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Fig. 1. Schematic diagram of the carbon nanotube triple

electrode sensor.
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Fig. 2. Schematic diagram of the measuring circuit.
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Fig. 3. Simulation model: (a) Longitudinal section diagram of the two-dimensional model; (b) two-dimensional axisymmetric field

simulation model of the electrostatic field.
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Table 1. Parameters of the simulation model.
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Table 2. Mesh size of the model.
MR BN B AR AS 31 5 B ARBRARAT T CIEM & S ke

I RIICR T /um 40 0.5 20 30
F/NAIE RS /um 10 0.001 20 30
RRITCAE KR 1.25 1.25 — —
HH AT L 0.25 0.2 — .
BeAE X i A 2 1 1 — —

090701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 090701
§ 1500 -i (a) i 1500 -i (b)
E 1000 i 1? 1000 i
a0 _ 5 :‘ (ST v, = 100 v
et | H 0 i AR 00
T oosoopr—o _wEwmeesv=0v | Jesoopp-o
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
rilAbR/pm rilAbR/pm

i 1500 'i ) (C)

= 1oy SR Vo = 1 V

2 I

# o0

e

n —500 [ = OI

P4 AERIES N A

0 1000 2000 3000 4000 5000 6000 7000 8000

riASHR/um

(a) BIILFE; (b) IR 5 (o) Wtk i 5t

Fig. 4. Boundary conditions: (a) The cathode; (b) extracting electrode; (¢) collecting electrode.
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Fig. 5. Grid mesh of sensor model in the half region of in-
terelectrode: (a) Mesh in the half region of interelectrode;

(b) mesh in the local region around carbon nanotube.
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Table 3.  Regional reactions of the fluid simulation model on gas ionization.
eS| Fe SR RNR K/ (m?s ) EZ BTN
R1 e+ Ny—e+ Ny AT (18]
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FRFRI R0 Na (A3Eu+) + Ny (a’lzg) —e+ Nf 5.0 x 1017 [20]
R11 Na (a’lzg) Ny (a”z;) —e+ NJ 2.0 x 1016 [20]
R12 N2 <A3Z\T) + N, = Ny + N, 3.0 x 10 2 [19]
R13 No (a'lz;)+ N, = Ny + N, 2.3 x 1019 [21]
R14 Ny + Ny + N, — Nf + N, 1% 10" x (300/T,) [18]
RI15 NS +Ny— N + N, + N, 2.1 x 10 %exp(T,/121) [18]
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Fig. 6. Longitudinal electric field distribution of the sensor.

W SRR LR Ha Xt B RS A PR IE AR A RS P

WA T WA TE B, T8 A% I8 1Y) i 1
HLUE L. BHAFT 4 FhAS [R50 ) ic 2 1 PR i 45
¥, ARRES | AR M BAMR S5 42, RIS | Bl oA
—AEAR 6 mm BT AL, BIRA WA RN
4 mm BFESAL, WK 7 s, B 7(a) 13445 %8R
WA DA — DR N 6 mm x 8 mm IREEN
200 pm ML EFL (FIERER A EA 14 mm x
10 mm, 1M H Ak PR il 75 EERG P46 2% 55 FN R 2K
Fir LA, WCAEM B FLIEFLE 6 mm x 8 mm). [ 7(b)
2B IR AR ST AR AR, FF A5 ho IR H AL
AL AR WEE A 1. Bl 7(c) 3#1R AR
SETERE] 7(a) HEAE L R PO RIE B LR
200 pm JF/NHR 50 pm, FFHIE 5 FLIRE XL &
RPEREMINESTE. [ 7(d) 4B IRER R T(a) 1Y
— O E LN 12 1.2 mm x 1.2 mm
TREEN 200 pm W/NEIE B AL, DHoEX Ao BUEIE
HALMR AR IR IE & = A B

HENTIX 4 B 55 ) A% gt 1Y) T H, D A A
o AR RAR R 100 wm, IR N AR,
SRR TAPRMERAE, |REH 30 C, £ U, =
100 V M U, = 1V &, U7 HARTG 4 FOR R 25
PR IR L 288, N3k 5 sl

FHE 5 AT, XF LU 144R0 2405 3R, 15 R
WCAER A B LI, O B IR B FIRE P
YIS i i 2 B, LA B LA T R, X1

3.1

mH

AN S

1R 2 5IH% 3 Btk
a b c d
(@) " 14 mm (b) - 14 mm © 5 14 mm @ s 14 mm
1 = | = ] b
[ 8 mm 4 z K 8 mm A 1TT1.2 mm-
el | o £ ! || g e|| "Ooloo
- S B El-+-1-F ST -
sl = a A e Al g@oo
¥ 1 w1 % —o—l ] [ — v | 1.2 mmi o1
= 14 mm i 14 mm < 14 mm 14 mm 5
» I & - l@ - I¢ . I@
6 mmj 6 mm 6 m 6 mm
= g g e g
] - —L B4 N Eld.— . » Eld.—. B
=} =} =} =
— i — i
3 A 2 ¥ : 2 \ 5 —»2 4 t 2 2
f t f t
14 mm 14 mm 14 mm 14 mm
¥ : 3 ! ; : 3 :
g | ®4 mm g ] $4 mm £ | $4 mm g | ¢4 mm
g = — gl 4. — = 8| f== = 8l fem s
=} H o 2 =} : =}
A} i i —
h 4 4IPm ——r 3 o 4I‘flm —— 3 y 4I¥1m ——3 L 4n,lm — 3
T T T

BT A S [ A AR 45 4 ) A2 SRR LA s R T

(a) 1L EE; (b) 2B IR ; (o) 3HEIRER; (d) 4415 IRAR

Fig. 7. Schematic diagram of the electrodes with four different collecting structures: (a) 1# sensor; (b) 2# sensor; (c) 3# sensor;

(d) 4# sensor.
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Table 5. Simulation discharge parameters of the

four sensors with different collecting electrode struc-
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Fig. 8. Electrostatic field simulation of the sensors with different outlet diameters of (a) 4 mm, (b) 3 mm, (¢) 2 mm, (d) 1.2 mm,

and (e) 1 mm.
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Fig. 9. Schematic diagram of the electrodes with three different extracting electrode structures: (a) 1# sensor; (b) 5# sensor; (c) 6#

sensor.
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Table 6.

three sensors with different extracting electrode

Simulation discharge parameters of the

structures.

ity LT EFT SRR R IR

ME /mt WE/mY EE/(Am?)
1 4.88 x 10" 9.30 x 10" 6.50 x 10
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LAY 6L RS R S 5 B8 k. W,
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RT3 POREI AR R AL AR D5 FO R B

Table 7. Simulation discharge parameters of the
sensors with three different cathode structures.
1R L EB T SRR R
W /m? Bjm? I /(Am?)
6 2.15 x 102 3.25 x 10" 9.99 x 10
7 2.28 x 102 3.67 x 104 1.00 x 1073
8 1.99 x 10"  3.09 x 10" 9.93 x 10

MR 7 AT, 640 THAL AR LL, 1% R
B H 4 mm B/0E] 3 mm B, 5 B2
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S# AR HXT HL UL, T AR T AT YA 2 A
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T AR SR AR WA | 51 R AR R B AR 2548 ) AR
1k, 15 BARAG THAE IR N A A5 1, RIS AR
WA 1RGSR 6 mm x 8 mm IR 200 pm
PHIEE AL, BIA 9 M EAR 1.2 mm 15| 1
fL, BIAT 2 A~ BN 3 mm B FIAL.
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Fig. 10. Schematic diagram of the electrodes with three different cathode structures: (a) 6# sensor; (b) 7# sensor; (c) 8# sensor.
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Fig. 11. Comparison of current densities obtained through

simulation and experiment.
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Table 8. Experimental conditions of NO and SO,
mixtures detection with a sensor array.
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Fig. 12. Sensitivity characteristic curves of the sensor array
for measuring NO and SO, mixture in nitrogen: (a) Collect-
ing currents of the NO sensor with the electrode spacing of
100 pm versus volume fraction of NO under different
volume fractions of SO,; (b) collecting currents of the SO,
sensor with the electrode spacing of 120 um versus volume
fraction of SO, under different volume fractions of NO.
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Abstract

Compared with the traditional ionization sensor, triple electrode ionization gas sensor based on carbon
nanotubes features excellent performances of small size and low operation voltage, and plays an important role
in developing smart grids and the ubiquitous Internet of Things. However, they exhibit the disadvantages of
small collecting current and low sensitivity, and need to be optimized in structure. Based on the Townsend
discharge mechanism and three governing equations of particle mass conservation, electron energy conservation
and Poisson equations, a two-dimensional plasma discharge fluid simulation model of the sensor is established
by using the COMSOL Multiphysics software. According to gas composition, component concentration,
structure of the sensor and voltage applied to the electrodes, we determine the chemical reaction, reaction rate
coefficient, field control equation, initial values and boundary conditions. In order to calculate the interior
distribution of charged particles inside the boundary, the inter-electrode space region is meshed. Initial values of
mesh are set, such as a dense mesh of nano-meter length around the electrode having micro-nano structure, and
a rough mesh of micro-meter length in the other region of inter-electrode space. The initial values of time-step
are set for each mesh grid, and the discharge model of each mesh grid is numerically solved by the finite volume
method. The three linkage governing equations are discretized and calculated iteratively in time and space, and
the mesh values and time-steps are adjusted to make the results converged. The electrostatic field distribution
and the average collecting current density of the eight kinds of sensors are obtained in the background gas of
nitrogen. The optimal sensor structure is obtained by comparing the electric field intensities and current
densities under different structure parameters. The eight kinds of the sensors are prepared for experimentally
verifying the optimization method. The optimal structure of the 7# sensor has the highest collecting current
density in the eight kind structures, which is consistent with the simulation results, and proves the feasibility of
the structure optimization method proposed in the paper. Based on the optimal structure, the sensors,
respectively with the electrode spacings of 100 and 120 um, are fabricated, and the response characteristics of
NO/SO, mixture gas are obtained. Compared with other technologies, the sensor with optimal structure
exhibits 1—2 orders of sensitivity higher than the others. The optimized triple electrode ionization sensor based

on carbon nanotubes exhibits many potential applications.

Keywords: fluid model, carbon nanotube based ionization sensor, structure optimization, high sensitivity
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