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The evolution of carbon nanotube (CNTs) based gas sensors has attracted great interest among research-
ers in the last decade because of their selectivity for various gaseous media, fast response, high sensitivity and
room temperature operation. Functionalized single-walled carbon nanotubes (F-SWCNTSs) and functionalized
multi-walled carbon nanotubes (F-MWCNTSs) have been utilized to manufacture nitrogen dioxide gas sensor.
CNTs films have been deposited on (n-type) porous silicon substrate by the drop casting technique. A porous
silicon layer (PS) was prepared using the photo-electrochemical etching. The applied current density is
20 mA/cm? with green laser radiation, and the typical photo-electrochemical etching time was about 15 min.
When the F-SWCNTs and F-MWCNT's samples were exposed to NOz gas at different operating temperatures,
the sensitivity response results show that the F-SWCNTSs have better performance than the F-MWCNTSs. At
200 °C the F-SWCNTSs/PS sensitivity reaches 61%, the response time and the recovery time were about 10 s
and 214 s, respectively; whereas for the F-MWCNTSs/PS the sensitivity reaches 57 % at 100 °C, the response
time and the recovery time were about 20 s and 647 s, respectively. At the same time, the F-MWCNTSs have
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an operating temperature (100 °C) less than that of the F-SWCNTs (200 °C).
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1. INTRODUCTION

Since the discovery, carbon nanotubes (CNTs) have
been extensively studied due to their unique properties as
a perfect one-dimensional material [1]. CNTs have ex-
tremely special properties, because of their hole struc-
ture, nanometer size, high surface to volume ratio, and
can change their electrical resistance drastically when
exposed to different gases at room temperature [2]. Sen-
sors manufactured with CNTs have been observed to be
very sensitive to surrounding gases, owing to their prop-
erties such as fast response and high sensitivity [3]. Al-
teration of CNTs with different functional groups changes
their electronic property, in this manner improving their
selectivity and expanding their reaction towards specific
gases. The CNTs change with a carboxylic group. The
carboxylic group will make reactive sites at the sidewalls
and end of the CNTs where active interaction with target
atoms occurs [4].

A high surface to volume proportion makes porous
silicon to be a very attractive contender for gas, chemical
and organic sensors. In correlation with different nano-
materials with high surface to volume ratio porous Si
has priority of variable pores and interconnects sizes.
This may give a higher scope of synthetic compounds
which can be detected [5, 6]. The present work makes a
comparison between the sensing performance of the
functionalized single-walled CNTs (F-SWCNTs) and
functionalized multi-walled CNTs (F-MWCNTSs) as NO2
gas sensor deposited on porous silicon.

2. EXPERIMENTAL

In this work, 1.5x1.5 cm? dimensions primary n-type
silicon wafer substrates were thoroughly cleaned to de-
contaminate their surface from any available dirt. A po-
rous silicon layer (PS) was prepared via photo-
electrochemical etching. This process was carried out by
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immersing the samples in HF acid of 40 % concentration
mixed with ethanol in 1:1 ratio in a Teflon beaker. The
applied current density was 20 mA/cm? with a green laser
source, and the typical photo-electrochemical etching time
was chosen to be about 15 min. CNTs used in this research
were purchased from the Nanostructured & Amorphous
Materials, Inc. (USA); for F-SWCNTs (purity > 90 wt. %;
weight 1 g; OD 1-2 nm; length ~ 30 pm; COOH content
2.73 wt. %; Ash < 1.5 wt. %; SSA 380 m?/g) and for F-
MWCNTSs (purity > 95 wt. %; weight 5 g; OD 20-30 nm,
length ~30um, COOH content 1.23wt.%; Ash
< 1.5 wt. %; SSA 110 m2/g).

To prepare F-SWCNTSs sample, 0.03 g of CNTs were
dispersed in dimethylformamide (DMF). A magnetic stir-
rer was incorporated for this purpose for 1 hour, followed
by 2 hour sonication. The obtained solution was used for
film deposition on porous silicon by the drop casting
method. To prepare F-MWCNT sample, 0.05 g of CNTs
were dispersed in DMF. A magnetic stirrer was incorpo-
rated for this purpose for 1 hour, followed by 2 hour soni-
cation. The obtained solution was used for film deposition
on porous silicon by the drop casting method.

3. RESULTS AND DISCUSSION

The sensor response (S) is defined as the ratio of the
change in resistance (R; — Ra) upon exposure to target
analyte to the resistance (R.) of the sensor in air

S — air gas

R
-100%,

gas

where R; and R. are the resistances of the sensor in the
presence of NO2 and in air respectively.

The response time and recovery time were calculated
as the time taken for the sensor to attain 90 % of total
resistance change (#90) from its initial resistance [7].
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3.1 Sensing Characteristics of F-SWCNTs
on Porous Silicon

The sensor working principle is adsorption of electron
donating (NO2) on the CNT surface result in charge
transfer between the CNT and gas molecules [8]. Fig. 1
shows the variation of resistance as a function of time.
Experimental results indicated an increase in conduct-
ance of CNTs when exposed to oxidizing gases like NOsa.
This behavior may be attributed to the charge transfer
occurring from CNTs to NOs because of its highly oxidiz-
ing nature. When oxidizing gases like NO2 are adsorbed
on the surface of p-type CNTs, the Fermi levels are
shifted towards the valence band, generating more holes
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and thus enhancing conductance [9]. The response and
recovery times of F-SWCNTs gas sensor were respective-
ly 10 s and 214 s at 200 °C.

3.2 Sensing Characteristics of F-MWCNTs
on Porous Silicon

Fig. 2 shows the variation of resistance as a function
of time. Experimental results indicated an increase in
conductance of CNTs when exposed to oxidizing gases
like NOz2. This behavior may be attributed to the charge
transfer occurring from CNTs to NO2 because of its high-
ly oxidizing nature.
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Fig. 1 — Resistance-time variation of F-SWCNTs sensor time at RT (a), 50 (b), 100 (c), 150 (d) and 200 (e) testing temperature

upon exposure to NOz gas
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Fig. 2 — Resistance-time variation of F-MWCNTSs sensor time at RT (a), 50 (b), 100 (c), 150 (d) and 200 (e) testing temperature

upon exposure to NOs gas
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Table 1 - The sensitivity, response and recovery time of the
F-SWCNTs/PS thin film upon exposure to NO: gas at different
temperatures

Type T°C| S, % | ts,s | te, s
RT 23 4 33
50 11.1 6 142
F-SWCNTs/PS | 100 15 22 | 653
150 42 12 | 346
200 61 10 | 214

Table 2 — The sensitivity, response and recovery time of the
F-MWCNTSs/PS thin film upon exposure to NO: gas at different
temperatures

Type T°C | S, % | ts,s | te, s
RT 4.2 12 | 261
50 36 9 | 213
F-MWCNTs/PS | 100 57 17 | 647
150 | 43 26 | 287
200 | 45 20 | 146

The response and recovery times of F-MWCNTs gas
sensor were respectively 17 s and 647 s at 100 °C. By
the comparison between Table 1 and Table 2, it can be
seen that the maximum sensitivity of F-SWCNTs is
61 % at operating temperature 200 °C which is higher
than the sensitivity of F-MWCNTs which is 57 % at
operating temperature 100 °C. But at the same time, F-
MWCNTs have operating temperature less than F-
SWCNTs. This can be attributed to the functionaliza-
tion of CNTs by adding the carboxyl group —COOH.
Use of functionalized CNTs will provide open side wall
due to oxidative damage to the nanotube framework by
strong acids, which leave holes functionalized with ox-
ygenated functional groups (—-COOH). This treatment
of CNTs with strong acids tends to open these tubes,
which increase the adsorption of the gas in the CNTs
wall and increase the sensitivity. They are also at
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DyHKHioOHA/II30BaHI ByIVIeleBi HAHOTPYOKH HA MOPYBATOMY KPEeMHIil
JJ11 CEHCOPHUX 3aCTOCYyBaHb
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EBosmoniiss rasoBux maTYMKiB Ha OCHOBI ByruieneBux HaHOTpyOok (CNTSs) BuKIMKAana Benukwmii iHTEpec
cepes JOCJIJIHUKIB B OCTAHHE JECATHPIYYS yepes IX BUOIPKOBICTH JJIA PI3HHX ra3omoII0HUX CepeIOBWIIIL,
IIBUIKY PEakKIliio, BUCOKY YyTJIHMBICTH TA po0OTY 3a KiMHATHOI TeMmirepatypu. OyHKIIIOHAII30BaH] OJJTHOCTIHHI
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ByruerieBl HauoTpyOkm (F-SWCNTSs) Ta dynrimionamisoBani Gararoctinui ByrereBi HaHoTpyOorm (F-
MWCNTSs) 6ysiut BUKOpHCTAHI JJIsi BUTOTOBJICHHS JAaTYWKa rady Ha OCHOBI miokcuay asory. Ilmieru 3 CNTs
HAHOCWJIWCS HAa IOPyBaTy IMIKJIANKY KPeMHIo (n-TUIy) MeTonoM KpartuHHoro jwurts. lllap mopysaTtoro
kpemHio (PS) 6y BuroroBsienunit 3a gomomorono goroesekTpoxiMivynoro tpasieHHsa. [inpHicTs mpukIae-
HOTO CTPyMy cTaHOBHUTH 20 MA/cM? 13 3eJIeHUM JIa3epHUM BUIIPOMIHIOBAHHSM, a THIIOBHUIM 4ac hOTOETIEKTPO-
XIMIYHOTO TpaBJIeHHS crTaHoBWB 6sm3bko 15 xB. Kosmm 3paskm F-SWCNTs ta F-MWCNTSs migmaBanucs
BrumuBy rady NOz mpm pisHEUX pPoOOYMX TeMmIlepaTypax, Pe3yJbTaTH BIATYKY UyTJIUBOCTI MOKA3yIOTh, 1m0 F-
SWCNTs mators kpami mokasuwiu, Hixk F-MWCNTs. IIpu 200 °C, uytmusicte F-SWCNTSs/PS mocsirae
61 %, yac BIATYKY Ta 4ac BIIHOBJIEHHS CTaHOBHIX BimmoBimguo 10 ¢ 1214 ¢, Tomi sk qius F-MWCNTs/PS uyt-
nuBicTh carae 57 % mpu 100 °C, yac BiATYKY Ta 4ac BIIHOBJIEHHS CKjamau mpubausnao 20 ¢ 1 647 ¢ Bigmosi-
nHo. Y Toii ke yac, F-MWCNTs matots pobouy Temmepatypy (100 °C) menrry 3a remneparypu F-SWCNTs
(200 °C).

Kirouori ciiopa: F-SWCNT, F-MWCNT, OxucmoBansuwnii ra3, Yyrimsicts, Yac peaxirii, [TopyBaTwit kpemmHiii.
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