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Abstract

The carbon nanotube (CNT) film is used to fabricate the novel carbon nanotube film cathode (CNTFC) gas sensor, and the working voltage of
the novel sensor at atmospheric pressure decreases to several hundred volts from the value of more than thousand volts of the traditional discharge
gas sensor, however it is limited by that the space charge in the gap is very hard to diffuse after the breakdown of the gap. This makes the gap
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n conductance and next self-sustaining dark discharge impossible. To solve the problem, experimental study and simulation calculation were
onducted to optimise the structure of CNTFC. Five CNTFCs with different structures were designed and the experiments were conducted to study
ischarge principle. It shows that the CNTFC could be chosen as a gas sensor, when it has the three characteristics of low working voltage, working
t self-sustaining dark discharge state, and the space charge in the gap being easy to diffuse. The electric field distributions of the five CNTFCs
ere studied and calculated by using the finite element method. The results of the simulations and the experiments show that it is reasonable to
se the CNTFC with the above three characteristics as a novel gas sensor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Gas sensors operate by a variety of fundamentally different
echanisms [1–9], and there are generally two kinds [10,11]

f gas sensors: one kind is based on the chemical mechanism
nd the physical mechanism [12–23], the other on the physi-
al mechanism [24,25]. Among all gas sensors, ionization gas
ensors are mainly used as the gas detector in advanced gas
nalyzer such as chromatograph and mass spectrograph to real-
ze the high-precision measurement of gas concentration after
he gas mixture is separated. However, the traditional ioniza-
ion sensors are limited by high working voltage, high vacuum
nvironment, and their huge and bulky architecture.

The novel MEMS ionization micro-sensor [26] (reported in
998) with the gap distance 50 �m decreased the breakdown
oltage of several gases from the value of more than thousand
olts of the traditional discharge gas sensor to the range of

∗ Corresponding author. Tel.: +81 080 5384 1998; fax: +81 045 566 1487.
E-mail address: zhy-lemon@sohu.com (Y. Zhang).

350–550 V at atmospheric pressure. However, because the sin-
gle tip with the curvature radius of micrometer order was used
as the cathode, the electric field distribution was very nonuni-
form and the corona discharge at high voltage was very easy
to occur. Later, when it was used to take place of flammable
ionization detector (FID) of chromatograph used in National
Weather Bureau of Japan and measure the trace SO2 in the
atmosphere, it worked at corona discharge state and its working
voltage increased up to 2000 V in condition of the gap distance
50 �m.

The novel carbon nanotube film cathode (CNTFC) gas sen-
sor with CNT array film as the cathode [27] (reported in 2001),
worked at self-sustaining dark discharge state and the break-
down voltage is low. In condition of the gap distance 91 �m of
the CNTFC, the breakdown voltages of several gases decreased
to less than 220 V at atmospheric pressure and room tempera-
ture. After the breakdown of the gap occurred, the large quantity
of space charge existed in the gap, and the space charge in the
gap made the insulation resistance between cathode and anode
decreasing from the infinite to the finite. It was very difficult to
clear the space charge in the gap at atmospheric pressure except
924-4247/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2006.01.027
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taking apart CNTFC, cleaning the anode plate and fabricating
CNTFC again. Thus, the next self-sustaining dark discharge
experiment could not be conducted if the space charge was not
cleared out of the gap.

The carbon nanotube film anode (CNTFA) gas sensor with
CNT array film as the anode [28] (reported in 2003), worked at
corona discharge state, and could be used to identify several sin-
gle gases through the measured breakdown voltages. However,
CNTFA worked at vacuum environment and thus needed huge
vacuum system. What was proposed and conducted in the end
was to combine the CNTFA with chromatograph.

Among the three novel discharge gas sensors, CNTFC gas
sensor is superior to the other two sensors in such character-
istics as working at atmospheric pressure, self-sustaining dark
discharge and low working voltage. To solve the problem of diffi-
cult diffusion of the space charge in the gap after the breakdown
and make the continuous measurement possible, the structure
optimization of CNTFC is studied.

2. Establishment of the gas mixing system and the test
set-up

To study the discharge principle of the CNTFC in the gas, a
gas mixing system and the test set-up were established. The gas
mixing system was used to offer the gas mixture in a controlled
fl
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following:

Pi = Psfi∑n
i=1fi

(1)

The quantity in mol ϕ(i) of the ith single gas is as the following:

ϕ(i) =
(

Ps

Pg

) (
fi∑n
i=1fi

)
(2)

Because Ps = Pg, the formula (2) can be expressed as the follow-
ing:

ϕ(i) = fi∑n
i=1fi

(3)

where n is the number of the components in the gas mixture
including the environment gas. Different concentrations of sin-
gle gases CH4 and CO in N2 and the two-gas mixture CH4–CO
in N2 could be obtained through controlling the flux of CH4,
CO, and N2. For example: (1) when the single gas of CH4 is
mixed with the environment gas N2, n = 2; the flux of CH4 and
N2 are controlled to obtain different concentration of CH4. (2)
When the single gas of CO is mixed with the environment gas
N2, n = 2; the flux of CO and N2 are controlled to obtain dif-
ferent concentration of CO. (3) When the two-gas mixture of
CH4–CO is mixed with N2, n = 3; the flux of CH4, CO, and
N2 are controlled to obtain different concentration of CH4–CO
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ux and in an environment gas—N2, and the test set-up was used
o measure the discharge I–V characteristic of the CNTFC.

.1. The gas mixing system

A gas mixing system (Fig. 1a) in a controlled flux and in an
nvironment gas was established to obtain the gas mixture with
ifferent concentrations. There are four high-pressure gas bottles
1–G4. G1, G2, and G3 supply the measured gases, and G4 sup-
lies the environment gas. DV1–DV4 are four pressure-control
alves, and HV1–HV4 are four shut-off valves. MFC1–MFC4
re four mass flux meters, and could continuously control the
as flux f1–f4. The pressure of the high-pressure bottle could
e decreased to 1–2 atm through the pressure-control valves,
nd the pressure Ps at the outlet of the mass control meters is
ecreased to 1 atm, as same as the pressure Pg in the measuring
hamber. The single gas pressure P, with the unit of Pa is as the

Fig. 1. The experiment set-up. (a) Gas mixing system; (b) t
ixture.
Because the four flux meters have the same accuracy of ±2%,

he concentration deflections of the single gas and the two-gas
ixture are calculated according to the formulas of (4) and (5):

ϕ(1) =
(

f4

f1 + f4

)
(γf1 − γf4 ) (4)

ϕ(2) = f3 + f4

f2 + f3 + f4
γf2 − f3

f2 + f3 + f4
γf3

− f4

f2 + f3 + f4
γf4 (5)

here γf1 , γf2 , γf3 , and γf4 are the accuracy of the four flux
eters, γϕ(1) is the accuracy of the concentration of the single

as, and γϕ(2) is the accuracy of the concentration of the two
as mixture, γϕ(1) and γϕ(2) are calculated according to the for-
ula (4) and (5), respectively, and are all ±4%. Thus, when

t set-up of the discharge I–V characteristic of the CNTFC.
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Fig. 2. The CNTFC gas sensor fabricated in reference [27]. (a) The structure of the CNTFC gas sensor (1, silicon slice cathode; 2, CNTFC; 3, insulator strip of mica;
4, ITO film conductance glass anode); (b) carbon nanotubes array; (c) the discharge I–V characteristics of the CNTFC gas sensor in several single gases (air, C2H2,
Ar, H2, and N2), at room temperature and the atmospheric pressure.

the measuring concentration of CO is 500 × 10−6 L/L, there
is the maximum concentration deflection of ±20 × 10−6 L/L,
less than the measuring accuracy requirement of CO concen-
tration ±5%. When the measuring concentration of CH4 is
40,000 × 10−6 L/L, there is the maximum concentration deflec-
tion of ±1600 × 10−6 L/L, less than the measuring deflection
requirement ±3000 × 10−6 L/L of CH4. It shows that the gas
mixing system meets the measuring requirements of CH4 and
CO.

2.2. The test set-up of discharge I–V characteristic of
CNTFC

The test set-up (Fig. 1b) measuring the discharge I–V charac-
teristic of CNTFC is composed of several parts as the following:

(1) Two-sensor array.
(2) The current-limiting resistance R (2.1 M�).
(3) The sampling resistance Rs (10 k�).
(4) DC standard high-voltage generator (NJ1, 1.5 kV), supply-

ing CNTFC DC high-voltage V in the range of 0–1.5 kV.
(5) Keithley digital multi-meter (with the resolution of 10 nV),

measuring the voltage VRs of Rs to obtain the discharge
current I.
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down voltage decreases from thousand volts of the traditional
discharge gas sensor to less than 220 V with the gap distance
91 �m.

3.1. The characteristics and the structure of CNTFC gas
sensor

The structure of the sensor is shown in Fig. 2a. The CNT
film was grown by thermal chemical vapor deposition (TCVD)
[29,30] on Si (silicon) substrate. Nanotubes in the film (Fig. 2b)
are ∼50 nm in diameter, ∼4 �m long, with ∼50 nm separation
between nanotubes.

3.2. I–V characteristics of CNTFC gas sensor

The CNTFC gas sensor in Fig. 2a with the gap distance 91 �m
and the CNT film area of 1 cm × 1 cm (1 cm2) is used to con-
duct the experiment. I–V characteristics of the self-sustaining
discharge of five single gases are obtained, shown in Fig. 2c. The
breakdown voltages of five single gases are less than 220 V and
lower than those of the novel MEMS gas sensor [26], 350–550 V.
The currents at the breakdown increase to microampere order,
three orders larger than nanoampere order of those of the novel
MEMS gas sensor [26]. The breakdown voltages and the cur-
rents at breakdown are shown in Table 1. We can see that different
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The CNTFC is placed in a measuring chamber with electri-
al feed-through, and the environment pressure is atmospheric
ressure.

. CNTFC gas sensor fabricated in reference [27]

It was supposed in reference [27] that CNT array film was
sed as the cathode, and a novel gas sensor with the CNT
lm cathode (CNTFC) was fabricated to identify the gas vari-
ty. The sensor works at self-sustaining dark discharge, which
s different with the corona discharge and the glow discharge.
ecause the CNT film was used as the cathode, and the tip of
anotube supplies very high electric field intensity, the break-
inds of gases have different breakdown voltages and the cur-
ents at breakdown. It shows that different kinds of gases have
ifferent conductance. Thus, a novel gas sensor can be fabri-

able 1
reakdown voltages and currents at breakdown of #1 CNTFC electrode in five
ure gases

as Breakdown voltage (V) Current at breakdown (pA)

ir 128 20.0

2H2 137 20.8
r 158 23.0

2 196 40.0

2 212 33.0
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cated with CNT film as the cathode, and the gas variety can be
identified using the breakdown voltage. For example:

(1) When the breakdown voltage of the CNTFC in a measured
single gas is 128 V, it can be concluded that the measured
single gas is air.

(2) When the breakdown voltage of the CNTFC in a measured
single gas is 137 V, it can be concluded that the measured
single gas is C2H2.

(3) When the breakdown voltage of the CNTFC in a measured
single gas is 158 V, it can be concluded that the measured
single gas is Ar.

(4) When the breakdown voltage of the CNTFC in a measured
single gas is 196 V, it can be concluded that the measured
single gas is H2.

(5) When the breakdown voltage of the CNTFC in a measured
single gas is 212 V, it can be concluded that the measured
single gas is N2.

3.3. Problem of CNTFC gas sensor fabricated in reference
[27]

In the experiment of studying the breakdown voltage-gas con-
centration relationship using the CNTFC reported in reference
[27], the anode and cathode plates were of 1 cm length, 1 cm
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4.1. Design and study of #1 CNTFC electrode with
plate-plate structure

4.1.1. Design of #1 CNTFC electrode with plate-plate
structure

#1 Plate-plate structure electrode (Fig. 2a) is the initial
design, reported in reference [27]. The effective face-to-face
area between the cathode and the anode is 1 cm × 1 cm (1 cm2),
and the insulator between the cathode and the anode uses the
mica piece. The anode is composed of ITO (In/SnO2) film glass
plate with ITO film electrically conductive, and is convenient
to observe whether there are the light phenomena during the
discharge.

4.1.2. Experimental study of discharge principle of #1
CNTFC electrode

#1 Plate-plate structure electrode with the gap distance 91 �m
is used to conduct the experiments and study I–V characteris-
tics (Fig. 2c) of five single gases (air, Ar, N2, H2, and C2H2) at
100% concentration, room temperature, and atmospheric pres-
sure. Usually, the gas at atmospheric pressure will not have the
conductance until the voltage increases to more than thousands
volts. However, the breakdown voltages in Fig. 2c are less than
220 V, decreasing several tens folds, and the currents at break-
down are 20–40 �A. Then, #1 plate-plate structure electrode
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idth, and 0.05 cm thick. And it was found that after the break-
own of the gap occurred, it was very hard to clear out the space
harge in the gap, when the voltage V across the gap decreased
o 0 V and the gap was blown by using an ear-washing ball in
given flux of air. Thus, the next discharge experiment could

ot be conducted until the CNTFC was taken apart and then
ssembled together again. The experiments show that the area
f the CNTFC with 1 cm length and 1 cm width is relatively
arge, and is not favourable for the space charge in the gap to
iffuse. Thus, the area of the CNTFC is required to decrease.
owever, if the area of the cathode is too small, the distribution
f the electric field in the gap will be very nonuniform and the
orona discharge at higher voltage will be easy to occur. If the
rea of the cathode is too large, the distribution of the electric
eld in the gap will be relatively uniform and the self-sustaining
ark discharge will occur. However, the quantity of the space
harge after the breakdown of the gap will be large and will be
ot favourable for the space charge in the gap to diffuse. So, to
eep the CNTFC working at the self-sustaining dark discharge
tate, how much should the area of the CNTFC decrease to? It
s required to study the optimization of the CNTFC structure,
nd the experiments and the simulations on the optimization are
onducted in the following.

. Experiment study of CNTFC structure optimization

In the experiment study of CNTFC structure optimization,
ve different CNTFC structures are designed, and the exper-

ments are conducted to study their discharge principle. The
NTFCs used in the electrodes are the CNT films grown by
CVD on Si substrates with different sizes.
ith the gap distance 170 �m is used to conduct the experi-
ents and study I–V characteristic of air, the breakdown voltage

s 330 V and the current at breakdown is 84.6 �A. In compari-
on with the breakdown voltage of 125 V with the gap distance
1 �m, the breakdown voltage of air increases when the gap dis-
ance increases, and the comparison is shown in Table 2. There
re no light phenomena during the discharge, thus the discharge
s self-sustaining dark discharge. The breakdown voltage of #1
lectrode is low, and those in the above experimental data do not
xceed 330 V. However, the space charge in the gap is very hard
o diffuse after the breakdown of the gap.

.2. Design and study of #2 CNTFC electrode with
trip-plate (with small holes) structure

.2.1. Design of #2 CNTFC electrode with strip-plate (with
mall holes) structure

The structure of #2 electrode is shown in Fig. 3a–c, the cath-
de is composed of the CNT film and the ITO film glass plate,
nd the anode is composed of the ITO film glass plate. The
NT film is grown by TCVD on a Si substrate with 2.0 mm
idth, 40 mm length and 0.5 mm thick, and is stuck to the ITO
lm glass plate with the electric conductance glue. In compari-
on with #1 electrode, #2 electrode decreases the width of CNT

able 2
he breakdown characteristics of #1 electrode with the gap distances of 91 �m
nd 170 �m in air

ap distance (�m) Breakdown voltage (V) Current at breakdown (�A)

91 125 20.0
70 330 84.6
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Fig. 3. #2 CNTFC strip-plate electrode with small holes. (a) Cathode: ITO film conductance glass plate with the CNT film stuck on; (b) anode: ITO film conductance
glass plate; (c) the CNTFC electrode; (d) the discharge I–V characteristics of #2 electrode in CH4–N2 mixture (at CH4 concentrations 0 × 10−6 L/L (viz. pure N2)
and 34,971 × 10−6 L/L), at room temperature and atmospheric pressure (1, ITO film conductance glass anode; 2, ITO film conductance glass cathode; 3, CNTFC;
4, the ventilating holes; 5, the electric conductance glue).

film. The polyester film with 100–200 �m thick is used as the
insulator between the cathode and the anode of #2 electrode.
There are even-separation aligned ventilating holes with 4 mm
diameter and 3 mm separation between holes, convenient for
the space charge to diffuse. The ventilating holes are eroded
according to the following steps: (1) olefin is used as the cover
film on the ITO film glass plate except the area of holes; (2)
and then HF acid is used to erode the holes. The areas of two
ITO film glass plates are all 4 cm × 8 cm (32 cm2), with the
effective face-to-face area between the CNT film and the anode
2 × 0.2 cm × 0.3 cm (0.12 cm2), decreasing one order in com-
parison with 1 cm × 1 cm (1 cm2) of #1 electrode.

4.2.2. Experimental study of discharge principle of #2
CNTFC electrode

#2 CNTFC electrode with strip-plate (with small holes) struc-
ture with the gap distance 170 �m is used to conduct the exper-
iments and study I–V characteristics (Fig. 3d) of CH4 mixed
with N2 at the concentrations of CH4 0 × 10−6 L/L (viz. pure
N2) and 34,971 × 10−6 L/L, room temperature and atmospheric
pressure. The working point 2 in Fig. 3d shows that N2 and
CH4–N2 mixture are already in the state of the self-sustaining
dark discharge, and the current across the gap increases rapidly.
The working point 3 shows that pure N2 and CH4–N2 mix-
ture are already in the state of stable discharge with no light
p
c
c
f
c

at the working point 3 makes the voltage across the gap at the
working point 3 lower than that at the working point 2. The phe-
nomena can be explained by Rogowski Space Charge Theory.

The breakdown voltage of #2 electrode is low, and those in
Fig. 3d are 80 V and 100 V, respectively. The space charge in the
gap of #2 electrode is easy to diffuse because of the ventilating
holes in the anode and cathode plates.

4.3. Design and study of #3 CNTFC electrode with
strip-plate (with large holes) structure

4.3.1. Design of #3 CNTFC electrode with strip-plate (with
large holes) structure

#3 Electrode structure (Fig. 4a and b) is also the strip-plate
structure, and the metal plate with large ventilating holes is
used to replace the ITO film glass plates with small ventilat-
ing holes of #2 electrode. The CNT film is stuck to the metal
plate cathode with the area of 2 cm × 7.7 cm (15.4 cm2) (almost
half of that of #2 electrode 4 cm × 8 cm (32 cm2)), using the
electric conductance glue. The holes in the cathode plate are
8 mm in diameter and 1.5 mm in separation between holes, and
the holes in the anode 10 mm and 3 mm, respectively. The effec-
tive face-to-face area between the CNT film and the anode is
2 × 0.2 cm × 0.3 cm (0.12 cm2), and the polyester film is used
as the insulator between the cathode and the anode.

4
C

u

henomenon after the self-sustaining dark discharge. Here, the
urrent across the gap keeps constant, the large quantity of space
harge appears in the gap, and the resistance of the gap decreases
rom the infinite to the finite. The space charge in the gap or the
onstant current across the gap (viz. the current at breakdown)
.3.2. Experimental study of discharge principle of #3
NTFC electrode

#3 Electrode with strip-plate structure with large holes is
sed to conduct the experiments and study I–V characteristics
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Fig. 4. #3 CNTFC strip-plate electrode with large holes. (a) Cathode: brass cathode plate (the ventilating holes with 8 mm diameter and 1.5 mm separation between
holes) and the CNT film stuck on brass cathode plate; (b) anode: brass anode plate (the ventilating holes with 10 mm diameter and 3 mm separation between holes);
(1, brass cathode plate; 2, brass anode plate; 3, the CNT film cathode; 4, the ventilating holes); (c) The discharge I–V characteristics of #3 CNTFC electrode in air.

(Fig. 4c) of air and the gap distance is 170 �m. The corona dis-
charge occurred and there was the light phenomenon near the
cathode. The corona discharge voltages of #3 electrode in air
are 390 V and 440 V, respectively, and the currents at the corona
discharge are relatively high, 60 �A and 180 �A, respectively.
However, the breakdown voltages of #1 and #2 electrodes with
the same gap distance in the air, 330 V and 90 V, are all less
than those of #3 electrode. When there is the constant current
across the gap, the resistance of the gap decreases from the infi-
nite to the finite, and the voltage across the gap decreases from
the initial value to the value less than the initial. The initial
voltage across the gap is the voltage supplied by DC standard
high-voltage generator. It shows that because the diameter of
the ventilating holes increases, the nonuniformity of the electric

field distribution increases, and thus the corona discharge occurs
in the gap.

4.4. Design and study of #4 CNTFC electrode with
tip-plate structure

4.4.1. Design of #4 CNTFC electrode with tip-plate
structure

#4 CNTFC electrode with tip-plate structure is shown in
Fig. 5a. The CNT film is grown on the tungsten tip cathode
with 50 �m in diameter of the curvature, and is clipped in
a stainless steel crack on the top of the stainless steel pole
cathode. The stainless steel pole is fixed on the stainless plate
cathode. The anode is a stainless plate, the gap is insulated

F ip cath
p ck on
o

ig. 5. #4 CNTFC tip-plate electrode. (a) The structure of #4 electrode (1, the t
olytetrafluoroethylene insulator; 4, the stainless steel pole cathode with the cra

f #4 electrode in air; (c) the discharge I–V characteristic of #4 electrode in CH4–N2
ode of W with the CNT film covering; 2, the stainless steel anode plate; 3, the
the top; 5, the stainless steel plate cathode); (b) the discharge I–V characteristic

−6
mixture at the CH4 concentration 20,000 × 10 L/L.
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by the polytetrafluoroethylene, and the separation between the
cathode and the anode is 100–170 �m.

4.4.2. Experimental study of discharge principle of #4
CNTFC electrode

#4 Tip-plate structure electrode with the gap distance 170 �m
is used to conduct the experiments and study I–V characteris-
tics. I–V characteristic of air is obtained and shown in Fig. 5b.
I–V characteristic of CH4–N2 mixture at the concentration
20,000 × 10−6 L/L of CH4 component is obtained and shown in
Fig. 5c. The corona discharges occur and the corona discharge
voltages are very high. The breakdown voltage of #4 electrode
in air is 1380 V and that at the concentration 20,000 × 10−6 L/L
of CH4 component in CH4–N2 mixture is 1150 V. It shows that
because the distribution of the electrode field is very nonuni-
form, the corona discharges occur and there are the light phe-
nomena around the tungsten tip cathode covered with CNT
film.

4.5. Design and study of #5 CNTFC electrode with
strip-strip structure

4.5.1. Design of #5 CNTFC electrode with strip-strip
structure

In comparison with #2 electrode, #5 electrode with strip-strip
s
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5. Simulation analysis of the electric field distribution in
the gap of CNTFC

There have been many studies on the effect of the structures
of CNT and CNT film on the electric field distribution, but they
all aim at increasing the field electron emission current [31–33].
And because different structures of CNT and CNT film have
different calculation results, the calculation results are not usable
for different structures of CNT film cathodes. Thus, the electric
field distributions in the gaps of the five CNTFCs are calculated
and analyzed on the ANSYS software platform [34–36] based
on the finite element method.

The structure of the CNTFC is very complex, and there is
the nanometer structure of the carbon nanotubes as well as the
millimeter structures of the cathode plate and the anode plate.
Thus, if the whole field region of the CNTFC is divided into
the elements with nanometer size, there will be large quantity
of elements, and the computer resource will be not enough for
the calculation of the field distribution on ANSYS software plat-
form. If the whole field region of the CNTFC is divided into the
elements with larger size than nanometer such as micrometer
size, the quantity of elements will decrease, however the cal-
culation deflection of the field intensity around the nanometer
structure of the carbon nanotubes will be relatively large. So,
the structure is divided into two parts for the accurate calcula-
tion of the field distribution of the whole field region: (1) the
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tructure (Fig. 6) takes out the ITO film glass plate cathode, and
nly uses the strip of the CNT film as the cathode. The ITO film
lass plate anode has two ventilating troughs with 0.3 cm width,
nd the effective face-to-face area between the cathode and the
node decreases to 0.15 cm × 0.3 cm (0.45 cm2).

.5.2. Experimental study of discharge principle of #5
NTFC electrode

#5 CNTFC electrode with strip-strip structure has the corona
ischarge with the light phenomenon in air and CH4–N2 mix-
ure, however the breakdown in the gap does not occur yet when
he voltage between the cathode and the anode increases to
200 V. Thus, the experiment study of the electrode stopped at
nce.

ig. 6. #5 CNTFC strip-strip electrode with the ventilating trough (1, the CNT
lm cathode; 2, the ventilating trough; 3, ITO film conductance glass plate
node).
acrostructure: the micro structure of the CNTs is ignored and
he effect of the ventilating holes and troughs on the electric
eld distribution is taken into account; (2) the microstructure:

he electric field distribution of the microstructure around the
NTs is taken into account.

In considering the characteristic of the structure of #4 elec-
rode, the electric field distribution of the macrostructure of #4
lectrode could be approximated by that of the microstructure
f a single carbon nanotube.

.1. Calculation of the electric field distribution of the
acrostructure

Taking #2 electrode for example, we will introduce the cal-
ulation of the electric field distribution of the macrostructure
f the CNTFCs in the following.

.1.1. Establishing the region of the macrostructure
The establishment procedure of the field region of the

acrostructure of the CNTFC with #2 electrode is introduced as
n example. Because of the limitation of the computer resource,
he electric field region model of the macrostructure is one part
f the actual model (Fig. 7a–c), shown in Fig. 7d. The area of the
lectric field region is chosen as 4.4 mm × 4.4 mm (19.36 mm2),
hich is the hatched region in Fig. 7a and b. The separation
etween the cathode and the anode is 170 �m, the CNT film
s 1.5 mm wide, 4.4 mm long and 0.50 mm thick, and the con-
uctance glue is 0.50 mm thick. Thus, the thickness of the field
egion is 1.17 mm. The ventilating holes in the cathode plate and
he anode plate are 4 mm in diameter, with 3 mm in separation
etween holes.
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Fig. 7. The electric field region and the electric field distribution of the macrostructure of #2 strip-plate electrode with small holes. (a) The area of the electric field
region of the macrostructure in the anode plate (the hatched region) with the datum unit—mm; (b) the area of the electric field region of the macrostructure in the
cathode plate (the hatched region) with the datum unit—mm; (c) the area of the electric field region of the macrostructure between the anode and the cathode plates
(the hatched region); (d) the section of the macrostructure region with the data unit—mm; (e) the downward view of the macrostructure of the field region of #2
CNTFC electrode; (f) the upward view of the macrostructure of the field region of #2 CNTFC electrode; (g) the electric field distribution of the macrostructure region
of #2 CNTFC electrode.

Then, the field region is established on the ANSYS software
platform and is 4.4 mm wide, 4.4 mm long, and 1.17 mm thick,
shown in Fig. 7e and f. There are one ventilating hole of 0.01 mm
in depth on the cathode surface of No. 1 shown in Fig. 7e and
parts of two ventilating holes of 0.01 mm in depth on the anode
surface of No. 2 shown in Fig. 7f. The three thin ventilating holes
are all 4 mm in diameter and 3 mm in separation between holes.
They are subtracted from the field region to simulate and analyze
the effect of the ventilating holes on the field distribution.

5.1.2. Calculation and analysis of the electric field
distribution of the macrostructure

The electric field distribution (Fig. 7g) of the macrostructure
of #2 electrode in the field region is calculated on the ANSYS
software platform and the finite element method. The ventilating
holes in Fig. 7g are 4 mm in diameter, and the gap distance
is 170 �m. The initial condition of the voltage across the gap
is 100 V and the medium in the field region is air. In Fig. 7g,
the sign of “MAX” is the maximum value Emax of the electric
field intensity, and the regions in the two black circles of No.
1 and No. 2 have the higher electric field intensity. We can see
that Emax of #2 electrode with the ventilating hoes of 4 mm in
diameter is 2349 V/mm, viz. 2.349 V/�m. Then, the electric field

distributions of the macrostructure of #2 electrodes with small
ventilating holes (2 mm and 3 mm in diameter, respectively) are
calculated, and so are other electrodes of #3 and #5. The gap
distance and the initial voltage across the gap are the same as
those of #2 electrode. The calculation results Emax of #2, #3, and
#5 electrodes are shown in Table 3. According to the calculation
results Emax in Table 3, the enhancement coefficients f could be
calculated and are also shown in Table 3. f = Emax/Ē, where Ē

is the mean value of the electric field intensity. When f > 4, the
electric field distribution is very nonuniform, the electric field
near the cathode surface (viz. the local electric field) is very
high, thus the gas near the cathode surface will have the local
breakdown, viz. the corona discharge. When f < 4, the electric
field distribution is relatively uniform, and the corona discharge
is not easy to occur. It can be seen from Table 3 that:

(1) The enhancement coefficients of #2 CNTFC electrodes with
small holes (2 mm, 3 mm, and 4 mm in diameter) are all
less than 4, thus the corona discharge is not easy to occur.
However, small ventilating holes are not favorable for the
space charge to diffuse. Thus, #2 CNTFC electrode with the
ventilating holes of 4 mm in diameter is superior to those
with the ventilating holes of 2 mm and 3 mm in diameter.
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Table 3
The calculation results of the macrostructures of #2, #3, and #5 electrodes

Electrode Ventilating holes/trough size (mm) Emax (V/�m) f Initial voltage across the gap (V) Ē (V/�m)

#2 2 (hole) 2.276 3.8692
3 (hole) 2.279 3.8743

#3 4 (hole) 2.349 3.9933 100 0.588235
8 (cathode hole) and 10 (anode hole) 2.403 4.0851

#5 3 (trough) 3.508 5.9636

(2) The enhancement coefficients of #3 and #5 electrodes are
more than 4, thus the corona discharge is easy to occur.

(3) For #2 CNTFC electrode with the ventilating holes of 4 mm
in diameter, the electric field at the common boundary
between the CNT film and the ventilating holes on the
anode plate is much (Emax/Ē = 2.349/0.588235 = 3.9933,
viz. 2.9933 times) higher than that at the CNT film sur-
face facing the area between the ventilating holes on the
anode plate. The breakdown voltage of #2 electrode in air,
with the ventilating holes of 4 mm in diameter and 170 �m
in the gap distance, is 90 V, 2.6667 times less than that of
#1 plate-plate electrode with the same gap distance in air,
330 V. It shows that the breakdown voltage could decrease
the same times as the electric field increases, and the calcu-
lation result coincides with the experiment result.

Thus, it can be seen that the macrostructure of #2 CNTFC
electrode with the ventilating holes of 4 mm in diameter is the
most optimized among the five electrodes shown in Table 3.

5.2. Calculation of the electric field distribution of the
microstructure

It is known that the electric field intensity is greatly high at
the tip of a single CNT, however how much will be the electric
fi
t
h
d
d
T
n
o
f

5
t
(

CNT array with tens to one hundred CNTs is also relatively
small. Thus, there is also the problem of the limitation of
the computer resource. Two methods were adopted to solve
the problem: First, an approximation of the real field region
was made in the following:
(a) The length of the CNT, 4 �m, decreases 80 times to

50 nm.
(b) The gap distance, 170 �m, decreases 80 times to

2125 nm.
(c) The area of the field region is 2 �m × 2 �m (4 �m2).

Second, a nonuniform meshing was conducted in the fol-
lowing:
(a) The meshing with small element in nanometer order

was conducted near the nanotubes.
(b) The meshing with large element in micrometer order

was conducted in the other parts of the field region.
The schematic micro-region of the microstructure of the

CNTFC electrode is shown in Fig. 8a and b, and the 3-D
region of the micro-region with 81-CNT array is established,
shown in Fig. 8c. In condition of the initial voltage across
the gap 100 V and the medium in the field region being air,
the maximum electric field intensity and the electric field
enhancement coefficient at different CNT number with the
range of 1–169 are calculated and listed in Table 4.

(2) The calculation of the electric field of CNTFC with the gap
distance of 100 �m: The similar approximate micro-region

T
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C

1
1

eld intensity of the CNT array? It is supposed for a long time
hat the electric field intensity of the CNT array would be very
igh because of the nanometer curvature of the CNT tip. If this
oes exist, the CNTFC will never have the self-sustaining dark
ischarge but the corona discharge with the light phenomenon.
he supposition is in contradiction with the experiment phe-
omenon, thus the effect of the CNT number in the CNT array
n the electric field intensity is simulated and studied in the
ollowing.

.2.1. Calculation of the electric field distribution of
hree-dimensional (3-D) microstructure
1) The calculation of the electric field of CNTFC with the gap

distance of 170 �m: Approximate calculation of the rela-
tionship between the maximum electric field and the CNT
number is conducted. The range of the CNT number is from
1 to 169. Note that, in comparison with the real electric field
region with the gap distance of 170 �m, the size of the CNT
(with 50 nm in diameter, 50 nm in separation between nan-
otubes and 4 �m in length) is greatly small, and the area of
of the CNTFC with the gap distance of 100 �m was also
made in the following:
(a) The length 4 �m of the CNT and the gap distance

100 �m decrease the same (80) times to 50 nm and
1250 nm, respectively.

able 4
he three-dimensional calculation results of the effect of the CNT number on the
lectric field distribution (the CNTFC electrodes with the gap distances 100 �m
nd 170 �m)

NT number 170 �m 100 �m

Emax (V/nm) f Emax (V/nm) f

1 0.248221 5.275 0.408811 5.110
9 0.182061 3.869 0.350994 4.387

25 0.14983 3.184 0.366453 4.581
49 0.119932 2.549 0.277499 3.469
81 0.11633 2.472 0.325183 4.065
21 0.134452 2.857 0.278052 3.476
69 0.137704 2.926 0.265815 3.323
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Fig. 8. The microstructure of the CNTFC electrode. (a) The area of the
microstructure region; (b) the section of the microstructure region; (c) the
microstructure region with 81-CNT array.

(b) The area of the field region is 2 �m × 2 �m (4 �m2).
In condition of the initial voltage across the gap

100 V and the medium in the field region being air, the
maximum electric field intensity and the electric field
enhancement coefficient at different CNT number with
the range of 1–169 are calculated and listed in Table 4.

(3) Analysis of the electric field distribution of the two approx-
imate micro-regions: The above calculations of the two
micro-regions show that:
(a) The electric field of a single CNT cathode is greatly

high, and the electric field distribution is very nonuni-
form, thus the corona discharge is very easy to occur.
The calculation result could explain the experiment
result of #4 CNTFC electrode with tip-plate structure.

(b) When the nanotube number increases, the maximum
electric field intensities of the CNTFCs with two differ-
ent gap distances (170 �m and 100 �m) decrease and
the electric field distributions are getting more uniform.

(c) When the nanotube number increases, the change of
the maximum electric field intensity is getting smaller.
Thus, the electric field distribution of the CNT film with
large area in macroscopy could be approximate with that
of several-tens-CNT array.

From the calculation result of the microstructure, it can be
s

is greatly nonuniform, that of the CNT array is getting more uni-
form when the CNT number increases, and the corona discharge
is not easier to occur.

5.2.2. Calculation of two-dimensional (2-D) microstructure
Calculation of 2-D microstructure needs less computer

resource, thus the real region of the CNTFC electrode could
be calculated approximately. The calculation condition is as the
following:

(a) The separations between the cathode and the anode are
100 �m and 170 �m, respectively.

(b) The areas of the cathode and the anode plates are all
1 mm × 1 mm (1 mm2).

(c) The CNT is 50 nm in diameter, 4000 nm long and 50 nm in
separation between nanotubes.

(d) The initial voltages between the cathode and the anode are
100 V and 200 V, respectively.

Because of the large 2-D electric field region and the limita-
tion of the computer resource, the CNT number in calculation
of 2-D microstructure is less than that in calculation of 3-D
microstructure. The calculation results of the effect of the CNT
number on the maximum electric field intensity are shown in
Fig. 9a and b. The conclusion same as that of the 3-D calcula-
t
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een that although the electric field distribution of a single CNT
ion is obtained: the electric field intensity of a single CNT is
reatly nonuniform, however that of the CNT array is getting
ore uniform when the CNT number increases.

.2.3. Integrated analysis of the electric field distribution of
he macrostructure and the microstructure

When the enhancement coefficient f is more than 4, the elec-
ric field distribution is very nonuniform. The CNTFC has the
orona discharge, and the breakdown voltage is high.

When f is less than 4, the electric field distribution is rel-
tively uniform. The CNTFC has the self-sustaining dark dis-
harge, and the breakdown voltage is low. The maximum electric
eld intensity at the common boundary between the CNT film
nd the ventilating holes on the anode plate is much higher
han that at the CNT film surface facing the area between
he ventilating holes on the anode plate. The breakdown volt-
ge decreases much when f > 2 and the gap distance is in
icrometer order, in comparison with that of #1 electrode
ith the relatively uniform electric field distribution. Thus, the
entilating holes not only make the space charge in the gap
onvenient to diffuse, but also make the breakdown voltage
ecreasing.

It shows that the structure of #2 CNTFC electrode is the best
ptimized among the five electrodes of #l–5, and could be used
o fabricate a gas sensor and measure gas.

.3. Effect of different gap distances on the electric field
istribution

The effect of different gap distances on the electric field
istribution was also studied in an approximate micro-region,
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Fig. 9. Two-dimensional calculation results of the effect of the CNT number on the maximum electric field intensity Emax. (a) The effect of the CNT number on the
maximum electric field intensity Emax of the CNTFC electrodes with the gap distances 100 �m and 170 �m, respectively, at the initial voltage across the gap 100 V;
(b) the effect of the CNT number on the maximum electric field intensity Emax of the CNTFC electrodes with the gap distances 100 �m and 170 �m, respectively, at
the initial voltage across the gap 200 V.

Table 5
The calculation results of the effect of different gap distances on the electric
field distribution

Sequence number Gap distance (nm) Emax (V/nm) Ē (V/nm) f

1 10 16.5700 10.0000 1.6570
2 30 8.5950 3.3333 2.5785
3 50 4.2730 2.0000 2.1365
4 70 3.2500 1.4286 2.2750
5 150 1.7480 0.6667 2.6220
6 450 0.5820 0.2222 2.6190
7 950 0.3070 0.1053 2.9165
8 4950 0.0487 0.0202 2.4107
9 9950 0.0270 0.0101 2.6865

similar with those in the parts of (1) and (2) in Section 5.2.1.
The approximation was made in the following:

(1) The CNT is 50 nm in diameter and 50 nm in separation
between nanotubes, 50 nm in length.

(2) There are 25-CNTs in the CNT array.
(3) The effective face-to-face area between the cathode and the

anode is 1 �m × 1 �m = (1 �m2).

The electric field distributions of the microstructures of the
CNTFCs with different gap distances are calculated, and the
electric field enhancement coefficients are calculated and shown
in Table 5.

It shows that in condition of the CNT with 50 nm in length
and 25-CNT array in the approximate micro-region, the electric
field enhancement coefficients are less than 4 in the range of the
gap distance 10–10,000 nm. The length of CNT 50 nm and the
gap distance 10–10,000 nm are amplified 80 times, same as that
in establishing the micro-region. And then the real gap distance
range of CNT with 4 �m in length is 0.8–800 �m. Thus, the
self-sustaining discharge will occur in the very large range of
the gap distance of 0.8–800 �m of the CNTFC.

6. Conclusion

(1) The CNT film is used as the cathode to fabricate the elec-

decrease from the value of more than thousand volts of the
traditional discharge gas sensor to several hundred volts, in
the gap distance with micrometer order at the atmospheric
pressure. The current at the breakdown is microampere
order, increasing three orders in comparison with that of
the novel MEMS discharge gas sensor in reference [26].

(2) The experiment studies of the five electrode structures are
conducted. It shows that #2 electrode has the best perfor-
mance, such as the low working voltage, the space charge
in the gap easy to diffuse, and no light phenomenon during
discharge. Thus, #2 electrode could be used as a gas sensor.

(3) The effects of the five CNTFC electrode structures on the
electric field distribution are studied on the ANSYS soft-
ware platform and the finite element method, and the electric
field enhancement coefficients f are calculated. The elec-
trode structure with f < 4 and the space charge in the gap
easy to diffuse will have the self-sustaining dark discharge
and could be used as a gas sensor. #2 Electrode has the venti-
lating holes and the calculation result of f is less than 4. The
results of the simulations and the experiments show that it
is reasonable to use #2 CNTFC electrode with low working
voltage, self-sustaining dark discharge and the space charge
in the gap easy to diffuse as a novel gas sensor.

(4) The calculation results of the electric field distribution of the
CNTFC with different gap distances show that the electric
field enhancement coefficients are less than 4 in the range

A

F
t
(
trode. The breakdown voltages of the CNT film cathode
of the gap distance 0.8–800 �m in condition of the CNT
with 50 nm in diameter and 4 �m long. The self-sustaining
dark discharge will occur in the very large range of the gap
distance of the CNTFC gas sensor. Thus, it is possible to
fabricate CNTFC gas sensor array with n CNTFC gas sen-
sors in different gap distances to measure gas mixture with
n components.
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