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a  b  s  t  r  a  c  t

The  gas  ionization  sensors  (GISs)  using  the  carbon  nanotube  (CNT)  pillars  which  has  the pillar  height
(H)  of  15  �m  with  interpillar  spacing  (R)  of  30 �m as the cathode  had been  proposed  for  the  first  time
to exhibit  the  20 times  higher  field  enhancement  factor  (ˇ)  and  the lower  breakdown  voltage  of  350  V
with  respect  to  the  CNT  film  ones  for nitrogen  gas  at  the pressure  of 0.035  Torr.  As  the  H  increased  from
vailable online 7 March 2013
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5 �m to 15 �m,  the  ˇ  increased  with  increasing  the  H since  the  electrical  field could  be  enhanced  via
the  aspect  ratio  increment.  However,  as the  H increased  from  15  �m to 60 �m,  the  ˇ decreased  with
increasing  the  H owing  to  the increased  field-screening  effect.  Such  an  optimum  GIS with  the  CNT  pillars
also  exhibited  high  sensitivity  and  selectivity  for different  kinds  of  gases  detection  as  well  as  the  good
linearity  for  detecting  the  gas  mixture.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The sensing mechanism of the conventional semiconductor gas
ensors based on the changes in the electrical properties of the
emiconductor upon the exposure to gas. Since the same type gases
xhibit the similar electrical properties, e.g. lower conductivities for
ll reducing gases and higher conductivities for all oxidizing gases,
r vice versa. It caused that the gas sensors suffered from selectivity
nd reversibility issues [1]. Gas ionization sensors (GISs) had been
ntroduced to overcome these problems because GISs could finger-
rint the ionization characteristics of distinct gases. However, GISs
ere limited by the huge and bulky vacuum tube architecture, risky
igh-voltage operation, and high power consumption.

One-dimensional (1D) nanomaterials with high aspect ratio had
ttracted considerable attention in the fabrication of GIS because
hey could generate very high electric fields at relatively low volta-
es [2–7]. Among all 1D nanomaterials, carbon nanotubes (CNTs)
ere extensively owing to their relatively low work function, very

harp nanotips, and structural and chemical stability [4–7]. Accord-
ng to the previous research [4], the nanomaterial density effect on

he field enhancement (FE) behavior played an important role to
mprove the gas ionization characteristics because the FE charac-
eristics of CNTs might be influenced by the field-screening effect

∗ Corresponding author. Tel.: +886 35738343; fax: +886 35738343.
E-mail addresses: bgi815.ee96g@g2.nctu.edu.tw,

gi815.ee96g@nctu.edu.tw (C.-T. Chang).

924-4247/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.sna.2013.02.028
from the proximity of neighboring CNTs. However, it was  very dif-
ficult to exactly control the intertube distance for the CNT film.
Therefore, it implied that the ratio of CNT height to intertube dis-
tance on the FE characteristics for the CNT films was very hard to
be empirically realized. In recent years, the CNT pillars had been
widely adopted for the field emission devices. The long and verti-
cally aligned pillars with the exact control of the interpillar spacing
(R) could be therefore practiced. However, the CNT pillars as the
cathode were never demonstrated for the application in the GIS.

In this letter, the CNT pillars had been utilized for the first time
to fabricate a GIS. As compared with the CNT film GIS, the CNT pillar
ones exhibited the superior gas ionization characteristics, including
sensitivity and selectivity for different kinds of gases detection as
well as the linearity of the gas mixture. The pillar height effect of
such CNT pillar GISs was also investigated.

2. Experiment

2.1. Fabrication of CNT pillar and film

At first, a 4 in. (1 0 0) p-type wafer was cleaned by the standard
RCA cleaning process. Afterward, a photoresist was  spin-coated on
the Si substrate and the catalytic layer was defined by the mask
which has the 50-�m-diameter circles with interspacing of 30 �m

by photolithography. The 10-nm-thick aluminum, 1-nm-thick
titanium, and 4-nm-thick co-deposition cobalt–titanium as the
supporting, adhesion, and catalytic layers, respectively, were
sequentially deposited on the photoresist-patterned Si substrate

dx.doi.org/10.1016/j.sna.2013.02.028
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:bgi815.ee96g@g2.nctu.edu.tw
mailto:bgi815.ee96g@nctu.edu.tw
dx.doi.org/10.1016/j.sna.2013.02.028
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ig. 1. Measurement setup of the gas ionization sensor. (Insets were FE-SEM images
t  the height of 60 �m:  cross-sectional image of the CNT film and 45◦ tilted-view
mage of the CNT pillars.

hrough the magnetron sputtering system at room temperature.
hen, the patterns were formed after removing the photoresist
y lift-off method. Finally, the CNT pillars were grown on the
atterned catalyst by the thermal CVD. The height of CNTs pillars
ere controlled to be 5, 10, 15, and 60 �m,  accordingly, by tuning

he synthesized time. Therefore, the diameter and the R of the CNT
illars were set as 50 �m and 30 �m,  respectively. For comparison,
he CNTs films with the same catalytic metal layers but unpatented

ere also performed as the gas ionization sensor. The FE-SEM

mages exhibited the long vertically aligned CNTs for both the
illars and films, as shown in the inset of Fig. 1. Besides, the R of
he CNT pillars could be precisely controlled.

ig. 2. Gas ionization characteristics at the pressure of 0.035 Torr in nitrogen: (a) Vbr a
haracteristics for the CNT film and different pillar heights. (c) Pre-breakdown character
unction of the height of the CNT pillars.
tuators A 195 (2013) 60– 63 61

2.2. The measuring system of gas ionization sensor

The gas ionization measurement setup was  depicted in Fig. 1.
An indium tin oxide was  utilized as the anode and the CNT pil-
lar or films acted as the cathodes. A distance d of 300 �m was
kept between the anode and the tip of the CNTs for all measure-
ments of various CNT structures. During the measurement, the
sample was  loaded into a vacuum chamber and the breakdown
voltage (Vbr) was  measured in the target gas environment at dif-
ferent gas pressures. The anode voltage was applied with a source
measurement unit (Keithley 237) while the cathode was biased at
0 V (Keithley 238).

3. Results and discussion

3.1. Gas ionization characteristics

Fig. 2(a) shows the Vbr as a function of the product of gas pres-
sure, p, and distance between the anode and the tip of the CNTs, d,
for the CNT films and pillars with different heights in nitrogen. The
gas pressure was  varied from 1.3 × 10−3 to 2.5 × 10−1 Torr. From
Fig. 2(a), the CNT films exhibited only one curve since the d was
fixed as 300 �m.  It was observed that the similar trends of Vbr
curves were obtained for not only the CNT films but also the CNT pil-
lars with different heights. From the Paschen’s law, the relationship
between the Vbr curve and the p × d was  dependent on the test gas.
Since the testing gas was nitrogen, the trends of Vbr curves should

be similar for all CNT samples. But the CNT pillars with different
heights exhibited different Vbr’s for the same p × d. As the pillar
height (H) increased from 5 �m to 15 �m,  the Vbr curve decreased
with increasing the H. However, as the H increased from 15 �m to

s a function of the p × d for the CNT film and different pillar heights. (b) Gas I–V
istic of the CNT film and pillars with different pillar heights. (d) ˇp/ˇf and Vbr as a
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Fig. 3. (a) Gas I–V characteristics of the CNT pillars at the H of 15 �m for the five
single gases as the pressure was 0.035 Torr. (b) V of Ar-air and CO -air gases in
2 C.-T. Chang et al. / Sensors a

0 �m,  the Vbr curve increased with increasing the H. Moreover,
he Vbr’s had the minima as the p × d approached 10−2 Torr cm (i.e.,
he gas pressure was equal to 0.035 Torr at the fixed d of 300 �m).

To further realize the Vbr variation with the different H, the
as pressure for the lowest breakdown voltage, namely 0.035 Torr,
as therefore adopted. The current–voltage (I–V)  characteristics

or all the GISs in nitrogen gas at the gas pressure of 0.035 Torr
ere shown in Fig. 2(b). The Vbr’s of the CNT pillar GISs were 410,

70, 350, and 380 V for the H of 5, 10, 15, and 60 �m,  respectively.
n contrast, the Vbr of the CNT film ones was 420 V. Therefore, the
roposed CNT pillar GISs exhibited the better characteristics than
he CNT film ones. Furthermore, the structure of the CNT pillars
ith the H of 15 �m had the lowest Vbr in all CNT pillars with dif-

erent heights. It was conjectured the influence of the H on the FE
haracteristics of the CNT pillars GIS.

.2. Field enhancement effect of the cathode CNT pillars and their
spect ratio

Consequently, the FE factors of all CNT GISs were further dis-
ussed. Fig. 2(c) shows the pre-breakdown characteristics of GISs
or the CNT films and pillars with different heights. In addition, the
ffective conductance G of the devices could be determined by the
lope of the ohmic region of the I–V characteristics, as the dash dot
n Fig. 2(c). It was evident that all the effective conductance of the
NT pillar GISs, Gp, were higher than the CNT film ones, Gf. More-
ver, the CNT pillar GIS with the H of 15 �m had a maxima effective
onductance among all CNT pillar ones.

For the typical gas I–V characteristic, the current density was
etermined by the carriers travel speed as the electric field was
ery small and could be therefore expressed as [7]

 = �gasEeff = �gasˇEapp (1)

here �gas was the gas conductivity, Eeff was the effective enhanced
eld at the tip vicinity, and Eapp was the applied electric field
etween the electrodes. According to Eq. (1), the current densities

n the CNT film and pillars could be obtained as

f = �gasˇfEapp and Jp = �gasˇpEapp, (2)

here Jf and Jp were the current density of the CNT film and pillars,
s well as ˇf and ˇp were the FE factor of the CNT film and pillars.
ince all of the devices were examined in the same chamber for the
ame test gas, so the �gas would be the same. Then, the ratio of the
p and Jf could be written as

Jp
Jf

= ˇp

ˇf
(3)

From the ratio of the Gp and Gf could be written as the

Gp

Gf
= Ip/Vp

If/Vf
= JpAp/Eappd

JfAf/Eappd
= ˇp

ˇf
× Ap

Af
, (4)

here Af and Ap were the areas for the CNT film and CNT pillars,
espectively. As a result, the ˇp/ˇf were equal to the Gp/Gf owing
o the Af ≈ Ap. Fig. 2(d) shows the ˇp/ˇf and the Vbr as a function
f the H at the pressure of 0.035 Torr in nitrogen. The ˇp/ˇf of
he CNT pillars were about 12.5, 19, 20, and 14.5 V with respect
o the H of 5, 10, 15, and 60 �m.  As the H increased from 5 �m
o 15 �m,  the  ̌ increased with increasing the H since the electrical
eld could be enhanced via the aspect ratio increment. However, as
he H increased from 15 �m to 60 �m,  the  ̌ decreased with increas-

ng the pillar heights owing to the increased field screening effect.
herefore, the ˇp/ˇf exhibited the maximum at the H of 15 �m.  By
he way, the Vbr had thus a minimum at the H of 15 �m for the R of
0 �m.
br 2

mixture as a function of gas concentration as the pressure was 0.035 Torr.

3.3. Single gas and gas mixture detection

Furthermore, the optimal CNT pillar GIS, which was at the H
of 15 �m and the R of 30 �m,  was used to distinct the different
gases and detect the gas mixture at the pressure of 0.035 Torr. The
I–V characteristics of the CNT pillar GIS for five single gases are
shown in Fig. 3. From Fig. 3(a), the gas variety could be identi-
fied. Moreover, Argon (Ar) gas displayed the lowest Vbr of 255 V
and carbon dioxide (CO2) gas showed the highest Vbr of 515 V.
Although the Vbr depended mainly on the intensity of electric field
and the bonding energy of the gas molecules [8], the numerical
order of the Vbr of the detected gases would be influenced by the
selection of the p × d value. Therefore, it caused that the numer-
ical order of the Vbr were shown as Ar (225 V) < N2 (350 V) < air
(385 V) < O2 (465 V) < CO2 (515 V) in this manuscript. Fig. 3(b) shows
the Vbr of Ar-air and CO2-air gases in mixture as a function of gas
concentration. Obviously, the Vbr increased with increasing CO2
concentration. In contrast, the Vbr decreased with increasing Ar
concentration. This was  because air had a higher Vbr than Ar and
lower Vbr than CO2, so the presence of air molecules tended to
impede the breakdown of Ar and assist the breakdown of CO2.
Both two cases exhibited the good linearity to compare with pre-

vious researches [5,6]. The experimental results showed that the
optimum arrangement CNT pillars were more effective for the
application in GIS.
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. Conclusion

The superior ionization characteristics of the GIS had been pro-
osed for the first time via the vertical-aligned CNT pillars as the
athode to exhibit the 20 times higher  ̌ and the lower Vbr of 350 V
or the H of 15 �m and the R of 30 �m with respect to the CNT film
nes for the nitrogen gas at the pressure of 0.035 Torr. As the H
ncreased from 5 �m to 15 �m,  the  ̌ increased with increasing the

 since the electrical field could be enhanced via the aspect ratio
ncrement. However, as the H increased from 15 �m to 60 �m,  the ˇ
ecreased with increasing the pillar heights owing to the increased
eld screening effect. Such an optimum GIS with the CNT pillars
lso exhibited high sensitivity and selectivity for different kinds of
ases detection as well as the good linearity for detecting the gas
ixture.
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