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ABSTRACT The electrical properties of random networks of single-wall carbon nanotubes (SWNTs) obtained
by inkjet printing are studied. Water-based stable inks of functionalized SWNTs (carboxylic acid, amide,
poly(ethylene glycol), and polyaminobenzene sulfonic acid) were prepared and applied to inkjet deposit
microscopic patterns of nanotube films on lithographically defined silicon chips with a back-side gate
arrangement. Source —drain transfer characteristics and gate-effect measurements confirm the important role
of the chemical functional groups in the electrical behavior of carbon nanotube networks. Considerable nonlinear
transport in conjunction with a high channel current on/off ratio of ~70 was observed with poly(ethylene glycol)-
functionalized nanotubes. The positive temperature coefficient of channel resistance shows the nonmetallic
behavior of the inkjet-printed films. Other inkjet-printed field-effect transistors using carboxyl-functionalized
nanotubes as source, drain, and gate electrodes, poly(ethylene glycol)-functionalized nanotubes as the channel,
and poly(ethylene glycol) as the gate dielectric were also tested and characterized.
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ingle-wall carbon nanotubes

(SWCNTs) are appealing candidates

for fabricating molecular electronics
devices. Depending on their chirality,
SWCNTSs could exhibit either metallic
(m-CNT) or semiconducting (s-CNT) behav-
ior, both necessary building blocks for con-
structing electronic circuits.! Different tech-
niques have been reported for the
fabrication of devices based on individual
SWCNTs, including field-effect transistors
and logic circuits,® gas sensors,® and nano-
sized rectifiers.* However, the assembly and
connection of individual SWCNTSs to con-
tacts is challenging, and the absence of
highly purified SWCNTSs of specific chirality
complicates the assembly of electronic de-
vices based on individual SWCNTs.
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Carbon nanotube films have been ex-
plored as an alternative solution for con-
structing electronics devices. The viability
of using SWCNT networks as diodes and
field-effect transistors (FETs)®> 8 and chemi-
cal sensors®'° has already been demon-
strated. Additionally, because of their opti-
cal transparency and electrical conduction,
SWCNT films have been suggested for con-
ductive coatings as an alternative to trans-
parent oxides.'"'? Random arrays of
SWCNTs are easily produced by their depo-
sition onto an arbitrary substrate from a so-
lution of suspended SWCNTs, using differ-
ent techniques such as vacuum filtration,
electrophoretic deposition, dip and spray
coating,'® as well as by inkjet printing."*~'®
If the density of SWCNTSs in such an array is
sufficiently high (i.e., exceeds the percola-
tion limit), the nanotubes will interconnect
and form continuous electrical paths be-
tween the electrodes. Low density (but per-
colated) films of SWCNTSs exhibit nonlinear
current—voltage behavior and show gate-
modulated transport in the channel due to
the Schottky barriers forming at the inter-
face of metallic and semiconducting nano-
tubes. Thick layers, in which the metallic
nanotubes can form continuous electrical
paths between probe electrodes, have lin-
ear transport properties without showing
any gate control.’>~ "7

Chemical surface modification of nano-
tubes by attaching functional groups has
been utilized as an important step for pre-
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Figure 1. Electrical conductivity as a function of average
film thickness of SWCNT networks made of four different
types of functionalized nanotubes. Various thicknesses were
obtained by subsequent printing over the same pattern.
The electrical resistances of all networks were tested at —5
V drain—source bias. Depending on film thickness, the con-
ductivity of the films can be varied within a window of ~2
orders of magnitude.

paring suspensions and stable solutions. However, the
original electrical properties of the nanotubes are not
left intact, which is to be taken into account when de-
signing a new device.'® Side wall covalent functionaliza-
tion and vacancy defects that change the sp? hybridiza-
tion of carbon atoms in the tube wall could induce an
impurity state in the gap region, thus leading to consid-
erable change in electronic states as well as in the elec-
trical properties of nanotubes. This appears to be inde-
pendent from the functional groups (provided those
are monovalent) as obtained by ab initio
calculations.’®?° By introducing different chemical
groups to the nanotube wall, it is possible to change
the interaction between nanotubes and the surround-
ing environment. This reactivity could enhance the sen-
sitivity and selectivity of CNT-based gas sensor
devices.?"??

In this work, we study the electrical properties of
thin films of inkjet-deposited SWCNT networks with dif-
ferent types of functional groups: carboxylic acid
(—COOH), amide (—CONH,), poly(ethylene glycol)
(PEG), and polyaminobenzene sulfonic acid (PABS). We
then show different device operations caused by the
chemical groups. In addition, we demonstrate the con-
struction of entirely inkjet-printed field-effect transistors
using well conducting thick layers of carboxyl-
functionalized nanotubes as source, drain, and gate
electrodes, semiconducting films of PEG-functionalized
nanotubes as channel and PEG as the gate dielectric.

RESULTS AND DISCUSSION

A series of SWCNT films with different thickness
were deposited on SiO, substrates to form random net-
works of partially bundled SWCNTSs. The electrical con-
ductivity (Figure 1) of the films was calculated from re-
sistance measurements carried out at 5 V channel bias.
By increasing the thickness of the nanotube networks,
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TABLE 1. Calculated Percolation Threshold Thickness t.
(Average over the Printed Surface Area) and Critical
Exponent « for the Deposited Nanotube Films

carboxyl amide PEG PABS
tc (nm) 0.07 £ 0.01 0.31 £ 0.05 0.23 +0.38 0.09 % 0.02
o 1.03£0M 0.65 = 0.15 0.83 = 0.54 122 +0.27

the conductivity of each film increases ~2 orders of
magnitude within a narrow thickness window of the ex-
periments; however, above a certain critical thickness,
further significant increment of conductivity cannot be
reached. Despite the equivalent nanotube coverage,
the conductivities are different for each type of film.
Carboxylated and PABS-functionalized nanotubes ex-
hibit always the lowest resistivity, followed by amide
and PEG-functionalized films having corresponding
sample thickness values.

The overall conductivity versus thickness behavior
measured for each film is similar to those of percolat-
ing networks. Near the percolation threshold (p.), the
conductivity (o) is expected to be related to the concen-
tration of conducting paths (p) by the universal power
law of the form o « (p — p)*.2>?* As the conducting
paths are proportional to the film thickness, the con-
ductivity law can be expressed as o « (t — t)* for t =
t., where t and t. are the thickness and the correspond-
ing threshold value (critical thickness), and « is the criti-
cal exponent. For thicknesses lower than t, there is no
connection between the contact electrodes. Over the
threshold limit, in the SWCNT networks, the overall re-
sistance is dominated by the tube—tube, tube—bundle,
and bundle—bundle contacts as well as by the intrin-
sic conductivities of the nanotubes. By increasing the
film thickness, the number of percolated paths in-
creases, thus the resistance decreases as more and
more parallel connections form. However, at high film
thicknesses, addition of further nanotubes to the net-
work cannot contribute much to the improvement of
conductivity because the film becomes like an ideal
bulk conductor (~2 nm thickness for each sample).

Films made of PEG- and amide-functionalized CNTs
exhibit lower conductivity, with the percolation transi-
tion taking place at higher average film thicknesses of
~0.2 and ~0.3 nm, respectively, compared to those of
the PABS and carboxyl-functionalized samples having
such threshold values below 0.1 nm (see Table 1).

The considerably different electrical conductivity
values of the films at equivalent carbon nanotube cov-
erage are a consequence of several factors related to
film morphology and functional groups linked on the
nanotubes. The homogeneity of networks on the sub-
strate surface can play an important role since the for-
mation of CNT bundles inherently results in a partial
network of metallic ropes instead of individual metallic
and semiconducting nanotubes. Bundling is caused by
attractive forces of tube-to-tube van der Waals interac-
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lic acid and (b) poly(ethylene glycol)-functionalized inks
dried on sample holder grids. The arrows in panel b show
thin polymer layers between the nanotubes (and bundles).

tions after the evaporation of solvent (water) from the
ink. The forces can be especially strong for carboxyl and
amide groups due to intermolecular H-bonding?” be-
tween H and O or N along the side groups of adjacent
nanotubes. For polymer side groups, the polymers can
cause considerable steric hindrance and limitations in
direct lapping of nanotubes on each others; that is, the
nanotubes are somewhat separated from each other by
the polymer chains (see Figure 2).

Another important factor is the acidic nature of the
chemical group. Due to water adsorption on the nano-
tubes from the moisture of ambient air, carboxyl*® and
sulfonic acid®” groups can deprotonate, thus providing
mobile carriers (protons and hydronium ions) for electri-
cal transport in the film. Accordingly, nanotube films
with PEG functional groups that are insulating are ex-
pected to be the least conductive, while carboxyl-
functionalized nanotubes are the most conductive due
to possible bundling and protonic conduction. These
assumptions are in qualitative agreement with the ex-
perimental results.

TABLE 2. Electrical Characteristics of SWCNTs Films®

carboxyl amide PEG PABS
b lyger” (NM) ~0.11 ~0.37 ~0.23 ~0.12
R (MQY) 062015 095*+023 2483*+726 438+11.2
on—offratioc 1.3 0.1 19+ 04 70 £5 44+ 16
@, (meV) 140 106 256 176
me 16.6 20.2 217 114

“Thickness of a single print. *Resistance measured at — 1V source —drain bias.
“Transistor on/off ratio measured using —200 and +200 V gate at —1V
source—drain bias. “Apparent average height of Schottky barriers at the junctions
of metallic and semiconducting nanotubes. “Average number of junctions along a
percolated path in the network.

Films of carboxyl-functionalized SWCNTs exhibiting
nonlinear /—V characteristics are obtained if the en-
tangled network has low nanotube density to allow for-
mation of continuous electrical paths.'~'” We find
similar nonlinear electrical transport behavior for low
density nanotube films functionalized with amide, PEG,
and PABS functional groups, as shown in Figure 3.

The tunable channel transport by an external elec-
tric field (see insets in Figure 3) supports the existence
of Schottky junctions in each nanotube network. Films
of PEG- and PABS-SWCNTSs have considerable gate ef-
fect with channel on/off ratios of ~70 and ~4.5, respec-
tively, while the carboxyl- and amide-functionalized
films show moderate gate response with channel on/
off ratios of ~1.3 and ~2.0, respectively (Table 2). The
higher channel conductance at negative gate voltages
for each sample suggests similar p-type field-effect
transistor operation regardless of the functional group
linked to the nanotubes.

In order to quantify the height of the Schottky barri-
ers (dy,) for the junctions of metallic and semiconduct-

ing nanotubes in each low density network,

7.51

(a) C.OOH

[ we apply a modified diode equation which
takes into account the Ohmic losses and the
series of several Schottky junctions in the per-

L colated path. Thus the current in the nanotube
networks is described as'® I(V,T) =

- AA*T?exp(—Dy/ksT)exp(q(V — RI/m)/(kgT) — 1],
where A is the average cross section of the

films estimated by the film thickness and ge-
ometry, A* = 4mmqk?/h? is the Richardson
constant, g is the elementary charge, m* =
0.037m. is the effective mass of carriers in a
nanotube,?® kg is Boltzmann's constant, h is
Planck’s constant, ®y, is the Schottky barrier
height, R is the serial resistance of the network
obtained from the /—Vps slope at the large

bias voltages, and m is the number of junc-
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Figure 3. Drain—source current—voltage Ips—Vps sweeps for (a) COOH-, (b) CONH,-,
(c) PEG-, and (d) PABS-functionalized SWCNT films with thicknesses of 0.11, 0.37,
0.23, and 0.12 nm, respectively. The top insets are plots of Ips— Vs sweeps measured
at —1 V channel bias (each averaged of three subsequent measurement cycles). The
bottom insets are FESEM images of the corresponding nanotube networks. Note:
transistor channel with COOH-functionalized nanotubes is printed using diluted ink
(50% stock dispersion and 50% deionized water).
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inally the ideality factor of the diode, which is
considered to be 1 in our calculations). The
nanotube—metal electrode interfaces are as-
sumed to be Ohmic because of the large work
function of Pt film (®p, > 5 eV).2%3° Fitting
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Figure 4. Channel resistance as a function of temperature
measured using Usp = 0.5 V. The lines are fit to thermally as-
sisted tunneling with tunnel barriers of 12 £ 6,22 = 5, 19
+ 1, and 31 = 2 meV for the carboxyl-, amide-, PABS-, and
PEG-functionalized nanotube films, respectively.

the above equation on the measured /—Vps data, we
get both ®, and m parameters (summarized in Table
2). The calculated average barrier heights from 106 to
256 meV are reasonable considering the barrier of a
metal—semiconductor junction ®, = E; — O, + x5,
with a typical work function (®y,) of 4.5—5.0 eV for me-
tallic CNTs as well as band gap (E;) of 0.3—0.9 eV and
electron affinity (xs) of 3.9—4.8 eV for semiconducting
CNTs.29733 The electrodes (spacing gap of 15 um) are
connected with individual and bundled nanotubes hav-
ing a length of ~1 wm, thus the number of Schottky
junctions in series we estimate from the fitting param-
eters (m = 11.4 to 21.7) is also reasonable.

For PEG- and PABS-SWCNT films, the resistance is
governed by the sum of the series resistance of the
CNT itself, the junction resistance between the CNTs,
and the resistance of the polymer layer between the
CNTs. This explains the high resistance of the film, while
the high nonlinear behavior could be explained by a
high Schottky barrier (®y,). In this case, not only the me-
tallic and semiconducting CNTs form junctions (i.e.,
m-CNT/m-CNT, m-CNT/s-CNT, and s-CNT/m-CNT) but
also m-CNT/polymer/m-CNT, m-CNT/polymer/s-CNT,
and s-CNT/polymer/s-CNT interfaces can contribute to
the nonlinear characteristics of such films.

The negative temperature coefficient of resistance
measured for each sample from 7 to 317 K (Figure 4)
shows nonmetallic electrical behavior similar to those
results obtained by other groups.'”?> However, a net-
work of Schottky junctions seems to explain well the
carrier transport near room temperature.'®'” By fitting
the diode equation to the low temperature data, we ob-
tain an unreasonable match. Variable-range hopping
proposed for thin single-wall carbon films'” does not
explain the process either; however, thermally assisted
tunneling,?® R(T) = Cexp(T/(T; + T), where R(7) is the
temperature-dependent resistance, C is a geometry pa-
rameter, Ty, is the tunneling barrier height, and T/T}, is
the quantum-induced tunneling in the absence of fluc-
tuations, gives nearly perfect fit especially for data be-
low ~200 K for each type of nanotube film just like in
the case of pristine and carboxyl-functionalized nano-
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tube films of various thicknesses measured by another
group.

At low temperatures, the s-CNTs become insulat-
ing, thus electron tunneling between adjacent metallic
nanotubes takes over the charge transport. The calcu-
lated apparent barrier energies are between 12 and 31
meV, slightly higher than those measured for CNT
bundles, ~6,>* ~9,>> and ~7 meV for spray-coated
films.23

On the basis of the results obtained for our inkjet-
printed thin film transistors on Si chips, we inkjet-
deposited entirely CNT-based FETs on a flexible poly-
mer substrate (Figure 5a,b). Because of the measured
highest on—off ratio for the channel current, PEG-
functionalized nanotubes are selected to print the thin
p-type channels (thickness of ~1.5 nm) on the surface
of an ordinary transparency foil (Canon B-400). First,
well-conducting electrodes using carboxylated nano-
tubes (~3.5 nm) are deposited for source and drain
electrodes. These electrodes are then connected by the
channel layer of PEG-functionalized CNTs. A layer of
PEG (~20 wm) is then deposited on the top of the chan-
nel (and partly on the source and drain electrodes,
too) to form the gate dielectric. Finally, on the top of
the PEG film, the gate electrode (~3.5 nm) is printed us-
ing carboxylated nanotubes again. The as-made de-
vices show nonlinear channel /—V behavior and p-type
FET operation with a typical on—off ratio ~3 with gate
voltages between —3 and 3V, as seen in Figure 5c.
When the upper and lower limits of the gate bias
sweeps are increased, the transistors show ambipolar
characteristics (Figure 5d—f); however, when applying
low gate voltages again, most of the devices operate as
an n-channel FET, as shown in Figure 5g. Similar
n-doping was observed for individual p-type nano-
tubes by using vacuum annealing®® or by applying
large gate bias while sourcing the channel of a p-FET
device.?” Both processes result in desorption of O, and
other oxidizing moieties from the surface of nanotubes
that are suggested to be responsible for p-type dop-
ing in ambient conditions.” Carrier mobilities () up to
~60 cm? V™' 57T were obtained as calculated from the
transfer curves and from the geometry of transistors ac-
cording to . = (L/WGCo)(1/Vps)dlps/dVss, where L = 250
pm is the channel length, W = 200 pm is the channel
width, and Gy ~ 7.7 X 1076 A s V- m~2 is the gate ca-
pacitance. These values are about an order of magni-
tude lower than those measured for aligned single-wall
nanotube array devices.*®

CONCLUSIONS

We have studied the electrical properties of inkjet-
deposited thin films of four different types of functional-
ized single-wall carbon nanotubes and confirmed the im-
portant role of chemical functionalization on the electrical
properties SWCNT networks. We found that the films be-
have as percolating networks with a power law depen-
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Figure 5. Entirely inkjet-printed FET with PEG-functionalized SWCNT thin film as channel, COOH-functionalized SWCNT film electrodes
(source, drain, and gate), and PEG film as gate dielectric on a flexible transparency foil. (a) Optical micrograph and (b) schematic draw-
ing of the device. (c) Ips—Vps at Vgs = 0 V and Ips— Vs at Vps = —1 V plots of a transistor showing p-channel behavior. (d—g) Ips—Vgs plots
of a device measured using different gate bias sweeps. The applied external electrical field results in gradual n-doping of the p-type chan-
nel: (d) p-FET at —2 V < Vs < 2V, (e) p-FET with slightly ambipolar behavior at =5 V < Vg5 < 5V, (f) ambipolar operation at =25V <
Vss < 25V, and (g) n-type FET device operation after lowering the gate voltage sweep againto =2V < Vgs <2 V.

dence of the conductivity on the film thickness, showing
quasi-one-dimensional charge transport. The electrical
transport near room temperature could be well explained
by thermionic emission, taking place at the junctions be-
tween crossing semiconducting and metallic nanotubes.
Polymeric functionalization shows decreased conductiv-
ity by 1—2 orders of magnitude when compared to the
amide- and carboxyl-functionalized nanotube films of the
corresponding thickness and exhibits higher apparent av-
erage Schottky barriers.

When using a proper selection of functional groups
and film thickness, it is possible to obtain film conduc-
tivities in a large parameter window. By simply chang-
ing the layer thickness, networks with linear as well as
nonlinear gate-controllable current—voltage transport
can be made with all types of nanotubes. Though the

on—off ratios obtained for functionalized SWCNT thin
film transistors are moderate compared to those mea-
sured on individual nanotubes, such components can
be still practical (e.g., for low-end devices that are pro-
duced in large quantities) since any preselection of in-
dividual semiconducting nanotubes is not necessary.
Furthermore, with a proper optimization of gate dielec-
tric material and thickness, the switching behavior
might be improved further.

At low temperatures, the semiconducting nano-
tubes become insulating, thus electron tunneling be-
tween adjacent metallic nanotubes takes over the
charge transport.

Finally, we have successfully demonstrated that
inkjet-printed field-effect transistors could be con-
structed solely from thin films of functionalized car-

TABLE 3. General Characteristics of Water-Based SWCNT Inks

Fraction of functional Measured solid CNT content™
SWCNTs type group® (wt%) content™ (ug/mL) (ng/mL) Structure
Carboxyl
+ ~
(-COOH) 14.9 28+3 24
Amide
+ ~
(-CONH,) 13.2 46+5 40
poly(ethylene glycol) + ~
(PEG) 30 35+4 25
poly(aminobenzene
sulfonic) acid 65 38+4 ~13

(PABS)

“The wt % values of functional groups are according to the specifications of Sigma-Aldrich. °The values correspond to the whole amount of solid content in the inks measured by filtra-
tion of 10 mL ink from each sample. ‘The values show the nanotube concentration obtained from (a) and (b).
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bon nanotubes (except the gate dielectric, which is
a layer of inkjet-printed PEG). We have also shown
that a p-channel thin film FET device could be trans-
formed to n-type by simply applying a large local
electrical field with the gate electrode. Because of
practical reasons (to enable easy contacting with
probes for electrical testing), the current size of a
printed transistor is ~1 X 1 mm?, which could be
scaled down to a size of ~100 X 100 um? with

EXPERIMENTAL SECTION

Four types of SWCNTs with different chemical functionaliza-
tion, such as carboxylic acid (—COOH), amide (—CONH,), poly-
(ethylene glycol) (PEG), and polyaminobenzene sulfonic acid
(PABS), were used as purchased from Sigma-Aldrich. Inkjet-
printable aqueous dispersions of SWCNTs were prepared by son-
icating 2.0 mg of nanotubes in 15 mL of deionized water for
3—5 h. Subsequently, the dispersions were centrifuged at 3500
rpm for 30 min, and the supernatant solution was collected and
centrifuged again for 15 min. The centrifugation and separation
steps were repeated at least four times. The as-obtained inks
(Table 3) were then inkjet-printed on customized Si chips using
a DIMATIX Fuijifilm DMP-2831 with 10 pL nominal drop volume.

Boron-doped p* Si substrate (5—20 m{) - cm) with a thin
evaporated layer of Al on its bottom was used as back-side gate
electrode. SiO, layer of ~1 wm (PECVD) was applied as gate di-
electric on which electrodes of Pt on Ti (thickness of 300 nm and
45 nm, respectively) were defined by optical lithography. The
spacing gap between adjacent source—drain electrodes was 15
pm.

In order to deposit thin films with different average nano-
tube thickness, multiple prints over the same pattern were made.
The test patterns were lines with a length of ~200 um depos-
ited with 9 ink droplets of 25 wm center-to-center spacing. The
diameter of the dried droplets was typically ~35 pum for each ink.
The average layer thickness values for the nanotube films were
calculated as t = Cink X Varop X Narop X (pswent X Apattern) ' Where
Cink is the ink concentration measured by weighing the mass of
solid residuals after filtrating each ink (and normalizing it to the
carbon content by considering the weight fraction of functional
groups), Verop is the nominal drop volume of 10 pL, Nyop is the
number of drops over the printed area (Agstem), and pswent = 1.4
g-cm~3 is the mass density of a SWCNT.

The electrical characterization of each sample was carried
out in ambient conditions using a dual source meter (Keithley
2612) with LabView control.

Low-temperature measurements were performed in vacuum
(base pressure ~4 X 107° mbar). The sample was connected in
series with a resistor (R << Rsampie) and a SIM928 isolated voltage
source (Stanford Research Systems). As voltage was applied
across the sample, the corresponding current was measured
over the resistor R. The signal was amplified and detected with
a SIM BJT preamplifier (Stanford Research Systems) and an Agi-
lent 34401A digital multimeter, respectively. Optistat AC-V PT
cooler system (OXFORD INSTRUMENTS) has been used in tem-
perature control. The sample was attached to the cold head, and
a vacuum was pumped with TURBO-V 70 LP MacroTorr (VARIAN)
into the measurement chamber. Cooling was performed with a
Pulse Tube refrigerator, whereas the heating was adjusted with
an Intelligent Temperature Controller (ITC503) to reach the de-
sired temperature. Data acquisition was performed automatically
using LabVIEW 8.2.
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