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Abstract. A carbon nanotubes (CNT) network is a promising gas sensing material for
“e-nose” development due to the vast methods of cross-sensitivity modification. However, the
dominant sensitivity mechanism remains unclear since both the CNTs and junctions between
CNTs can be gas-sensitive. In this paper to estimate the contributions of both mechanisms, we
simulated CNT networks with varied densities using an equivalent electrical circuit. Density
variation alters the junction’s and CNT’s contribution to the network resistance, and hence the
total resistive response. We compared the results with the experimental resistive response of the
spray-coated CNT networks toward ammonia (NH,). A decrease in the network density results
in a higher response, which indicates a likely significant role of CNTs junctions in sensitivity
of a sparse networks. We also studied the effect of formic acid treatment on CNT networks,
which increases both conductivity and sensitivity by removing residual solvent.
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MexaHM3M YyBCTBUTEJIBHOCTU ceTOK M3 YHT Kk NH3: MoaenMpoBaHue
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AnHoTanusa. B pabote ObUIO MPOBEICHO MOIEIMPOBAHWE SKBUBAJICHTHOM 3JICKTPUYECKOM
CXEMbI CETKM M3 yrjepolHblXx HaHOTpyOook (YHT) misti oueHKU BIMSIHUS TIOTHOCTU CETKU
YHT Ha BkJIag pa3inyHbIX ME€XaHW3MOB PE3UCTUBHOIO OTKJIMKA HAa BO3AEUCTBME aMMUaKa.
MeTomoM a3po30JIbHOTO HAaHECCHHMs OBLIM M3TOTOBJICHBI Ta30UyBCTBUTENBHBIC CETKHU
VHT c¢ pa3nuyHOil MJIOTHOCTBIO M M3MEpPEHa UX YYBCTBUTEJILHOCTh. CpaBHEHHE TaHHBIX
MOJEIUPOBAHUS M HSKCIEPUMEHTAJbHBIX pE3yJIbTaTOB YKa3blBaeT Ha TO, YTO M3MEHEHUE
KOHTAKTHOro compotusiieHuss Mexay YHT, MoxeTr sBiasieTcss OOHUM M3 MEXaHU3MOB
CEHCOPHOI'0 OTKJIMKA B Pa3peXeHHbBIX CeTKaXx.

KmoueBbie cioBa: yriaepoaHass HAHOTpyOKa, ra30BbIil IETEKTOP, adp0O30JIbHOE HaHECEHMUE,
MOICIMPOBAHUE IIEKTPUUECKHUX CXEM
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Introduction

Development of “e-nose” technology promotes interest toward gas-sensitive nanomaterials.
To efficiently mimic the olfactory system, an array of sensors with varied cross-sensitivity should
be fitted on a single substrate. Therefore, key e-nose requirements for sensitive layers are the
adjustable sensitivity toward selected gas species, miniaturization and integrability. Carbon
nanotubes (CNT) fulfill these requirements and considered as a promising gas-sensing material.

Since the pioneering works in the early 2000s, the CNT’s sensitivity mechanism remains
a matter of argument. A large number of studies of single CNT based field-effect transistors
assert the existence of both sensitivities of CNT [1] and Schottky barrier between CNT and the
electrode [2]. The apparent inconsistency of the known results rises from number of factors that
determine the dominance of one of the mechanisms on the overall sensitivity in selected works.
For example: presence of defects and functional groups in CNT [3], the work function of the
metal that determines the height of the Schottky barrier [4, 5], the measuring temperature [6].
When studying CNT networks, the identification of the dominant mechanism is even more
complicated since we should consider the presence of both metallic (m-CNT) and semiconducting
CNTs (s-CNT), as well as their junctions which are also gas sensitive [7]. Sensitivity mechanisms
can be localized in: 1) contact between CNT and electrode, 2) CNT channel (intra-CNT) and
3) CNT-CNT junction (inter-CNT). Taking into account that the resistance of the junctions
dominates in total resistance of the low density CNT networks, especially for short CNTs [8, 9], the
role of inter-CNT gas sensitivity can be essential. The dominant effect of CNT junctions in short
CNT channels was already demonstrated by Boyd et al. [7] for nonfunctionalized CNTs. Inoue
et al. [10] also suggest FIT model-based theory associating adsorption and contacts resistance.
However, a deeper understanding of inter- and intra-CNT sensitivity contribution in large area
networks of functionalized CNTs is still required since it will allow to focus on increasing the
sensitivity of the dominant mechanism or vary cross-selectivity by changing different mechanisms’
contribution.

In this work, we simulated the resistive response of the resistor-based model of CNT networks
and experimentally measured the resistive response of the spray-coated network to ammonia
exposure. We compared simulation and experimental result to evaluate which sensitivity
mechanisms prevails in fabricated gas sensing layers.

Materials and Methods

To fabricate the CNT sensor we used P3-SWCNT (“Carbon Solutions”) dispersion in a
mixture of N-Methyl-2-pyrrolidone (NMP) (for HPLS “Acros Organics”) and deionized water
(for HPLC, “Component-Reactive”). A multisensory chip with Ti/Au electrodes with a 50 pum
gap on Si/SiO, substrate was spray-coated with CNT dispersion by a self-designed automated
spray-coating system. To achieve uniformity of the CNT network we used ultralow dispersion
flow [11]. The density of the network was varied in different segments of the chip by transferring
the shadow mask while spray-coating. After deposition, chip was mounted into the PCB holder.

The morphology of obtained CNT networks was studied by atomic force microscope
(AFM) Solver-Pro (“NT-MDT?”) in tapping mode. The electrical characterization was carried
by 2450 SourceMeter (“Keithley Instruments”). To measure CNT response to gas exposure
device was preliminarily annealed in dry air by heaters integrated into the chip at 100 °C.
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The gas mixture was prepared by evaporating the required volume of ammonia solution to obtain
concentration of 50—400 ppm, then pumped through the device chamber with a 200 sccm flow.
Chip was recovered in dry air in two steps: at first gas flow was a 2000 sccm to enhance the recovery
rate, and in the second step at 200 sccm to avoid the effect of the flow rate on the response.
The response was calculated as § = (RgaS—Rw.r)/Rair-IOO%, where R and Rgas are the resistances
of the segments before and after 15 min exposure, respectively. Resistance was evaluated at 8
segments simultaneously by measuring current at a bias voltage of 5 V, the segments denoted
as CNT-1—CNT-8 from the most conductive to the least one. After studying response of the
as-prepared CNT network, the substrate was immersed in formic acid (FA) to reduce the residue
NMP content. The CNT layers after FA treatment are hereinafter denoted as FA-CNT.

To simulate the CNT network resistive response, we randomly generated a 2-D network of
randomly distributed 1-D sticks of two types denoting m- and s-CNT. The average length was
0.8 ym and the standard deviation was 0.4 similar to AFM evaluated values, the m-CNT to
s-CNT ratio was 0.33 (Fig. 1, a). The resulting network was converted into a SPICE model of an
equivalent resistor circuit. We used the following approach for equivalent circuit generation: CNT
was divided into segments in intersections with other CNTs and substituted with resistors with
values R, = pg, L, where L is a segment length, p,, = 6 kQ/um and p; = 9 kQ/pm are resistivity
of m-CNT and s-CNT, respectively (Fig. 1, b). The p  corresponds to experimental results for
non-sorted HNO, treated single-walled CNTs [12], while p is slightly higher which is observed at
least for as-synthesized CNTs [13]. Since the minimal resistance of CNT is limited by resistance
quantum 1/2G,, where G, = 7.7-10° § is quantum conductance, the resistors with RQZ 1/4G,
were added to each junction with other CNTs. For model simplification, the junctions were
also simulated with resistors, despite the non-linearity of s- and m-CNT heterojunction [14]
and junctions of s-CNTs with different chirality or diameter [13]. The values R, ,, = 40 kQ, and
R, ;= 60 kQ corresponds to acid-treated CNTs [12]. R, = 200 kQ a few times higher than R ¢
as for non-treated CNTs [13]. We estimated CNT network response using a simulated circuit
resistance as R, and simulated resistance with doubled values of the R, R, R, or all of
them as R, representing a gas-induced increase of resistance of CNT junctions or s-CNT body,
respectivefy. The doubling of the resistance corresponds in order of magnitude to CNT-metal
heterojunction response to 100 ppm NH, exposure [6].
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Fig. 1. Randomized CNT network (a); Equivalent resistor circuit of CNT and junctions (b); AFM
image of low-density CNT network (c)

Results and discussion

Earlier reported method of CNT spray coating ensured high uniformity of CNT layer according
to the AFM results (Fig. 1, ¢). Although, a significant number of CNT bundles was observed
along with single CNTs with diameter about 3—6 nm, which were not disrupted by ultra-sonic
treatment and were remaining in dispersion. It was not taken into account in the model used and
may lead to overestimation of heterojunctions contribution, since the bundles may include CNTs
of both types forming ohmic contacts. This effect probably was shown by A. Znidarsic et.al [12],
when high-resistance junctions, which we consider to be heterojunctions, were only found for
small diameter nanotubes, but not the bundles.

We counted the approximate number of CNTs in the segment with a sparse network and
calculated the number in high density segments, as it is proportional to the sprayed volume. The
calculated density was varied in a range 7—25 um-2 from CNT-8 to CNT-1, respectively.
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Fig. 2. CNT network response toward NH, exposure (a); Response dependence on CNT network
resistance (b) and NH, concentration (c)

A gas sensing study has revealed a significant room temperature resistive response of CNT to
NH, (Fig. 2, a). The response/recovery dynamics are close to an exponential with a time constant
of about 250 s. Despite the airflow during the recovery was high, we doesn’t observe a complete
recovery in the used intervals, however, extrapolation allows us to expect a complete recovery in
longer intervals. The response has a logarithmic dependence on segment resistance (Fig. 2, b) and
linear on NH, concentration (Fig. 2, ¢).

FA treatment resulted in a significant decrease in network resistance. The before/after resistance
ratio was 3 for high-density networks, and exceeded 10 for low-density networks. We consider
that FA have strong hydrogen bonding with NMP [15] and therefore probably efficiently removes
NMP residual thin layer from the interface between CNTs [16]. A decrease in the gap between
CNTs, according to the thermal activation carrier hopping mechanism [17], leads to a resistance
decrease. Greater resistance drop after FA treatment in sparse networks may correlate with greater
contribution of junctions in their resistance. Removal of the solvent also leads to an increase
of response up to two times, which correlates with both inter- and intra-CNT mechanisms.
Intra-CNT response can be promoted by a decrease of junction’ resistance contribution, while
junction sensitivity also increases speculatively due to increase in changing barrier height with
NH, adsorption at contact area.
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Fig. 3. (a) CNT networks current—voltage characteristic (a); Resistance dependence on CNT network
density (b); Simulated and experimental dependence of response on CNT density (¢)

Despite the non-linear current—voltage characteristic (Fig. 3, a), we exclude the influence of
CNT metal contact since the same dependences are also observed in large area networks. The
calculated resistance is several orders of magnitude less than experimental values (Fig. 3, b),
probably, due to not taking into account the bending of CNTs or imprecise density approximation,
higher contact resistances or influence of m-CNT on s-CNT at contact. However, both the
experimental and modelled resistance have alike power dependence on density. Therefore, we
plot the dependencies of the response on the density of the network (Fig. 3, ¢).

Experimental resistive response to ammonia exponentially decays with increasing network
density. The same pattern is observed in simulated inter-CNT response with only heterojunction
sensitivity. It originates from a growing number of heterojunctions participating in conductivity
of sparse networks in the absence of bypassing by low-resistance similar-type CNT junctions.
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For biosensors this effect has been already demonstrated by Thanihaichelvan et al. [18]. Inter-
CNT response with both sensitive heterojunctions and s-CNT junctions also decrease but close
to linear. Intra-CNT sensitivity in the opposite increases with the density, since each CNT adds
only one parallel conductive channel but a growing number of parallel junctions. This leads
to lowering the heterojunctions’ role in a total conductivity and higher intra-CNT response.
Therefore, junctions play a dominant role in sensitivity of sparse networks in the proposed model.
There are just few factors improving intra-CNT sensitivity at sparse density, for example, the
violation of m-CNT network percolation leading to higher s-CNT contribution into conductivity,
but it is not sufficient at least in the proposed model with the taken inter-CNT and intra-CNT
resistances.

For a deeper understanding, it is required to study the sensitivity of networks with different
density and with a variable ratio of m- and s-CNT. Ham et al. [19] demonstrated superior
sensitivity of a 90% s-CNT network over a 60% s-CNT. An increase in gas sensitivity with
enrichment with s-CNT was also demonstrated by Nokano [20]. However, it can be both due to
inter- and intra- s-CNT sensitivity, therefore, further study is required.

Conclusion

We have developed an equivalent circuit of carbon nanotube networks and simulated the
resistive response to ammonia to evaluate the response dependence on the network density.
We simulated the sensitivity of s-CNTs, the junctions of s-CNTs and heterojunctions between
s-CNT and m-CNT. We have shown that a decrease in the network density should increase the
contribution of the inter-CNT response and reduce the intra-CNT response. The same response
dependence on density is observed in the experimental study, which hints at the dominant role
of the junction’s response.
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