) shows schematic plots of (a)
band schemes, (b) free carrier densities n and p and (c) local conductivity o
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Figure 4.9: Illustrating the n-type semiconductor: schematic plots of band schemes (a), free
carrier densities n and p on a logarithmic scale (b) and local conductivity o (logarithmic scale)
(c) for depletion, inversion and accumulation space charge layers. E¢, Ey are the conduction
and valence band edges, Er the Fermi energy, E; and n; intrinsic energy and concentration,
respectively. D denotes bulk donors, As; and Ds surface acceptors and donors, respectively.
The subscript b denotes bulk values. Figure taken from Ref. [91].

for depletion, inversion and accumulation space charge layers, in n-type semi-
conductors. The equilibrium requires that the charge Q)55 in surface states is
compensated by a space charge Q5. within a certain depth in the semiconductor.
The distribution of space charge Q. is related, via Poissons equation, to the
curvature of the electronic bands, i.e., the potential in the space-charge layer.
In an n-type semiconductors with bulk donors (D), the band bending causes
the depletion of the free conduction-band electrons which are pushed away from
the surface (Fig. 4.9, left column). In this region, called depletion layer, there
is a decrease in the density of free electrons (majority carriers) and an increase
of the hole density (minority carriers) with respect to the bulk density n, and
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Py, respectively (Fig. 4.9b). As a consequence the local electrical conductivity
o(z) is decreased near the surface with respect to its bulk value o}, (Fig. 4.9¢).
Stronger upwards band bending is possible if the densities N5 of surface ac-
ceptor states (A;) is higher, inducing an inversion space charge layer (Fig. 4.9
a, middle column). The band bending is so strong that the intrinsic energy E;
crosses the Fermi energy Er. The intrinsic level E; is the ideal level of the Fermi
energy of a semiconductor without doping and it is given by

1 1
E; = 5(Ec — Bv) — GKTIn(N¢;y /Nl g) (4.2)

where Ng,, and N7y, are the effective conduction- and valence-band densities
of states. E; is a convenient quantity to describe whether a semiconductor is in-
trinsic, p-type or n-type: if Ep = E;, we have intrinsic behavior; if Ep < E; the
semiconductor is p-type with holes as the majority carriers; whereas if Ep > E;
n-type conductivity occurs. The type of conduction changes in an inversion
layer, so that the n-type semiconductor (E; < Ep) becomes p-type near the
surface (E; > Ep). Correspondingly the free-electron density n decreases to
below the intrinsic value n;, near the surface, whereas the hole concentration p
exceeds the intrinsic value (Fig. 4.9 b). The conductivity ¢ has the lowest local
value at the point where n and p cross on the intrinsic concentration level n; and
between this point and the very surface o increases again due to the presence
of an enhanced density of bulk minority carriers (inversion) (Fig. 4.9 c).

Accumulation space charge layers on n-type semiconductors, as depicted in
Fig. 4.9 (right column), require the presence of donor-type surface states Dy.
The positive charge density Qs must be compensated by an equal amount of
negative space charge. Free electrons accumulate in the conduction band be-
low the surface and the electronic space charge of the so-called accumulation
layer is related to a downward band bending. In strong accumulation layers the
conduction-band minimum might even cross the Fermi level and the semicon-
ductor becomes degenerate in the spatial region of the accumulation layer [91].
In Fig. 4.9 b,c (right column), the qualitative dependence of the densities of
majority carriers (n) and minority carriers (p) and of the local electrical con-
ductivity o is reported. On p-type semiconductors the situations depicted in
Fig. 4.9 are reversed. Free holes in the valence band are the majority carriers
in the bulk; an accumulation layer is therefore formed by a positively charged
hole gas. The opposite charge Qs in surface states must be negative. Thus the
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Figure 4.10: Band schemes for n-type and p-type semiconductors, for depletion, inversion
and accumulation space charge layers. Ec, Ey are the conduction and valence band edges,
Er the Fermi energy, E; intrinsic energy, E4 and Ep denote bulk energy of acceptors and
donors, respectively. Ags and Ds are surface acceptors and donors, respectively.

presence of a hole accumulation layer on a p-type semiconductor requires par-
tially filled acceptor-type surface states and the bands are bent upwards near
the surface.

The band schemes for both n-type and p-type semiconductors are shown in
Fig. 4.10. In case of an acceptor molecule (A;), for example adsorbed molecular
oxygen Og, on the surface of a semiconductor material there is accumulation
of negative surface charge Qs that induced positive space charge Q., causing
an upward band bending and a depletion region of electrons in n-type semi-
conductors, while in a p-type semiconductor the upward band bending creates
an accumulation region of holes. If the densities of surface acceptors are very
high (we can compare this situation to high values of oxidizing gas concentra-
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tions), the upward band bending in n-type semiconductors is enhanced and an
inversion layer is formed near the surface. When we have to deal with donor
molecules (Dy), e.g. reducing molecule like ammonia NHs, adsorbed on the sur-
face, the accumulation of positive QQss, induces negative Q)s., corresponding in a
downward band bending and accumulation of electrons near the surface in the
case of n-type semiconductors, while in p-type semiconductors a depletion layer
for holes is built up. Also in this case, if the densities of surface donors are very
high (i.e. high concentrations of reducing gases), the downward band bending
is stronger and an inversion layer, with consecutive change of the majority car-
riers from holes to electrons, is possible (the schemes of free carrier densities
and conductivity o are the same of those reported in Fig. 4.9 b,c, apart from
changing electrons with holes, i.e. n with p).

The take home message of all this description of sensing modeling (at which
we’ll refer in next paragraphs) is that band bending induce depletion regions at
the surface (depletion or accumulation layers, depending on the type of semi-
conductor and on the type of adsorbed molecule).

4.2.2 Nano-heterojunction

From the electronic band point of view, SWCNT bundle and ITO (or in
general SMOX) nanoparticle create a nano-heterojunction (depicted in Fig. 4.11
a) and a depletion layer between the two material is built up (near z=0 in
Fig. 4.11 b). The energy gap of p-type material ranges from 0.05 eV for metallic
SWCNTs to 0.5 eV for semiconducting SWCNTs [94], while metal oxides n-
type nanoparticles display a higher band gap [84]. For instance, the E, of ITO
nanoparticles is about 3.4 - 4 eV [95]. In literature it is common to find that
materials like SnOg, TiO4, ITO (also in nanoparticle structure) display a n-type
behaviour and they are used in gas sensing usually at high temperatures [96];
while SWCNTs in earth atmosphere, where the presence of oxygen play a crucial
role in the hole doping [44], are considered p-type materials. In Fig. 4.11 a sketch
of nano-heterojunction between p-type SWCNT and n-type SMOX nanoparticle
and the corresponding electronic band diagram are shown.
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Figure 4.11: (a) Sketch of nano-heterojunction between p-type SWCNT and n-type SMOX
nanoparticle. (b) Electronic band diagram of the junction.

4.3 Results and discussion

4.3.1 Response to ammonia in air and in gas testing cham-
ber

In this section we start to consider and analyze the sensor response (AR/Ryg)
to gases. In order to compare the sensors response of SWCNT and ITO-SWCNT
sample, R; was evaluated in each case against Ry, i.e. the baseline resistance
before exposure to gas, and the AR/Ry = Rs-Ro/Ro values are plotted versus
NHj3 concentrations to obtain the response curve. As expected AR/Ry increases
with [NHjs], displaying a sub-linear regime. Following Ref. [74], for each sample
the collected data set was fitted with a power law: AR/Rg = A-[NH;3]P. Let’s
consider the response to ammonia gas, in lab air conditions, of the sample
prepared by SWCNTs layer and ITO-SWCNTs on plastic substrate (Fig. 4.13).
The starting resistance Rg of the two samples is different, in accordance with the
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fact that ITO nanoparticles and SWCNT bundles create a nano-heterojunction
(as we have seen in previous section) and a depletion layer may be responsible to
increase the resistance, from about 500 Q (for SWCNT pristine layer) to 130 k2
(for ITO-SWCNT sample).

Let’s now consider how a higher sample’s resistance Ry may help to improve
the sensor response AR/Rg. We simplify the problem with the assumption of
imaging the sensor as composed by several resistor in parallel (Fig. 4.12, left

panel). The molecules will interact only with the i® of these N resistors. If
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Figure 4.12: LEFT PANEL: sample resistance represented by N resistors in parallel, of which
only R; interacts with gas molecules; RIGHT PANEL: equivalent resistance R as function of
the interacting resistance R;=x.

the N resistors except the interacting one, R;, give rise to an effective resistance
Rfvff , the total equivalent resistance Req is given by

1 1 1
— = —+ = 4.3
Req R}E\{f R1 ( )
that we can rewrite in terms of the variable during gas exposure x = R; and the

_ peff
parameter B = Ry
Bz

R(z) = (4.4)
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This function is plotted in Fig. 4.12 (right panel) for two different example val-
ues of B (B1=10, B;=2). Except for R;, B is almost the total resistance of the
sample. If we consider By > By (the resistance of sample 1 is greater then the
resistance of sample 2), the same interaction (Ax=AR;) of the gas molecules
with R; affects in different way the total resistance R(x).

In Fig. 4.13 the response to 5 different ammonia exposures of the two sensors
is reported. The time duration of each NH3 exposure was 3 min and the re-
sponses are characterized by a steep increase of the resistance in a short time
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Figure 4.13: LEFT PANELS: example of responses to 5 different ammonia gas exposures of
the SWCNTs functionalized with ITO nanoparticles (a) and of the pristine SWCNTs (b). The
ammonia concentration values (3 exposures above and 2 below the ppm) are reported in log
scale (c). The insets blow up the responses to the fourth exposures ([NH3z] = 120 ppb). The rel-
ative humidity and the temperature during the measurements were RH=46+1%, T=25+1°C.
RIGHT BOTTOM PANEL: response curves for the SWCNT-based sensor onto plastic sub-
strate: pristine SWCNTs (filled red triangles) and ITO-SWCNTSs blend (empty blue cir-
cles) [86].
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(rise time), and when the gas source is removed, by a slower decrease (recovery
time). The measurements have been carried in the laboratory air and not in a
sealed testing chamber, in order to reproduce the real environmental working
conditions, in which the sensors will have to work. It is remarkable to observe
that the response of ITO-SWCNT blend shows a faster recovery time with re-
spect to the pristine SWCNT for ammonia exposures above 1 ppm. By fitting
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Figure 4.14: Example of ammonia gas response of SWCNT (green curve) and ITO-SWCNT
(pink curve, scaled by a factor 0.0015) The curves have been fit during the recovery time by
a double exponential function (dashed lines). In the insets, the fluctuations observed on top
of the curve during gas exposure of ITO-SWCNT (a) and SWCNT sample (b) are shown.

with a double exponential function the central peak of Fig 4.13 (top panel) dur-
ing the recovery time, we obtain the following decay times: 71 = 66.9£0.2 s and
7o = 458.54+0.9 s for ITO-SWCNT sample; 71 = 69.6+0.7 s and 7, = 116445 s
for SWCNT sample. In Fig. 4.14 the fits (dashed lines) and the fluctuations ob-
served on top of the curve during gas exposure are shown. A slowly decreasing
background at the beginning of a set of measurements is occasionally observed,
as in Fig. 4.13 b. This drift disappears when the sensor is operated for few hours
and does not affect the sensor response reported in the present study.
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Figure 4.15: TOP PANEL: Data set collected in gas testing chamber from the three sam-
ples upon exposure to different ammonia concentrations ranging from 8.9 ppm down to 0.09
ppm. For each exposure the three sensors responses were collected simultaneously. BOTTOM
PANEL: response curve. The relative humidity and the temperature during the measurements
were RH=114+1%, T=26+1°C.

Fig. 4.15 shows the ITO-SWCNT, TiO2-SWCNT and SWCNT sensor response
upon exposure to NHz at different concentrations. In this case the measures
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have been carried out in a gas testing chamber (1 1 volume) using NHj3 diluted
in dry air flowing in the chamber with a total flow of 50 sccm (except for the
0.09 ppm ammonia exposure, when a total flow of 500 sccm has been set). In all
cases, the resistivity R of the three sensors, the relative humidity and temper-
ature were recorded simultaneously by mounting all sensors on the same board.
As can be observed all sensors display a sensitivity down to 90 ppb. During
the measurement the temperature T and the relative humidity R.H. were at
T=26+1°C and R.H.=114+1%, respectively. An enhanced response to ammo-
nia is observed for the ITO-SWCNT sample, while the TiO2-SWCNT seems to
respond very similar to the SWCNT. This could be ascribed to a not-effective
functionalization in the case of TiO, nanoparticles. This fact is also supported
by the value of the resistance (Rrio,—swonT = RswonT)-

On the basis of a sequence of ammonia exposures, we obtain the response curve
of the two sensors in air (Fig. 4.13, right bottom) and in gas testing chamber
(Fig. 4.15, bottom panel).In Fig. 4.13 (right bottom panel), the data above
1 ppm were fitted with a power function (following the Freundlich equation
and Ref. [74]) where the sensor response AR/Ry is related to the ammonia
concentration [NH3] (ppm) by the equation

AR )
S A - [NHs] (4.5)

The fit parameters are reported in Table 4.1. The detection limit (DL) can

Sample Ro () | o () | A (1073) p
SWCNT 500 0.034 | 4.8 £ 0.5 | 0.61 £ 0.04
ITO-SWCNT | 130000 6 11 £ 0.3 | 0.68 + 0.01

Table 4.1: Values (related to Fig. 4.13, right bottom panel) of standard deviation (o) from
the baseline resistance (Ro) and fit parameters, A and p, of the response curve (response in
air), used to calculate the detection limit (DL). The relative humidity and the temperature
during the measurements were RH=46+1%, T=25+1°C [86].

be derived from the value of the instrumental noise fluctuations o, i.e. the
standard deviation of the baseline signal Ry before ammonia exposure, and
the value of the fit parameters from the response curve. Eq.4.5 allows us to
find the [NH;3] value corresponding to a resistance variation AR = 50; consis-
tently this [NH3] value can be defined as DL. Indeed, according to the equation:
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(50/Rp) = A (DL)?, the detection limit evaluated by fitting the data in a broad
concentration range (i.e. up to 22 ppm) results to be 13 ppb for the pristine
SWCNT-based chemiresistor gas sensor on plastic substrate. Here noise fluctu-
ations were evaluated as o = 0.034 Q). The ITO-SWCNT-based sensor is more
sensitive than the pristine SWCNT-based one at high NHs concentrations, i.e.
above 200 ppb. However it should be remarked that the two sensors show a
similar response in the 0-200 ppb range. Therefore, as the DL is meant to
be the relevant parameter to characterize the response at low concentrations,
we regard the DL measured for the undoped SWCNTSs as the DL also for the
functionalized CNTs. This value is consistent with that (3 ppb) reported for
similar layers deposited on ceramic substrates equipped with interdigitated con-
tacts (data reported in chapter 3 of this thesis and in Ref. [66]), rather than
with relatively distant parallel stripes of silver paint of the present samples. As
the signal-to-noise ratio (SNR = o/Ryg) is quite similar, the DL difference with
respect to the ceramic interdigitated sample can be ultimately ascribed to the
A and p coefficients of Eq. 4.5. The factor A is the sensitivity (A = AR/Ry
when [NH3] = 1 ppm) and the exponent p is expected to be p = 0.5 in an ideal
microstructure, but the effect of randomness increase p above this value [97].
Actually, we have A = 0.015, p = 0.56 for the SWCNT onto ceramic inter-
digitated substrate (chapter 3), against A = 0.0048, p = 0.61 for the SWCNT
on plastic (Table 4.1). The decrease in the sensitivity parameter A can be at-
tributed to the less efficient and more distant Ag paint contacts with respect
to the interdigitated Pt electrodes capable of collecting a greater amount of
transferred charge. Therefore, with methods typical of flexible electronics, the
deposition of interdigitated finger electrodes on plastic substrates is expected
to provide a way (i) to enhance the sensitivity factor A and to reduce the noise
through high quality electrical contacts and (ii) to control thickness and density
of the layers (and ultimately R0) by using dielectrophoresis as a method for the
thin layer deposition. It is important to observe that while at low concentrations
the sensors display a comparable response to NHj exposure (inset of Fig.4.13,
right bottom panel), above a threshold of about 200 ppb, the ITO-SWCNT
blend shows a larger sensitivity than the pristine sample, because of the greater
Ro, as discussed before (see Eq. 4.4 and Fig. ?7?). The behavior at very low
concentrations, i.e. [NH3] < 200 ppb, could be ascribed to the ITO coverage of
the SWCNT bundles that can be detrimental to response for low [NHs], as in
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this regime it may hinder an efficient transport of the few injected charges to
the SWCNT conduits. Differences between the two sensing materials have also
been detected in the response to other polluting gases. Indeed, a preliminary
survey (Fig.4.16) indicates that the ITO-SWCNT blend is less sensitive to ace-
tone and ethanol, resulting in a selectivity increase towards these pollutants.
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Figure 4.16: Responses to 20 ppm ammonia (a, b), 30 ppm ethanol vapor (c, d) and acetone
(e, f) of ITO-SWCNT blend and SWCNT layer, respectively. The relative humidity during
the measurements was 43+1% and the temperature 24+1°C.

Also in the case of measurements in gas testing chamber, the data of the re-
sponse curve AR/Rg versus [NH3| was fitted with a power law and the results of
the fitting are shown in Fig. 4.15 (bottom panel) as continuous lines, while the
A and p parameter values are summarized in Table 4.2. As can be observed, the
functionalization with oxide nanoparticles increases for each [NH3] the AR/Rq
value, clearly showing that oxide functionalization can be regarded as a straight-
forward way to increase the sensor sensitivity to ammonia. The highest response
is displayed by the ITO-SWCNT sensor, while the TiO2-SWCNT sensor shows
an intermediate behavior.
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Sample A (1073) p

SWCNT 2.8 +0.2 | 0.82 £ 0.04
TiOo-SWCNT | 3.8 £ 0.3 | 0.80 = 0.04
ITO-SWCNT | 10.5 + 1.1 | 0.54 4+ 0.06

Table 4.2: Values (related to Fig. 4.15, bottom panel) of standard deviation (o) from the
baseline resistance (Ro) and fit parameters, A and p, of the response curve (response in gas
testing chamber), used to calculate the detection limit (DL). The relative humidity and the
temperature during the measurements were RH=114+1%, T=26+1°C.

4.3.2 Response to humidity

One of the most important interfering gas in the ammonia environmental
monitoring is water vapor (humidity). Theoretical studies, supported by ex-
perimental results, show that the HoO molecule has the same reducing effect
of NH3 in the interaction with carbon nanotubes, yielding a charge transfer to
CNTs of 0.033 - 0.035 electrons per HoO molecule, against 0.027 - 0.031 elec-
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Figure 4.17: Response to humidity of the sample based on ITO-SWCNT (a,d) and pristine
SWCNT on plastic substrate (b,e). Relative humidity (R.H.) concentration (c,f). Exposure
to human breath (a-c), results in an R.H. increase from 50% to 60% (corresponding to 3250
ppm); while exposure to water vapor (d-f), yields an R.H. increase from 45% to 55% (about
3270 ppm). The temperature during the measurements was 23+0.5°C.
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trons per NH3 molecule [48]. These charge transfer effects determine, for both
gases, an increase in the resistance of the CNT based gas sensor [98,99], hin-
dering the selective detection of the ammonia molecules. Usually an increase of
sensitivity towards HoO was observed upon functionalization of pristine CNT
with different molecules [100]. With respect to these results, we observed a quite
different response of the ITO-SWCNT sensor to humidity (Fig. 4.17). Two dif-
ferent humidity tests were carried out: exposure to human breath (Fig. 4.17,
a-c panel) and exposure to a water source (Fig. 4.17, d-f panel). In both cases,
the pristine SWCNT-based sensor shows an increase of the resistance with the
relative humidity (R.H.), while in the sample based on ITO-SWCNT blend a
decrease in the sensor resistance is observed. This opposite resistance variation
discloses the possibility to discriminate the presence of water or ammonia in the
atmosphere (we remind that in presence of low concentrations of ammonia both
sensors show a positive variation of the resistance, as reported in Fig. 4.13) by
operating with a sensing system equipped with both sensors. Conversion from
R.H. (%) to ppm of water was carried out according to the formulas reported
in Appendix C.

4.3.3 Response to nitrogen dioxide

The sensor behavior upon exposure to NOs is shown in Fig. 4.18. Here the
three sensors (ITO-SWCNT, TiO2-SWCNT and SWCNT) were tested against
1 ppm and 0.5 ppm NOy concentrations (the response AR/Ry of the three sen-
sors to 1 ppm NOs is shown in Table 4.3). Also in this case the measurements
were carried out in a gas testing chamber (1 1 volume, 500 scem total air flow)
at room temperature (T = 26.5+1.8°C and RH = 7.5£1.9%). For both con-
centrations all sensors display a resistivity change, but the recovery appears to
be quite slow as compared to the ammonia case. This is not surprising as NOq
is known to react more strongly with CNT as compared to ammonia (see, e.g.

[NO,] | AR/Ro ITO-SWCNT | AR/Rq TiO2-SWCNT | AR/Rg SWCNT
1 ppm 0.068 -0.052 -0.046

Table 4.3: Response of the three sensors to 1 ppm NOg, defined as AR/Rg, where AR=Rs-
Ry is the difference between the sample resistance in presence of gas (Rs) and the resistance
before gas exposure (Ro).
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Figure 4.18: ITO-SWCNT (a, d), TiO2-SWCNT (b, €) and SWCNT (c, f) sensor responses
during 1 ppm (a-c) and 0.5 ppm (d-f) NO2 exposures.

Ref. [48] for a theoretical investigation of adsorption energies on several kind
of CNTSs). Furthermore, while the SWCNT and the TiO2-SWCNT samples
display a p-type behavior upon exposure to the oxidizing NOy molecules, the
ITO-SWCNT display an n-type behavior, with a resistivity increase during the
exposure to NOy. This behavior can be used, by combining the response of the
three sensors, to enhance the selectivity of these sensors during a simultaneous
exposure to NHz and NOsy. While R, increases when the sensor bench is exposed
to ammonia, a reduction of this increase could be detected by the SWCNT and
TiO2-SWCNT samples when NOs is introduced in the chamber with ammonia,
due to the opposite effects of these molecules on the sample resistance. This
reduction could be erroneously interpreted as a reduction of ammonia concen-
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tration, unless the ITO-SWCNT sensors display a resistivity increase, revealing

the presence of NOy. This combined measurement approach can be developed
towards possible applications provided that the problem of the slow recovery

upon NOy exposure is solved.

UV curing effects

One possible way to overcome the lack of a fast recovery is the use of UV
irradiation (UV curing) to restore the original Rg values. An example of the
UV effects on the sensor resistance is shown in Fig. 4.19, where the sensors
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Figure 4.19: Effects of UV curing on the recovery after the exposure to 0.5 ppm NO2. (a)

ITO-SWCNT; (b) TiO2-SWCNT; (c) SWCNT.
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response to the same NOy exposure is recorded, followed by UV irradiation.
As can be observed, Ry is driven close to the initial value for the SWCNT and
TiO2-SWCNT sensors, and is virtually restored for the ITO-SWCNT sensor,
demonstrating the possibility to drive the baseline resistance with UV irradi-
ation to overcome poisoning effects due to strongly interacting molecules. To
get further insight into the NO3/CNT interaction in the presence of UV irra-
diation, a photoemission study was carried out on the pristine SWCNT layer.
Photoemission spectroscopy is known to be a powerful tool to track the gas in-
teraction with surfaces, and an example of a systematic investigation of several
gas molecules on CNT is reported in Ref. [15].
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Figure 4.20: C 1s XPS core level measured on the pristine SWCNT layer before and after
NO2 exposure and after UV curing (UV illumination in the vacuum chamber and in air).

The results of the XPS measurements are shown in Fig. 4.20, where the C 1s
core level emission is reported for the pristine SWCNT layer, for the same layer
exposed to 1 ppm NOg before UV curing, and after UV curing in ultra-high vac-
uum and in air. As can be observed, differences among the spectra are relevant
and involve both the energy of the main line and the overall lineshape. After
exposure to NOs the binding energy of the C 1s main line decreases, as expected
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by the oxidizing effect of NOy adsorbed on a p-type material. Furthermore a
large satellite appears on the high binding energy side of the C 1s peak. This is
ascribed to the interaction of CNT with oxygen. This peak is slightly reduced
after UV irradiation in the analysis chamber and is further reduced after UV
irradiation in ambient air. Therefore we can rationalize this behavior as follows.
UV irradiation may induce the desorption of oxygen initially brought about by
NOs adsorption to a considerable extent,though the initial condition is not fully
restored, in agreement with the resistance measurements on pristine SWCNT.

4.3.4 Sensing mechanism

In order to explain the response to ammonia, water vapor and nitrogen
dioxide gas, we propose the following models of sensing (i) based on SWCNTs
density of states (DOS) and (ii) a gas sensing mechanism that considers deple-
tion/accumulation regions due to p-n junction and adsorbed molecules effects
(referring to Sect. 4.2).

SWCNTs DOS modeling

At the light of the present results we rationalize the response of our sensors
to humidity and ammonia by considering the effect of gases interactions in the
density of states (DOS) of SWCNTSs. On the basis of the resistance change (in-
crease or decrease) with respect to the presence of oxidizing or reducing gases
it is possible to classify the doping type of semiconducting materials [101]. In
particular, according to a work of Han et al. [102], the doping character of a
nanomaterial can be determined on the basis of the electrical response to humid-
ity, by considering that water molecules display a reducing character. Materials
that present a resistivity decrease are classified as n-type, while p-type mate-
rials are those showing a resistivity increase. Applying this simple method to
our case, looking at the response to humidity, the pristine SWCNT's should be
p-type, while the sample based on ITO-SWCNT blend shows an n-type behav-
ior. We can then suggest that the effect of the ITO nanoparticles (known as
n-type semiconductors) turns the device material from p-type into n-type. But
the response to ammonia (Fig. 4.13), that is a reducing gas and is expected to
transfer electrons to the sample surface, seems to be at odds with this argu-
ment, as the ITO-CNT material displays a p-type character when exposed to
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Figure 4.21: Schematic representation of the density of states (DOS) of p-type SWCNTs (a),
ITO-SWCNT blend sample (b), NHjs effect (few ppm of ammonia gas) during the interaction
with ITO-SWCNT blend (c), and water vapor (thousand ppm of H2O molecules) effect during
the interaction with ITO-SWCNTs (d).

NH;. Furthermore, Lin et al. [103] have shown that the effect of NH3 on ITO
thin films (n-type) alone is to decrease the resistance. Therefore we ascribe the
resistance increase with NHjz exposure observed in the ITO-SWCNT sample to
the interaction of the ammonia molecules with the ITO nanoparticles that cover
the bundle surface (Fig. ??), yielding a transfer of electrons towards the p-type
SWCNTs, where transport to the electrodes occurs. The apparent contradiction
we observed can be explained on the basis of the effects of the concentration
range on the material electrical response. Indeed, it has been shown [104,105]
that by increasing the concentration of the reducing gas or vapor to which the
nanotubes are exposed, the Fermi level may shift and the CNTs could turn
from p-type into n-type materials. In particular, Zahab et al. demonstrated
how a hole compensation effect takes place during the exposure of the p-type
SWCNTs to water vapor [104]. On this basis we suggest that the role played
by the ITO nanoparticles is to inject extra-electrons on the SWCNTSs, reduc-
ing the hole density and shifting the Fermi level near the compensation value,
as depicted in Fig. 4.21. This hypothesis could explain why the interaction
with NH3 (few ppm) still results in an increase of the resistance, while the in-
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Figure 4.22: Resistance variation upon exposure to humidity of the sample based on ITO-
SWOCNT blend (blue solid line) and pristine SWCNTs (red dotted line). On the right axis the
variation of the Relative Humidity (ARH, black dashed line) is reported. The initial value of
RH was (37.240.2)% and the temperature during the measurements was (23.840.3)°C.

teraction with HoO molecules (thousand of ppm) bring the system above the
compensation level and turn the ITO-functionalized sample into an extrinsic
n-type semiconductor, with a negative resistance variation. This argument is
also supported by the data of Fig. 4.22, where the resistance variation upon
exposure to humidity of the sample based on ITO-SWCNT blend (blue solid
line) and pristine SWCNTSs (red dotted line) are shown. In fact, for a low con-
centration of water vapor (few ppm) the resistance of ITO-SWCNTSs increases,
as that of undoped SWCNTs. However, when the humidity concentration is of
order of thousands of ppm, the compensation value is overcome and the ITO-
SWCNT device turns into a n-type semiconductor, unlike the undoped one,
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that maintain a p-type character. Finally, within the energy band scheme pro-
posed in Fig. 4.21, the increase of sensitivity observed for the sample based on
ITO-SWCNT blend can also be tentatively explained by considering the possi-
bility that the doping effect of ITO brings the Fermi level close to a van Hove
singularity in the DOS, therefore enhancing the resistivity of the SWCNTs to
a larger extent with respect to a Fermi level shift in a region of lower DOS.
In principle, the effects detected on the ITO-doped samples after exposure to
humidity should be present upon exposure to high ammonia concentrations, as
also this molecule displays a reducing behavior. This hypothesis is confirmed by
the data of Fig. 4.23, where the behavior of the two sensors upon exposure to a
continuously increasing ammonia concentration up to 3400 ppm is shown. Here
the ammonia concentration was increased with the aim to observe the reversal
of the electrical response (from p-type to n-type) in the ITO-SWCNT sample.
At the beginning of the exposure the resistance increases (R > Rg), but the
expected reversal is observed to start at [NH3] = 840 ppm (t = 2 min) to be
finally set at [NH;3] = 2670 ppm (t = 3 min 58 s), where R < Rg. Here the ITO-
SWCNT sample has switched from the p-type to n-type behavior, confirming
the presence of a hole compensation effect at the basis of the picture proposed
in Fig. 4.21.

Space-charge in p-n junction modeling

Instead of considering the DOS of SWCNTSs, we can explain the response
to gases by taking into account the p-n nano-junction that is built up between
the SWCNT bundle and the ITO nanoparticle (see Fig. 4.11 in Sect. 4.2.2),
at the origin of the increase of the ITO-SWCNT sample resistance, because of
the depletion region formed at the junction. In literature a considerable num-
ber of studies on gas sensing mechanism in n-type and p-type SMOX can be
found [88-90, 96, 106], where the materials are also combined to form p-n junc-
tions between n-type nanotube and p-type nanoparticles on top of it [107-110].
Recent works on hybrid SMOX-SWCNTs [79-85] have been published where
p-n junction between p-type SWCNTSs and n-type SMOX nanoparticles, or on
hybrid CNT-metal nanoparticles junction [111,112]. However, the researchers
currently agree in thinking that a clear gas sensing mechanism is not fully un-
derstood [88]. In the following paragraph gas sensing mechanisms are discussed
at the light of the results we obtained on the response of our systems (based on
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Figure 4.23: ITO-SWCNT (a) and SWCNT (b) sensor response to high (up to 3400 ppm)
ammonia concentrations (c). Exposure starts at t = 1 min.

SWCNT and hybryd ITO-SWCNT layers) to NHz, HoO and NOy gases. We
will take into consideration the impact of donor surface states (effect of reducing
molecules, like NH3s and HO, adsorbed on the surface, also at high concentra-
tions) or acceptor surface states (O and NOs effect) on the electronic band and
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space-charge regions of a p-n nano-heterojunction. Combining the modeling of
Sharma et al. [81] and Woo et al. [109], in Fig. 4.24 the ITO-SWCNT sample
is sketched, on the basis of AFM (Fig. ?? b) and SEM images (Fig. 4.6 b),
as composed by a SWCNT bundle with a diameter d~30 nm, covered by ITO
nanoparticles with a diameter d~50 nm. Consistently with Sect. 4.2, the ITO-
functionalized sample in air can be depicted as in Fig. 4.24 a. The oxygen
molecules of the atmosphere (as acceptor surface states), adsorbed on the sam-
ple surface, originate a depletion layer (green area) at the n-type ITO nanopar-
ticle surface, while at the p-type SWCNT bundle, where the hole current is
supposed to flow (red arrows), an accumulation region (red area) is built-up.
The blue area represents the depletion region due to p-n nano-junction.

Now, let’s start to analyze the SWCNT and ITO-SWCNT sensors response to
ammonia gas. The series of measurements in air and in the gas testing chamber
show that both samples (SWCNT and ITO-SWCNT) increase their resistance
when exposed to NH3. In terms of band bending, it is well known that a re-
ducing molecules such as NH; (or HyO, CO, etc.) [96] acts lowering the band
banding and, as a result, also the depletion region is reduced (as shown in
Fig. 4.24 b). At the SWCNT bundle surface, the accumulation region is also
reduced, yielding a decrease of the hole current (i.e. an increase of resistance),
as we observed, for example, in Fig. 4.13 or Fig. 4.15.

Water vapor has the same effect of ammonia, but at high concentrations an
inversion layer is established (see Fig. 4.10 and related discussion), the majority
carriers turn from holes into electrons and a n-type response to HoO (i.e. a
decrease in the resistance) occurs, as observed in Fig. 4.17.

With the p-n junction sensing modeling, we can also justify the ITO-SWCNT
response to NOg, which otherwise would not have explanation, by considering
only the SWCNT DOS. The NOs effect is to expand the accumulation region in
p-type SWCNT, resulting in an increase of holes. However, if that were the only
effect to take into account during the gas-surface interaction, then an increase
of current (i.e. a decrease in the sample resistance) would occur, in contrast
with what we observed in Fig 4.18. The only possible reason is that in the case
of NOy the junction effect is dominant with respect to the adsorbed molecule
effect. In fact, besides increasing holes in SWCNT bundle, NO5 causes the ex-
pansion of the depletion region in the n-type ITO nanoparticles (Fig. 4.24 ¢)
that affects the p-n junction depletion region which may extend into the p-type
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bundle up to create a gate-like effect for the hole current.

4.4 Conclusions

Single-walled carbon nanotube pristine layers and functionalized with metal
oxide nanoparticles, deposited on plastic substrates and operating at room tem-
perature, have been used to detect ammonia gas in low-ppb concentrations,
water vapor and nitrogen dioxide. A detection limit of 13 ppb for NHj is
demonstrated and an increase of sensitivity upon functionalization is achieved,
at least for ammonia concentrations above 200 ppb. The role of functional-
ization with ITO nanoparticles becomes much more relevant in the detection
of other interfering gases, as ITO-SWCNTs sample shows an opposite resis-
tance variation, with respect to pristine SWCNTs sample, when exposed to
NO5 and water vapor, disclosing the possibility to discriminate the effect of in-
terfering gases signal in the ammonia detection. Gas sensing mechanism, based
on hole compensation effects in SWCNT density of states and on space-charge
in p-n junction, has been discussed. With respect to the pristine layer, the
ITO-SWCNT blend also displays a shorter recovery time and higher selectivity
(i.e. lower sensitivity) towards acetone and ethanol. In perspective, the present
result makes the SWCNT-based chemiresistor gas sensor quite interesting to
produce low cost, high sensitivity, chemiresistor gas sensors for environmental
monitoring of sub-ppm ammonia concentrations. The low detection limit (i.e.
less that 20 ppb) required for a realistic monitoring of ammonia environmen-
tal pollution is achieved, and the problem of the sensing layer poisoning upon
exposure to low NOs concentration is tackled by considering the effects of UV
irradiation.



Chapter 5

Hybrid nanoarchitectures

Nanostructured materials constitute a very interesting class of systems with
a large field of technological applications, e.g. batteries, fuel cells, super capaci-
tors, etc.. They are also well known as suitable materials to be used as gas sen-
sors, especially because of the high surface-to-volume ratio. These exceptional
qualities could be improved when they are mixed in hybrid systems [113-119],
produced by novel synthesis techniques which enable to control the architecture
of many materials at the nanoscale level, in order to enhance the sensitivity,
selectivity and stability of sensor devices. In fact, from an environmental moni-
toring point of view, the aim is to develop highly sensitive, selective, fast respon-
sive, low cost and portable sensors with low power consumption. In this chapter
we report on simple, scalable, template-based synthesis processes, which can be
employed to produce hierarchical nanostructured hybrid architectures.

5.1 C nanostructured on aligned ZnO nanorods

We now present zinc oxide nanorods (ZnO NRs) and carbon nanostructures
(CNs) grown by chemical vapor deposition (CVD) on ZnO NRs, which have
been prepared, characterized and tested as chemiresistor gas sensors upon ex-
posure to polluting gases, in particular, to ammonia gas. Actually, the growth
of these materials is not yet well controlled and understood, and only few works
are reported, mainly regarding ZnO grown on CNTs [72,116-118]. Following
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Ref. [120], recent papers have also used ZnO as template for the synthesis of
carbon nanotubes and nanostructures [121,122].

5.1.1 Catalyst-free CVD

The samples were prepared by P. Mbuyisa [120] controlling at different tem-
peratures the CoHs CVD on vertically aligned ZnO NRs, which were synthesized
starting from a ZnO film deposited by DC magnetron sputtering deposited on
Si(110) substrate. The ZnO NRs were obtained by using a hydrothermal pro-

Growth scheme

Carbon coating Nanostructured C coating Nanostructured C

* + (CNs)
ZnO NRs ZnO NRs partially etched

Pristine
ZnO NRs

Figure 5.1: TOP PANEL: growth scheme at different CVD temperatures (the green pillars
represent the pristine ZnO NRs, light grey represents C coating, which at high tempera-
ture organizes in carbon nanostructures (CNs). BOTTOM PANEL: SEM images of (a) ZnO
nanorods and (b) ZnO NRs after CVD@800°C. Samples prepared by P. Mbuyisa. Figure
adapted from [120].

cess, which is a simple and inexpensive process yielding to have homogeneous
samples [123]. All the CVD processes were carried out for 5 minutes using a
50 sccm flux of CoHy. The sample was positioned perpendicular to the acetylene
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gas noozle at a distance of 2 cm (see Ref. [120] for more details). The typical
morphology of the NRs is shown in the SEM image of Fig. 5.1 a. The NRs are
about 1 pum in length and are preferentially vertically aligned on the substrate.
They are characterized by a pointed hexagonal shape at the tips, and have a
large diameter distribution in the 50-200 nm range. Fig. 5.1 (top panel) sum-
marizes the growth mechanism induced by CVD at different temperatures: the
carbon coating of the ZnO NRs after CVD at relatively low temperatures, i.e.
580°C, starts to organize in carbon nanostructures (CNs) as the CVD temper-
ature grows up ~630°C; at higher temperatures, i.e. 800°C, most of the ZnO
is etched and CNs remains on the sample surface. The carbon nanostructures
synthetized at different temperatures are the competing results of different phe-
nomena, i.e. carbon deposition, ZnO etching and sublimation of by-products
throught the CNs. The weight of these phenomena strongly depends on the
process temperature, determining the final nanostructuration. Actually, at a
certain temperature, the CoH,/ZnO NRs reaction products include two terms:
those due to CoHy self decomposition and those due to the catalytic reaction
occurring between CoHs and the ZnO NRs surface. C3Hs, used in the process,
decomposes to carbon and hydrogen above 700-800°C [124], but it dissociates on
ZnO surfaces at 400-500°C, forming adsorbed carbon and decomposition prod-
ucts, which include CO, CO2, HoO and Zn, as revealed by thermal desorption
and XPS experiments [125]. During CVD these products are in the gas phase
(Zn vapor pressure is larger than 1 mbar at 500°C); in addition, the presence of
CO implies the formation of further adsorbed (ad)carbon through the following
reaction [119]:

2C0(gas) — C(ad) + CO2(gas) (5.1)

These observation explain the formation of the carbon coating and the etching of
the ZnO NRs observed in XPS, SEM and Raman at temperature below 700°C.
At higher temperature, the CoHs self decomposition becomes more important,
leading to a massive deposition of amorphous carbon and to a more promi-
nent etching of the ZnO NRs. The volatile by-products (Zn, H,O, CO, CO5)
desorb through the carbon coating defects and imply a further reorganization
of the carbon close to the ZnO NRs shell, forming the short one-dimentional
CNs observed on the NRs at temperatures from 740°C. At higher temperatures
(800-830 °C) these phenomena are more evident and important.

Phase contrast HRTEM experiments were performed to reveal the fine details of
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Figure 5.2: High Resolution Transmission Electron Microscopy images of the sample after
CVD at 800°C show an high surface-to-volume ratio and a dendritic porous nature of the
carbon nanostructures [120].

the CNs grown at high temperature. The grown material was gently scratched
using a small blade and deposited onto a carbon-coated copper grid. This pro-
cedure did not change the main structure of the CNs, as shown in the low
magnification image of Fig. 5.2, which is compatible and very similar to the
SEM images acquired onto the same sample before scratching (see Ref. [120]
for more details). HRTEM of Fig. 5.2 shows how the CVD process at 800°C
induces the formation of CNs with a high surface-to-volume ratio as made of
porous carbon from which start to elongate several thin carbon filaments. The
porous carbon is located at the interface with the Si support, as shown in the
low magnification image of Fig. 5.2 a, and its structure is very similar to a
sponge (the elongated CNs have a dentritic porous nature).

The Raman spectrum of the as-grown ZnO nanorods (Fig. 5.3 left, bottom)
clearly shows a peak at 435 cm !, assigned to the E, optical phonon mode, which
is a characteristic Raman peak for the ZnO wurtzite hexagonal phase [126]. A
weak peak in the Raman spectrum at ~579 cm™!, attributed to the E;z mode,
is also observed, which indicates the presence of structural defects (oxygen va-
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cancies, zinc interstitial and free carriers) and impurities [126]. The presence
of the peak at 435 cm ™! indicates that the ZnO core structure of the NRs is
still preserved It is also rather interesting to observe that in the region between
the D and G bands, the spectral weight is not flat but a broad band is de-
tectable, peaked at about 1426 cm™!. We tentatively ascribe this band either
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Figure 5.3: Raman spectra of the as grown ZnO NRs and after CVD carried out at different
temperature in the 200-600 cm ™! (left) and 1150-1750 cm™! (right) range. All spectra are
normalized to the G-band maximum, except the as grown ZnO NRs [120].

to a contribution of a ZnCO phase at the ZnO NRs-carbon overlayer interface
or to some residual carbon-based contaminations that are ultimately desorbed
or decomposed after annealing at high temperatures. By increasing the CVD
temperature to 630 and 740°C, the carbon intensity increases by a factor 2 and
4, respectively, and the ZnO etching process become more prominent. This is
clearly seen in the SEM images of Fig. 5.1 b showing the growth of several one-
dimensional CNs (with lengths < 100 nm and diameters < 5 nm) on the ZnO
NRs. At the same time the Raman D and G modes (Fig. 5.3, right) sharpen,
implying a higher degree of order, which may be due to atoms reorganization as
also seen in the SEM images. In addition the band at 1426 cm ™! decreases in
intensity, consolidating the hypothesis that it is due to carbon-based contamina-
tions. We remark that in this temperature range the pristine ZnO NRs structure
is preserved, as confirmed by the presence of the ZnO Es Raman-active mode,
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even if it is further decreased in intensity and broadened, indicating higher
disorder. The etching and the chemical effect of the CVD process at these tem-
peratures are easily and better revealed by XPS, which shows the appearance
of the signals of the SiO4 substrate used as support for the ZnO NRs synthesis.
In Fig. 5.4, XPS spectra of the O 1s, C 1s and Zn 2p3/, are shown. From bot-
tom to top: ZnO NRs before and after annealing at 630 °C and after CVD at
different temperatures (580, 630, 710, 800°C). In the O 1s spectra (Fig. 5.4 a):
the asymmetry in the ZnO NRs is due to the peak at 530 eV (ZnO) and at
532.6 eV (C=0 bound, reduced after annealing). After the CVD, a component
at 533 eV appears (SiOy from the substrate), showing an etching of the ZnO
surface. The C 1s spectra (Fig. 5.4 b) show the peak at 284.5 eV (graphitic
carbon) disappears after the annealing and it reappears after the CVD because
of the interaction of ZnO with C3Hy (the peak increases with the temperature).
The asymmetry is due to a second peak at 286.6 eV (C=0 bond) that decreases
with temperature. Finally, in the Zn 2pg/, spectra (Fig. 5.4 c) the attenuation
of the peak with increasing CVD temperature confirms a strong ZnO etching (no
more Zn is detected after CVD at 800 °C). The strong ZnO etching is further
confirmed by the observed strong attenuation of the Zn photoemission signal,
as the temperature of the deposition process increases (more details in the XPS
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Figure 5.4: XPS spectra of the O 1s, C 1s and Zn 2p3/2 are reported. From bottom to top:
ZnO NRs before and after annealing at 630 C and after CVD at different temperatures [120].
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analysis can be found in Ref. [120]). XPS, HRTEM and Raman measurements
carried out after CVD at 800°C show that the resulting sample presents filamen-
tous carbon on the pristine ZnO NRs, which are completely etched (Fig. 5.1b).
In particular, the Raman spectrum taken on the samples treated at these tem-
peratures (800°C), shows that the D and G modes became sharper, supporting
the CNs reorganization with a higher degree of order.

5.1.2 Fe catalyst-assisted CVD

With a methodology similar to that described in the previous section, further
samples were also prepared by iron catalyst-assisted CVD. The iron catalyzed
growth was carried out by P. Mbuyisa [127] using a Fe film of about 0.7 nm to
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Figure 5.5: Growth scheme of Fe-assisted CVD@630°C (a) and catalyst-free CVD@630°C.
SEM images of the two samples are reported, respectively in (c) and (d). Samples prepared
by P. Mbuyisa [127].

act as the catalyst. The thin film of Fe was deposited using iron thermal evapo-
ration on ZnO NRs. CyHy Chemical Vapor Deposition (CVD) carried out with
and without iron catalyst allowed to synthesize different carbon nanostructures.
From SEM images (Fig. 5.5, bottom panel) we can observe that in comparison
with the CVD growth without catalyst (Fig. 5.5 d), which leads to a partial
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Figure 5.6: XPS spectra of the Fe 2p level of 0.7 nm Fe deposited on the ZnO NRs, showing
the Fe in its metallic state which is its catalytically active state in the CNT's growth via CVD.

etching of the ZnO NRs after CVD at 630°C, the Fe catalyst assisted CVD
at 630°C (Fig. 5.5 ¢) seems to produce more carbon nanostructures (similar
to carbon nanotubes) on the nanorods. The in-situ XPS (Fig. 5.6), acquired
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Figure 5.7: Raman spectra measured on the sample prepared at 630°C with catalyst-free
CVD (solid green line) and Fe catalyst-assisted CVD (yellow dotted line). Left panel: low
wavenumber region with the ZnO Eg mode at ~435 cm~'. Right panel: high wavenumber
region with carbon related D and G Raman bands (the spectra are normalized to the G-band
maximum).

after Fe deposition and before CVD, showed that Fe-ZnO interaction is weak.
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Figure 5.8: Micro-Raman sampling, where the RBM modes at low wavenumbers are de-
tectable in the Fe_.CVD@630 °C (right panel) sample but not in the CVD@630 °C sample
(left panel). The sampling was carried out on a representative mesh of 676 points, spanning
a surface of about 20x10 pm?.

The Fe 2p3/; is found at ~707 eV and the shape of the peak reveal Fe in its
metallic state (no oxidation is detectable in Fe 2p XPS spectra [128]), which is
its catalytically active state in the CNTs growth via CVD. In Fig. 5.7 the Ra-
man spectra of the samples grown at 630°C with Fe catalyst (Fe_CVD@630°C)
and after CVD with no catalyst at 630°C (CVD@630°C) are shown. In the low
wavenumber region (Fig. 5.7, left panel) the peak at ~435 cm ™! (characteristic
for the ZnO wurtzite hexagonale phase) is observed for sample grown without
catalyst (green solid curve), while it is almost totally reduced in the sample after
Fe catalyst-assisted CVD at 630°C (yellow dotted curve). This suggests a bet-
ter covering of the ZnO by the carbon nanostructures (unless ZnO has started
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to disappear at high temperatures as we discussed in the previous section and
in Ref. [120]). In the high wavenumber region, the typical D and G modes of
carbon at 1330 ecm™! and 1595 cm ™! respectively are clearly detectable. Ac-
cording to the large bandwidth, disorder effects are not negligible but the Ip /I
ratio suggests the presence of more ordered carbon nanostructures in the sample
prepared with Fe catalyst assisted CVD at 630°C. Indeed, the Ip/Is ratio is
0.57 and 0.72 for the sample grown with Fe catalyst and without catalyst, re-
spectively, indicating more ordered structures in the former sample. In Fig. 5.8
a micro-Raman sampling, carried out on a representative mesh of 676 points
and spanning a surface of about 20x10 um?, is shown. The RBM modes at
low wavenumbers are detectable in the Fe_CVD@630 °C sample but not in the
CVD@630 °C sample.

5.1.3 Gas sensitivity

To investigate the potential application of the CNs/ZnO hybrid system, we
analyzed the capability to detect ammonia and acetone in ambient conditions of
one hybrid structure grown at 800°C, and we compared its response to that of
the as-grown ZnO NRs. Fig. 5.9 compares the time dependent variation AR of
the resistivity of the pure ZnO NRs (blue) and of the CNs/ZnO hybrid grown at
800°C (green) while they are exposed to ammonia and acetone. The time expo-
sure to gases is displayed at the bottom of Fig. 5.9. The samples were exposed
to 2.3, 3.3 and 28.5 ppm of ammonia and to high concentration (>30 ppm) of
acetone (Fig. 5.9, from left to right) for three minutes. The response of the
ZnO NRs to ammonia and acetone is consistent with results already present in
literature [129,130]. Actually the CNs-coated sample presents a much higher
response to ammonia with respect to the uncoated nanorods. The response
to ammonia, defined as AR/Ry = (Rs Rg)/Ro (Ro is the resistivity prior to
exposure, Rs upon to exposure), of the CNs/ZnO hybrid is increased by a fac-
tor 4.5 with respect to the ZnO NRs case (see Table 5.1). It should be noted
that the recovery time after the exposure to ammonia is rather slow, but the
measurements have been carried out at room temperature and a faster recovery
is expected when this kind of structures are heated or exposed to ultra-violet
light [13]. After exposure to acetone (>30 ppm), the uncoated sample shows a
negative resistivity variation, while the resistivity of the carbon-coated sample
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Figure 5.9: Response of the as grown ZnO (blue line) and of the sample grown at 800 °C
(green line) upon exposure to 28.5, 3.3, 2.3 ppm of NH3 and >30 ppm of acetone. The
inset (top right) shows SEM after CVD@800°C [120]. RH=31+1%, T=2540.5°C during the
measurements.

[NH3] (ppm) | A (ZnO response) | B (ZnO+CNs response) | ratio A/B
28.5 4 19 4.75
3.3 2 9 4.50
2.3 1.5 6.5 4.33

Table 5.1: A and B are the sensor responses at the 3 different ammonia concentra-
tions reported in the first column: A= AR/Rgp (x1073) uncoated ZnO; B= AR/Rg
(x1073) ZnO+CNs; in the last column the ratio of the two response is reported:
A/B = (AR/Ro)zno+cns / (AR/Ro)zno. The AR/Rp was measured at 25.5°C (0.5°C)
with a relative humidity R.H. = 31% 1%. [120].

does not show detectable variations. Therefore, with respect to the uncoated
nanorods, the carbon coating enhances both the sensitivity towards ammonia
and the selectivity with respect to possible interfering gases such as acetone va-
pors. The system grown at 800°C, therefore, behaves mainly as a carbon based
material, like for example CNT's, having a rather weak interaction with acetone
and an enhanced sensitivity to NHg [131].

In Fig. 5.10, the response curve (AR/Rq versus ammonia concentration) of the
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samples grown at 630°C with and without Fe catalyst (Fe_CVD@630°C yellow
diamonds, CVD@630°C green squares) is reported, compared with response of
other two samples discussed also in the previous section: carbon nanostruc-
tures grown on ZnO nanorods at 800°C (CVD@800°C, red circles) and bare
ZnO nanorods (ZnO NRs, blue triangles). The sample grown with Fe catalyst
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Figure 5.10: Response (AR/Rp) versus ammonia concentration of the four samples tested
as NH3 gas sensors. The relative humidity and temperature values during the measurements
were RH=32% and T=26°C.

at 630°C shows the higher response with respect to the other samples tested.
However, by taking the signal noise and the parameters of the power-law fit in
order to calculate the detection limit for this best-response sensor, we obtain a
DL of 80 ppb. (The DL has been calculated with the formula %"0 =A-(DL)?, as
we discussed in chapter 7?7, with the following values: o = 0.03 2, Ry = 265 (,
A = (2.17£0.05)x1073, p = 0.53£0.04). The DL below 100 ppb makes the
present hybrid materials promising candidates to develop and engineer gas sens-
ing devices for ammonia detection.

Raman results (Fig. 5.7) show that in the Fe_CVD@630°C sample there are
less defects, but this sample appears to be the most sensitive to ammonia gas
(Fig. 5.10). This could be explained considering the presence of more CNT-like
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structures as can be retrieved from SEM image of Fig. 5.5 ¢. This is confirmed
by an extensive micro-Raman mapping (Fig. 5.8) on the Fe_.CVD@630°C and
CVD@630°C samples where low wavenumber radial breathing modes (RBM)
characteristic of SWCNT have been occasionally detected in the Fe_.CVD@630C,
but not in the CVD@630°C sample. In this frame, the higher sensitivity to
ammonia is ascribed to a better charge transport provided by CNTs in the
Fe_CVD@630°C sample. The reactivity towards other gases (acetone, ethanol
and nitrogen dioxide) was tested on the sample grown with iron catalyst at
630°C which is the most sensitive to ammonia gas. The results are shown in
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Figure 5.11: Fe_.CVD@630°C sensor response to acetone, ethanol (to which no response
is recorded) and nitrogen dioxide (that induce a resistance decrease as expected from the
interaction with an oxidizing gas). After NOg exposure no recovery was observed, suggesting
a strong chemisorption.

Fig. 5.11. No sensitivity was observed to slightly reducing gases like acetone and
ethanol (the present measurements were done in lab air conditions and the rela-
tive humidity and temperature values during the measurement were: RH=35%,
T=27 °C). However, a response to 1 ppm of NOy was observed (AR/Ro=-0.012,
resulting in a sensitivity (AR/Rg)/[NOz] = 0.012 ppm~!). This latter exposure
was carried out in the sealed testing chamber with RH=10% and T=28 °C.
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5.2 Tubular Sn-filled carbon nanostructures on
ITO

Indium tin oxide (ITO) is a conductive oxide, widely used as transparent
electrode in many applications, e.g. photovoltaic applications in organic solar
cells [132], liquid crystal display [133], antireflection coatings in organic light
emitting diode [134] and radiation protection [135]. Little attention has been
paid so far to ITO nanostructures as gas sensor material. In a recent paper, L.
D’Arsié et al. show a new method to obtain nanostructured SnO, on I'TO using
CVD with CyHy as reagent gas [136]. This constitutes a new promising pro-
cedure to develop energy generation and storage electrodes or chemical sensors
with improved efficiency.

5.2.1 Sample preparation and characterization

The method to obtain nanostructured ITO, sketched in Fig. 5.12 a, consists
in three steps: first, before the growth, the substrate of ITO on glass was heated
at 940 K in a vacuum chamber (1075 mbar) and then exposed to 1 mbar of Hy for
10 min; second, vertical nanostructures was obtained by exposing the ITO/glass
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( a ) H, CH, 0, — Cranostrucures/mo /| G ( b)
@ 940K @ 940K @ 940K

defects b
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Figure 5.12: Growth scheme (a), Raman spettra (b) and high-resolution SEM images (c-e)
of carbon nanostructures grown on ITO/glass at 940 + 10 K (“NS ITO” sample). Sample
prepared by L. D’Arsié et al. Figure adapted from Ref. [136].
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substrates heated at 940 + 10 K to acetylene gas CoHs at a pressure of 30 mbar
for 5 min; and finally the sample was heated in O5 atmosphere at 940 K in order
to burn the carbon coverage [136]. From XPS analysis, D’Arsié et al. showed
that the hollow carbon structures vertically grown on ITO surface were filled by
SnO, (Fig. 5.12 e). Then, after the exposure to Oy atmosphere at 940 K, the
carbon coverage is removed by pyrolysis and vertical nanopillars of tin oxide are
left on the sample surface. We refer to this first sample of SnO, nanostructures
on ITO substrate as “NS ITO” sample.

Two other samples were prepared by the method described above, following the
first two steps of the growth scheme of Fig. 5.12 a, i.e. the substrate of ITO
on glass was heated at 940 K in a vacuum chamber, then exposed to 1 mbar
of Hy for 10 min and to CoHs gas at P = 30 mbar for 5 min. At a later
stage, the samples have been annealed in a oven at 940 K for 15 minutes at
atmospheric pressure. SEM images of these two samples, which we call “NS
ITO a” and “NS ITO b”, are shown in Fig. 5.13. As can be observed from

Figure 5.13: SEM images of (a) “NSITO a” and (b) “NS ITO b” samples, prepared following
the first two steps of the growth scheme of Fig. 5.12 a and then annealed in an oven at 940 K
for 15 minutes at atmospheric pressure. SEM images have been taken before the annealing.

SEM images, tubular vertical nanopillars cover the “NS ITO a” sample surface,
while in the “NS ITO b” sample nanostructures are stretched out on the surface.
In Fig. 5.14 Raman spectra of “NS ITO a” and “NS ITO b” samples, before
and after the annealing, are shown. The D and G modes, typical of carbon
materials, disappear after the annealing, confirming the pyrolysis of the carbon
that covered the SnO, nanostructures. The large band width of the peaks in
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Fig. 5.14 (left panel) show that the tin nanopillars, before the annealing, are
covered by an amorphous carbon skin.
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Figure 5.14: Raman spectra of “NS ITO a” (blue empty triangles) and “NS ITO b” (red
filled squares) samples before (left panel) and after (right panel) the annealing in an oven at
940 K for 15 minutes at atmospheric pressure. In the insets, pictures of the samples before
and after the annealing are reported: “NS ITO a” sample are on the left and “NS ITO b”
sample on the right of each picture.

5.2.2 Gas sensitivity and response time

The samples based on carbon/tin oxide nanostructures on ITO substrate
have been tested as chemiresistor gas sensors with the set-up for gas sensing
measurements reported in chapter 2. For the electrical contacts two metal clips
fixed on the sample surface have been used (in a second moment we put two
stripes of Ag paste on the edges of the sample, but this did not improve the
sensitivity to gases). In order to compare the response between the NS ITO
sample and the commercial CGS Figaro2602, the resistance variation upon ex-
posure to 30 ppm ammonia for 3 minutes is reported in Fig. 5.15 (top panel).
The Rg of the NS ITO is around 286 k€2 before gas exposure. The signal during
the recovery time has been fitted with a double exponential curve, obtaining
the following decay time: 71=(51.840.6) s, 7=(403+2) s for the commercial
CGS Figaro2602, and 71=(3.5+0.2) s, o=(57£2) s for the NS ITO sensor. The
fluctuations on the top of the curve during exposure and the signal noise are
reported respectively in the inset (a) and (b) of Fig. 5.15 (top panel). In partic-
ular, the signal noise results o ~ 36 Q. In the inset (c) of Fig. 5.15 (top panel)
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Figure 5.15: TOP PANEL: nanostructured tin oxide on ITO (NS ITO) sample response
(blue solid curve) to 30 ppm ammonia exposure, compared to the response of the commer-
cial CGS Figaro2602 (red dashed curve). Fluctuations on the top of the curve during gas
exposure are reported (inset a), compared to noise (inset b). In the inset (c) a couple of
peaks after ammonia concentration variations of 3.6 and 2.2 ppm are reported. BOTTOM
PANEL: commercial metal oxide CGS Figaro2602 resistance (red dotted line) compared with
the convolution (green dashed line) of the signal from NS ITO based sensor (blue line) with
F(t) = A exp(-t/74) + B exp(-t/7p) (grey-filled to zero line).
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a couple of peaks after exposure to ammonia concentration of 3.6 and 2.2 ppm
are shown. The fast recovery of NS ITO allows to have two distinct peaks, while
the commercial CGS did not fully recover before the second ammonia exposure.
We highlight the fact that the commercial CGS Figaro2602 is heated at 150°C,
while the NS ITO operates at room temperature.

In order to evaluate the different response times between the two sensors, we
performed a convolution of the NS ITO signal with a double exponential func-
tion (y = A e™s + B e%), reported in Fig. 5.15 (bottom panel). The fit
parameters are: A =1, 74 = 15s, B=0.15, 75 = 150 s. The peculiarity of “NS
ITO” sensor is the very fast recovery time after the interaction with ammonia
gas. As observed and discussed in chapter 7?7, the signal fluctuations on top of
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Figure 5.16: Examples of fitting with exponential curve to obtain the decay time of signal
fluctuations on top of the curve during gas exposure. Inset a: example of isolated peak with
decay fitted with double exponential curve. Inset b: decay time values and weighted average
(2.9040.01 s).

the curve during gas exposure have their own characteristic time for signal rise
and decay (we observed a step-rise time and a recovery time of few seconds for
this sample). The decay time of some fluctuations has been evaluated by single
exponential fitting (Fig. 5.16), obtaining an average decay time of 2.90+0.01
seconds.

The sensor response to ammonia gas of the samples “NS ITO a” and “NS ITO b”
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before and after the annealing in an oven at 940 K at atmospheric pressure have
also been tested and are shown in Fig. 5.17. The resistance value of the “NS ITO
a” sample is around 235 2 and 1630 €2, before and after the annealing respec-
tively; while the “NS ITO b” resistance is higher before the annealing, around
3200 2 (maybe due to the contacts between the tubular structures stretched on
the surface), and it increases after the annealing, around 4790 2. Before the
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Figure 5.17: “NS ITO a” (blue curve on top of each panel) and “NS ITO b” (red curve
on bottom of each panel) sensor response before (top panel) and after (bottom panel) the
annealing.
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annealing the sensors do not respond to ammonia gas because of the amorphous
carbon that cover the tin nanopillars, while a good response (AR/Rq =~ 0.04
with [NH3] &~ 3 ppm, leading to a sensitivity (AR/Rg)/[NH;3] = 0.01) is recorded
for the “NS ITO a” sensor after the annealing. The “NS ITO b” sensor respond
to the same concentration of ammonia with AR/Rg ~ 0.004, i.e. a sensitivity
(AR/Rg)/[NHs] /2 0.001, after the annealing treatment. Although the annealing
and the consequent carbon pyrolysis allow the sensor to be sensitive to ammonia
gas, contrary to the situation before the annealing treatment, when no response
is detected (Fig. 5.17 top panel), the temporal evolution of the resistance during
ammonia exposure (Fig. 5.17 bottom panel) is quite different compared to that
of “NS ITO” sample (Fig. 5.15), in particular considering “NS ITO” and “NS
ITO a” which present a similar morphology on the sample surface (Fig. 5.12 c-e
and Fig. 5.13 a). This could be attributed to the different parameters of the
post-growth annealing processes, namely 1x10~% mbar Oy, 10 minutes for the
“NS ITO” sample and ambient air for 15 minutes for “NS ITO a” and “NS
ITO b” samples. We leave this as an open question, but these effects certainly
require more investigations.

5.2.3 Response curve and Detection Limit
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Figure 5.18: Response curve of the sensor NS ITO, drawn after a sequence of ammonia
exposures as those reported in Fig. 5.15.
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After a sequence of ammonia exposures, as those reported in Fig. 5.15, by
evaluating the AR/Rg we are able to plot the response curve for the NS ITO
sensor (Fig. 5.18). By fitting the data with a power law AR/Ry = A [NH3]?,
we obtained the following parameters: A = (2.74£0.3)x1073, p = 0.3640.04.
Finally, considering the signal noise ¢ = 35.8 Q and 50 = 180 €2, a DL of 17 ppb
has been estimate by the formula 50/Ry = A (DL)P.

5.3 Conclusions

In this chapter possible hybrid architectures to be used in chemical gas sens-
ing have been proposed. In the first section we have shown how CVD on ZnO
nanorods allows to synthesize different carbon nanostructures, whose morphol-
ogy can be tuned with CVD growth parameters. CVD assisted with Fe catalyst
results in more ordered CNs and in a better coverage of the ZnO NRs sub-
strate. As a consequence, the sample response as gas sensor, the main objective
of this work, is enhanced. Although external environmental conditions affect
the sensitivity and the sensor recovery time, these sensors can detect low ppm
of ammonia, exhibiting selectivity with respect to other tested gases (acetone,
ethanol, nitrogen dioxide). In the second section of this chapter, the original
preparation, by D’Arsié et al. using catalyst-free CoHs CVD on ITO substrates,
of ordered and possibly vertically aligned arrays of carbon covered tin nanowires
or SnO, nanopillars on ITO substrates, has been described. These hybrid nano-
materials has been tested as ammonia gas sensor in air at room temperature,
showing a good sensitivity and a very efficient recovery time.
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Appendix A

SWCNT-based NHj sensor
in chemFET configuration

The SWCNTs response to ammonia gas has been tested also in chemFET
configuration (see Fig. 1.14 in chapter 1.14). In order to prepare a SWCNT-
based chemFET, a p-doped silicon substrate (thickness 500+25 pm), covered
with 150 nm +10% SiOs layer (Siltronix SAS) have been used as gate electrode.
The source and drain electrodes consist of Ag paste stripes and SWCNTs (de-
posited by drop casting) are the sensitive layer. Fig. A.1 (a-c) (taken from a

(a) Vg=0 (b) Vg>0 {c) Vg< 0
B ~ 20 e 08
€ D———_j:——u LIE“ ‘8}‘ D"_i__"k:l:g"_ - 3 L
e | i
= 0.8 & 2.0
U.HE =

0 DOS 0 DOS 0 DOS

Figure A.1: Density of states structure of a semiconducting (7,0) CNT under the gate-bias

voltage of (a) Vg = 0, (b) Vg = 1.59 V and (¢) Vg = - 1.56 V (Figure adapted from
Ref. [137]).
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first-principles study carried out by K. Uchida et al. [137]), shows the DOS spec-
trum of a semiconducting (7,0) CNT together with the Fermi level e of the
CNT under the gate-bias voltage of Vg =0, Vg = 1.59 Vand Vg =- 1.56 V,
respectively. We remember that in the p-type or “hole” conduction, a negative
gate voltage reduces the number of electrons in the channel, i.e. increases the
number of holes, so that the channel become more conductive [138].
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Figure A.2: Current flowing through SWCNTs between source and drain electrodes, varying
the gate potential Vg from -10 V to 410 V (step 1 V). For each gate voltage value, the current
variation Algp has been measured (inset).

In Fig.A.2 a typical measurement of the current Igp flowing through SWCNTs
between source and drain electrodes, varying the gate potential Vg from -10 V
to +10 V with step of 1 V, is shown. When a negative gate voltage is applied,
an increase of current has been detected, confirming the p-type character of the
SWCNT-based device [138].

Measurements as that shown in Fig. A.2 has been carried out also in presence
of ammonia gas ([NH3] = 5 ppm). For each gate voltage value Vg, the cur-
rent variation Algp has been measured and the modulus of Algp has been
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plotted versus Vg (Fig. A.3 a). In Fig. A.3 b the difference between the mod-
ulus of Algp in dry air (without ammonia gas) and in dry air with 5 ppm
[NH3] is shown. The ammonia effect is evident for negative Vg, in accordance
with higher hole density on the nanotube surface, which promotes the NHg
interaction. The negative Vg shifts downward the Fermi level, increasing the
conduction in the p-type SWCNT, but the presence of NH3 which injects extra-
electrons on the CNT surface, make the jump Algp lower.
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Figure A.3: (a) Current variation Algp versus gate voltage V¢ in dry air (blue triangles
curve) and in 5 ppm NHj3 (green squares curve) atmosphere. The measurements have been
carried out at room temperature (T~25°C) and RH~10%. (b) Difference (red dots) between
the two curves plotted in (a) and fit (black lines) for negative and positive V¢.
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Appendix B

Adsorption isotherms

Among all the adsorption isotherms the Langmuir model (1916) is one of
the most popular, also nowadays. About 100 years ago Irving Langmuir was
developing his theory of adsorption of gas on solid surfaces [139], [140], verified
by a large number of experiments (cite Langmuir 1915). He believed that “when
gas molecules impinge against any solid or liquid surface they do not in general
rebound elastically, but condense on the surface, being held by the field of forces
of the surface atoms. These molecules may subsequently evaporate from the
surface. The length of time that elapses between the condensation of a molecule
and its subsequent evaporation depends on the intensity of the surface forces.
Adsorption is the direct result of this time lag. If the surface forces are relatively
intense, evaporation will take place at only a negligible rate” [140]. Langmuir
emphasized the chemical nature of the forces involved in the adsorption process.
But ha also highlighted that his chemical theory of adsorption was different
from previous theories which “believed that definite chemical compounds were
formed on the surface”. He suggested that “the adsorbed atoms are chemically
combined to the surface atoms of the solid but these in turn are chemically
combined to those below them, and so on throughout the whole mass of the
solid”. He also proved that the true adsorbed films do not exceed one molecule
in thickness.

The idea is to consider a chemical reaction between A and B:

A+BS AB
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where the reagent A is the gas molecule M, that strikes the solid surface and

*

the reagent B is the vacant surface site S—* available for the adsorption. Then
the product will be the the molecule adsorbed on the surface S — M and we can

write the “adsorption reaction”:
Mg +S—"=S-M (B.1)

We can derive Langmuir isotherm, in the case of simple adsorption, from equi-
librium consideration [140] From Langmuir isotherm

e
1+00C

(B.2)

where 0 is the surface coverage, b is the adsorption coefficient and C is the
sorbate concentration, and assuming the distribution function of adsorption
sites to be in exponential form [141,142]

b = boexp(Q/RT) (B.3)

whit by a constant, Q the adsorption energy, R the universal gas constant and T
the temperature, it is possible to derive the Freundlich isotherm in the modified
form (posso mettere i passaggi in appendice?):

(boC)™

B sin(mm)/(mm) (B-4)

where 6 is the coverage, m and by are constant and C is the concentration.
Eq. B.4 is valid for small values of concentration C. Furthermore, for small values
of m, sin(mm)/(mm) ~ 1 and the original Freundlich’s expression is obtained:

Op = KC™ (B.5)

where K = bj’. Sometimes we find 0 in function of pressure p, instead of
concentration C, but assuming a direct proportionality between p and C (some-
thing like Henry’s law), there is no substantial differences. Eq. B.5 is often use
in surface science and in environmental science to obtain the surface coverage
vs. the gas concentration (or the amount of gas vs. the gas pressure).
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Why choosing Freundlich equation and relation with gas
response curve

Now we want to compare Freundlich isotherm, that relates surface coverage
fr and the gas concentration (or pressure), with our power fit of the response
curve, where AR/Ry is plotted vs. ammonia concentration

AR )
T = AINH] (B.6)

The hypothesis of small concentration (or small pressure) is respected because
we are considering few ppm of ammonia gas, and also the power exponent is
small (p = 0.56). Assuming, as Peng et al. did [143], that the change of
conductance AG (or the change of resistance AR) is proportional to the gas
coverage 6, we can directly compare the terms in Eq. B.6 with the terms in
Eq. B.5. In particular we can consider %(C) as 6(C), the fraction of surface
covered by NH3 molecules (or the NH3 molecules adsorbed by SWCNT layer).
This is in accordance with many works in literature that use power laws for
semiconductor gas sensors [96,144].
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Appendix C

Conversion of R.H. into
ppm of water

The relative humidity (R.H.) of an air-water mixture is defined as the ratio
of the partial pressure e of water vapor in the mixture to the saturated vapor
pressure of water e* at a given temperature. R.H. is normally expressed as a
percentage and is calculated by using the following equation C.1 [145]:

RH. = (63* x 100%) (C.1)

The conversion from R.H. to ppm of water is based on the following equations.
First, the dew point temperature Ty is evaluated according to the formula:
R.H.
Ty = (W)l/8(112+0.9T) +0.17 — 112 (C.2)
Then one has to consider the dependence of vapor pressure e on both pressure
P (mbar) and temperature T (°C)

17.502T

P.T) = (1.0007 + 3.46 - 1075 P) - 6.1121 - exp(——r_
(P T) = + ) o100 1T

) (C3)

The coefficients appearing in eq.C.2 and eq.C.3 are subjected to continuous re-
finement, as addressed in Refs. [146,147]. These equations allow one to calculate
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e(T4) and therefore obtain either the moisture concentration ppm, (parts per

million by volume) as:
. — 106 . C(Td)
ppmy = F—m

or the moisture concentration ppm,, (parts per million by weight) as:

(C.4)

ppmy, = 0.622 - ppm,, (C.5)
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