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nterpenetrating networks of metallic-

semiconducting carbon nanotubes

(CNTs) have been increasingly used as
one of the key electronic materials for new
classes of chemiresistors."® They consist of
arrays of nanotubes between two gold con-
tacts and produce a highly sensitive re-
sponse compared to other solid-state gas
chemiresistors. At this point, there is some
controversy whether the response arises
from the modulation of nanotube them-
selves, modulation of the junctions be-
tween gold and the nanotubes, or modula-
tion of the junctions between two adjacent
nanotubes. For example, K. Bradley et al.'
showed that NH; mainly interacts with car-
bon nanotubes themselves. In contrast, N.
Peng et al."" suggested that the modulation
of nanotube—metal electrode junctions in-
fluence the response to NHs. In another ex-
periment, Liu et al.'? observed that both
nanotube channels and nanotube—gold
junctions play a role in the detection pro-
cess of NHs.

The objective of our work was to do cal-
culations to see if we can understand why
different sets of careful experiments give
different results. In particular we were inter-
ested in determining whether changes in
the properties of the nanotubes could
change the dominant sensing mechanism.
Recall that Gomez-Navarro et al.’* found
that the resistance of a nanotube changes
by 3 orders of magnitude as defects form on
the nanotube surface. We were interested
if such changes were sufficient to switch the
dominant mode of sensing.

Our results show that the dominant
sensing mechanism is highly dependent
on the resistance of the nanotube. In par-
ticular, we show that in networks consist-
ing of highly conductive (perfect) nano-
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ABSTRACT There has been recent controversy whether the response seen in carbon nanotube (CNT)

chemiresistors is associated with a change in the resistance of the individual nanotubes or changes in the

resistance of the junctions. In this study, we carry out a network analysis to understand the relative contributions

of the nanotubes and the junctions to the change in resistance of the nanotube network. We find that the

dominant mode of detection in nanotube networks changes according to the conductance level (defect level) in

the nanotubes. In networks with perfect nanotubes, changes in the junctions between adjacent nanotubes and

junctions between the contacts and the CNTs can cause a detectable change in the resistance of the nanotube

networks, while adsorption on the nanotubes has a smaller effect. In contrast, in networks with highly defective

nanotubes, the changes in the resistance of the individual nanotubes cause a detectable change in the overall

resistance of a chemiresistor network, while changes in the junctions have smaller effects. The combinational

effect is also observed for the case in between. The results show that the sensing mechanism of a nanotube

network can change according to the defect levels of the nanotubes, which may explain the apparently

contradictory results in the literature.

KEYWORDS: carbon nanotube chemiresistor - carbon nanotube defect - sensing

mechanism -
conduction

tubes the chemiresistor response is
determined by the junctions between adja-
cent metal nanotubes and the junctions be-
tween the nanotubes and the gold. How-
ever, in networks with low conductive
(heavily defective) nanotubes, the chemire-
sistor response is determined by modula-
tions in the resistance of the nanotubes
themselves. The combinational effect is also
observed for the case in between.

This conclusion arises from a detailed
systematic analysis of the network elec-
tric transport analysis considering both
metallic and semiconducting CNTs and
corresponding homogeneous—
heterogeneous junctions. We did such an
analysis and asked the question, “How do
changes in the resistance of the metal
nanotubes, the semiconducting nano-
tubes, and the junctions between them in-
fluence the response of a nanotube net-
work?” Our numerical technique is to
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vary the resistance of metallic and semiconducting
nanotubes and corresponding homogeneous—
heterogeneous junctions one at a time within the ex-
perimental range and determine the overall change of
network conductance. We also considered a similar re-
sistance for junctions between gold electrodes and
nanotubes and junctions between two adjacent metal-
lic nanotubes.

In detail, each CNT was modeled as a stick of length
L that is randomly positioned on a 2D surface. One end
of the tube is positioned randomly on the surface and
its other end is determined after picking an arbitrary ori-
entation with a uniform probability distribution be-
tween —180 and 180 degrees. Coordinates of the CNT
junctions (nodes) are determined, and a connectivity
matrix (that identifies pairs of nodes that are connected
to each other with a finite resistance) is defined to rep-
resent the CNT network. In the produced network, the
resistance arises because of two contributions: the resis-
tance of the individual CNT and the resistance of junc-
tions. On the basis of Gomez-Navarro et al.'s work'> we
choose three different scenarios in our simulation for
CNTs: (i) perfect tube, (ii) slightly defective nanotubes,
and (iii) heavily defective nanotubes. The resistance of
each tube was calculated using the expression in ref 14
with a prefactor of f (1 = f = 1000)'? for the defects
part as follows:

R= f@[1 +.L (1)
2 }\eff
in terms of the quantum resistance R, = h/(2¢?) (where
e is the electron charge and h is Planck’s constant) and
the effective carrier mean free path Ag. In the case of
metallic CNTs, the effective mean free path used in the
computation was on the order of 600 nm after account-
ing for the contribution of both acoustic and optical
phonons.' In the case of intrinsic semiconducting nan-
otubes, their low carrier loading prevents the electrical
conduction in the absence of doping, and their effective
resistance becomes more than 4 orders of magnitude
larger than their metallic counterparts. The junction re-
sistances were assigned to 15.38R, for metal—metal
junctions, 33.3R, for semiconducting—semiconducting
junctions, and 100 times higher than that of
metal—metal for metal—semiconducting junctions.'’
Applying Kirchhoff's laws to the resulting network of re-
sistors, the overall conductance of the network was cal-
culated. The simulations corresponding to a certain net-
work loading were repeated between 300 and 1000
times (depending on the CNT loading), and average val-
ues for the conductance of the network over these rep-
etitions are reported.

RESULTS AND DISCUSSION

Figure 1 displays the nanotube networks’ conduc-
tance obtained from simulation for the nanotube load-
ings per unit area up to 6 wm™2, This is equivalent to 4
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Figure 1. (a) Experimental and simulated conductance vs
nanotube loading. The average conductance for the en-
semble of networks fits very well to experimental results us-
ing a conversion factor of 0.66, the ratio of mass per unit vol-
ume of nanotube solution (mg/L) over nanotube loading in
unit area (um™2).

mg/L nanotube in solution, which will be discussed
later. We define P as the probability of finding at least
one conducting path in the network. The inset of this
figure shows the percolation probability of the chemire-
sistors, P, as a function of the CNT loading. The depen-
dence of network conductivity (o) on CNT loading ob-
tained from simulation is in accordance with the
standard percolation theory described by o o (N —
N.)*, where N is the volume loading of the nanotube so-
lution, N, is the critical volume loading of the CNT cor-
responding to the percolation threshold (N, =
1/m(4.236/Liupe)? and « is a critical fitting exponent.
The best fit of o « (N — N)* to the theoretical curve
shown in Figure 1 results in o = 1.92, which is close to
the theoretical prediction of « = 1.94.'° Here we point
out that the simulations performed in this study provide
detailed information about nanotube networks, such
as distribution of the current among metallic and semi-
conducting nanotubes, which cannot be accessed from
experiment and analytical percolation equations.

We also did experiments to verify the predictions of
the computations. CNT networks shown in Figure 2
were fabricated using liftoff photolithography as de-
scribed in our previous papers,'”'® and the conductance
shown in Figure 1 was measured. The average conduc-
tance measured for the network shows very good
agreement with the simulations using a conversion fac-
tor of 0.66, the ratio of mass per unit volume of nano-
tube solution (mg/L) over nanotube loading in unit area
(pm~2).

Figure 3 shows the change in overall conductance
of a network with equivalent loading of 1 mg/L by sepa-
rately varying the resistance of the metallic nanotubes,
the resistance of the semiconducting nanotubes, the re-
sistance of the junctions between adjacent metal nano-
tubes, the resistance of junctions between adjacent
semiconducting nanotubes, and the resistance of the
junctions between adjacent metallic and semiconduct-
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Figure 2. (a) SEM images of fabricated nanotube chemiresistors. The gap zone and electrodes are labeled G and E in the
SEM images, respectively. (b) Display of a typical Raman spectrum of our nanotube chemiresistors (1 mg/L) that include nan-
otube peaks, which consist of a sp>-like disorder band (D) around 1340 cm™" and a sp?-like tangential band (G) around 1590
cm~'. The Raman spectra were obtained using an Ar+ laser operating at 514.5 nm (2.41 eV), a spot size of 50 pm diam-

eter, and 3 mW of power on the sample.

ing nanotubes. We did the analysis for three different
conductance levels of nanotubes: (a) perfect nanotubes
(f=11ineq 1), (b) heavily defective nanotubes (f =
500), (c) slightly defective nanotubes (f = 70). For per-
fect nanotubes (Figure 3a), we found that if the resis-
tance of the junctions between adjacent metallic nano-
tubes changes as one might expect if gas adsorbs,
there is a large change in the conductance of the net-
work. In contrast variations in the resistance of metallic
nanotubes, semiconducting nanotubes, and junctions
between two adjacent semiconducting nanotubes and
between the adjacent metallic—semiconducting nano-
tubes have little effect.

By comparison when the nanotubes are highly de-
fective, changes in the resistance of the defective
nanotubes have a significant effect on the overall con-
ductance of the network. However, the variations in the
resistance of all kinds of junctions have negligible ef-
fects. We also see the combinational effects for the case
of slightly defective nanotubes, as shown in Figure 3c.
These results clearly indicate that different conductance
levels of nanotubes yield different sensing mecha-
nisms in a network.

Physically, pristine nanotubes have a very low resis-
tance. In such a case, the resistance of the nanotubes
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is low compared to the resistance of the junctions be-
tween adjacent nanotubes, so large percentage
changes in the conductance of the nanotubes (i.e.,
changes larger than one would expect for gas adsorp-
tion) do not produce a significant change in the con-
duction of the network. The semiconducting nanotubes
also have little effect because they have such high resis-
tance that there is little or no current through them.
Thus, only changes in the resistance of the junctions, ei-
ther between adjacent nanotubes or between the nan-
otubes and the gold, have a significant effect of the re-
sistance on the network.

Defective nanotubes show the opposite effect. De-
fects can vary the resistivity of the nanotubes by 3 or-
ders of magnitude.'? In that case the resistance of the
nanotubes is large compared to the resistance of the
junctions. Hence, the changes in the resistance of the
nanotubes have an important effect on the overall con-
duction of a network.

The analysis above considered only
Shottkey —Richardson conduction in the nanotubes
(i.e., conduction through the conduction band), but at
higher voltages electron transport also occurs via
Poole—Frenkel conduction if there are defects in the
nanotube. If electrons are transported via the
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Figure 3. Variation of the nanotube network conductance
as a function of the change in the resistance of metallic nan-
otubes, the change in the resistance of semiconducting nan-
otubes, and the change in the resistance of junctions be-
tween two adjacent nanotubes for the case of (a) perfect
nanotube, f = 1; (b) highly defective nanotubes, f = 500; and
(c) slightly defective nanotubes, f = 70.

Poole—Frenkel mechanism,'”%2 the electron hopping
through nanotube defects can inject accumulated
charges at the defect sites to the conduction band of
the nanotubes, which in turn changes the conductance
of the chemiresistor upon gas adsorption. That causes
an enhancement in the sensitivity of the nanotubes be-
cause the analyte concentration is higher on defects
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Figure 4. (a) Length fraction of nanotubes that carries spe-
cific current vs nanotube loading. 100 nA is the maximum
current that the length fraction of all networks is able to
carry. Lower currents are not efficient, and higher currents
exist only in lower nanotube loadings. (b) Typical normalized
response to 10 ppm DMMP gas molecules for nanotube
chemiresistors with loadings of 0.75 to 8 mg/L. The inset
shows the response to ammonia molecules.

than on pristine regions of the nanotubes. Details of
such a mechanism have been explained in ref 17.

To determine the efficient current required for
achieving pure electron hopping, we considered the ex-
perimental condition where we applied a constant ex-
ternal current and obtained the histogram of currents
passing through nanotube segments. Figure 4a shows
the histogram results presented in the form of the frac-
tion of nanotubes that carry a specific current at each
nanotube loading, while Figure 4b shows the sensitiv-
ity of the chemiresistors to adsorption of gas. The de-
tails of the experimental section have been explained in
refs 17 and 18. In this calculation, we assumed that our
network was made of highly defective nanotubes since
the Raman spectra shown in Figure 2b show a large
density of defects.

It is useful to compare parts a and b of Figure 4. We
observe a similar trend for both sensitivity and fraction
of nanotubes vs nanotube loading for current equal to
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or less than 100 nA. We also observe that there are no
nanotube segments at higher loadings that carry cur-
rents higher than 100 nA. The results suggest that 100
nA is an upper limit for the minimum current required
for an efficient electron-hopping process.

Figure 4 also indicates that the fraction of nano-
tubes that carry a 100 nA current decreases with the in-
crease in the network loading. This result suggests a
similar trend in the electron-hopping distance (or
range) vs nanotube loading. If this is the case, thus,
one should also expect a similar trend in the charge
fluctuation and consequently in the 1/f noise level. To
check this hypothesis, we measured the 1/f noise level
of our chemiresistors at three different applied currents
for different nanotube loadings. Results are displayed
in Figure 5. We attribute the increased 1/f noise level at
lower nanotube loadings to higher charge fluctuations
in these networks due to higher extent of electron-
hopping processes. A diminished trend of 1/f noise with
network loading is also consistent with the reduction
in the electron-hopping distance (or range), as shown
in Figure 4. The results indicate that the electron-
hopping mechanism in Poole—Frenkel conduction
well describes the sensitivity and noise level in highly
defective nanotube chemiresistors.

To summarize, we performed network simulation
to differentiate the sensing mechanism in nanotube
chemiresistors. We found that the change in the resis-
tance of nanotubes can modify the dominant detection
mechanism in nanotube chemiresistors. Our results
showed that networks with highly defective nanotubes

METHODS

Fabrication and Design of the Chemiresistor. Nanotube chemiresis-
tors were fabricated using standard lift-off photolithography. A
silicon substrate with a thermal oxide layer (500/0.6 um Si/SiO,)
was patterned with chrome and gold (17/100 nm Cr/Au) for
source and drain electrodes separated by a 6 um gap.
3-Aminopropyltriethoxysilane (APTES, 1%) (Gelest, Inc.) was uti-
lized as a supportive coating to enhance the interaction between
the SWNT film and the silicon substrate.

SWNT Preparation and Deposition on Silicon Substrate. A highly con-
centrated SWNT suspension (400 mg/L) was made from 10 mg
of SWNT powder (Unidym, High Purity HIPCO) and 1% (w/v) so-
dium dodecyl sulfate (SDS) in water. Multiple sets of 10 min, low-
powered ultrasonication (at 40% power and 90% frequency),

1 h stirring, and 3 h centrifugation (at 2800g or 4100 rpm) were
performed to homogenize and uniformly disperse the suspen-
sion. The highly concentrated, homogeneous SWNT suspension
was then diluted to a selected concentration (mg/L) in a 25 mL
solution before being vacuum filtered with mixed cellulose ester
(MCE) membranes (Millipore, 0.22 um pore size). After the SWNT
was successfully deposited onto the membranes, the wet MCE-
SWNT membrane was dried for at least 2 h under 381 mmHg
gauge pressure before multiple rinsings with approximately 80
mL of purified and deionized water (Millipore, Milli-Q water). Mul-
tiple rinsing was intended to completely remove the SDS resi-
due from the MCE-SWNT membrane. Finally, a stamp technique
was used to transfer homogeneous, randomly aligned CNT films
to the APTES-treated silicon surface.

www.acsnano.org
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Figure 5. Measured noise density for nanotube chemiresis-
tors with nanotube loadings ranging from 0.75 to 8 mg/L at
three applied electric currents. The maximum noise level is
at 1 mg/L. The noise level decreases with the network load-
ing and then stays fairly constant. A similar trend was ob-
served in Figure 4a and b.

were influenced only by change in the resistance of
the nanotube themselves, while networks with pristine
nanotubes were modulated only by modulation of the
resistance of junctions. Clearly, in the latter case, among
junctions between a gold electrode and nanotubes,
and junctions between adjacent metallic nanotubes,
the one with lower conductance dominates the overall
conductance of nanotube networks. Our results explain
how seemingly identical studies done carefully on dif-
ferent nanotubes and with different fabrication tech-
niques can reach different conclusions on the dominant
sensing mechanism in nanotube networks, as reported
by Bradley et al.,'® Peng et al.,'" and Liu et al.’
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