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SUMMARY Self-ordered mesoporous silicate films from or-
ganic-inorganic compound materials are successfully fabricated into
the surface photo voltage (SPV) type gas sensor device as a gas ad-
sorption insulator layer. These kinds of gas sensors device exhibit NO
gas sensing property dependent on their mesoporous film structure.
We are succeeded in indication about a possibility of mesoporous sili-
cate film for the SPV type gas sensor application.
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1. Introduction

Nitrogen oxides (NO,) generated by combustion are danger-
ous and harmful to health and each country limitstheir alarm
level in the environment. Therefore, the development of a
highly sensitive, responsive and portable monitoring tech-
nique of these gasesis an urgent requirement [1]—-{8]. How-
ever, the conventional NO gas sensing device is inadequate
to sense in environmental level, which are using WO, or Ti-
WO, as agas sensitive material [2]-{8]. There is one way to
improve sensing property, in which the device constructions
have been refined such as the surface photo voltage (SPV)
type [1] and the porous structure type [8].

The SPV construction system which are based on semi-
conductor characterization technique [1], [9] has a great po-
tential to satisfy sensitive, responsive and portable require-
ments. The basic principle of this characterization technique
is based on the semiconductor surface voltage property of
the metal-insulator-semiconductor (MIS) structure [9]. This
SPV system detects sensitively the variation of surface volt-
age, which isinduced by the physical adsorption of the target
gases and aso relies mainly on the interaction between the
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target gases and the surface area of the sensitive layer, by the
semiconductor photocurrent [1]. Therefore, to improve the
sensing performance, the metal and the insulator layer of the
MIS structure need to be refined. Especialy, the capacitance
property of the insulator layer is due to the gas adsorption
performance and improvement of the gas adsorption perfor-
mance directly leads to the progress of SPV gas sensor char-
acteristics.

Thelarge surface area created by the nanosize mesopores
of mesoporous materials [10]-{14] gives them the potential
to improve the gas adsorption property of SPV devices. Par-
ticularly during the past decade, these mesoporous materials
have continued to progress through the innovative synthe-
sizing method [10]—13] which fused the organic surfactant
self assemble template system into the inorganic sol-gel syn-
thesize method [10]—-{13]. These innovative mesoporous
materials, which are produced by organic-inorganic com-
pound material, have uniform pore size, pore channel align-
ment in two or three dimensions and a high surface area[10]—
[13]. Furthermore, another benefit of thisinnovative synthe-
Sis process, this sol-gel synthesis method can be applied to
make the film [15]-{20]. The properties of high surface area,
bi-continuous mesopore and film form in the mesoporous ma-
terial film, especially mesoporous silicate film, make it the
best candidate for the target gas adsorption insulator layer
for the SPV gas sensor. This paper reports a possible applica-
tion of the self ordered mesoporous silicate film for the NO
gas sensor, which is synthesized by nonionic poly (ethylene
oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-
PPO-PEO) type triblock copolymer surfactant as a structure
directing agent by the spin coating method. The NO gas sen-
sor is based on the SPV characterization system. The
mesoporous silicate film is assembled as an insulator gas
adsorption layer of the MIS structure based on the SPV char-
acterization system. The properties and potential due to the
structure of the self-ordered mesoporous silicate film com-
bined SPV NO gas sensor are also examined.

2. Experimental
2.1 Synthesis Mesoporous Silicate Film

The mesoporous silicate film was synthesized by nonionic
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PEO-PPO-PEO triblock copolymer surfactant as the struc-
ture directing agent by the spin coating method [16], [17].
The precursor for the coating sol solution was prepared from
two solutions. Oneisthe polymer solution, whichis dissolved
in an EO,-PO,-EQ, (BASF Corporation: Pluronic P123,
M_, = 5750) type triblock copolymer or an EO, -PO,.-EQO,
(BASF Corporation: Pluronic F127, M_, = 12600) type
triblock copolymer into ethanol (Wako Pure Chemical In-
dustries, Ltd.: EtOH Super Special Grade, M = 46.07) solu-
tion whilst stirring for about 2 hours at room temperature;
the other isthe silica solution, which consists of amixed Tet-
raethyl Orthosilicate (Wako Pure Chemical Industries, Ltd.:
TEOS Specid Grade, M = 208.33), EtOH, distilled water and
HydrochloricAcid (Wako Pure Chemical Industries, Ltd.: HCI
Super Specia Grade, M = 36.46) whilst stirring for 1-2 hour
from room temperature to 60 °C. The moleratio of the chemi-
calsis1 TEOS: 0.014 P123: 15 H,0: 0.16 HCI: 39 EtOH for
the self-ordered hexagonal structurefilm and 1 TEOS: 0.0041
F127: 15H,0: 0.16 HCI: 40 EtOH for the self-ordered cubic
structure film. After the above treatment, the ethanol solu-
tion and the silica solution are mixed. The mixed solution is
stirred for afurther 2 hours at room temperature and then the
coating precursor solution is prepared. Next, the coating so-
lution is used for film deposition on substrates by the spin
coating method. This method is performed at alow-speed of
400 rpm for the initial 3 seconds and at a high-speed of 3000
rpm for the final 10 seconds. Finally, calcination is carried
out by slowly increasing the temperature from a room tem-
perature to 450 °C in 12 hours and heating at 450 °C for 24
hours and decreasing the temperature from 450 °C to 100 °C
in 12 hours and allowing to cool naturally from 100 °C to
room temperature. These processes result in homogeneous
and transparent mesoporous silicate films.

2.2  Construction of SPV Sensor

The SPV sensor system is constructed by the MIS structure
of semiconductors. Therefore, the n-type silicon (n-Si: 30—
50 Q-cm) with SiO, (about 100 nm) and Si,N, (about 100
nm) layer is used as a substrate. Self-ordered hexagonal or
cubic mesostructure film is prepared on the Si,N, layer of the
substrate as a gas adsorption insulator layer by the above film
preparation method. After that, an Au electrode is deposited
on the mesoporous film by sputtering for the non-reactive
metal layer of the MIS structure and an Al electrode is fabri-
cated on the backside of the n-Si surfacein order to achievea
good ohmic constant by the vacuum vapor deposition tech-
nique. Consequently, the constitution of the Au/ self-ordered
hexagonal or cubic mesoporous silicate film/ Si,N,/ SIO,/ n-
Si/ Al asshown in Fig. 1(a) is constructed as the mesoporous
silicate combined MIS structure for the SPV sensor.

Hereafter, we call SPV device with self-ordered hex-
agonal and cubic mesoporous silicate film as SPV-hex and
SPV-cub, respectively.
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Fig. 1 (@) The structure of the mesoporous silicate film combined
SPV gas sensor cell. (b) The scheme of the energy band diagram and
the definition for . Where V,, E_, E, E_ and E, are bias voltage, fermi
level, intrinsic fermi level, conduction band level and valence band
level, respectively.

Mass Flow
Controller

SG-781

Fig.2 Thegasflow diagram and the SPV gas sensor detection sys-
tem.

2.3 Measurement System of SPV

The measurement system of the SPV method is assembled as
shown in Fig. 2. The basic sensing principle is based on the
detection of the potential change of the semiconductor sur-
face. It induced a variety of insulator capacitors due to gas
adsorption and trapped charges in the insulator. The electric
response of the sensor to NO gas is measured under the cy-
clic gas flow between the NO gas (100 ppm) and the stan-
dard air. These gases are controlled by amass flow controller
(Aera Japan Limited: SG7S1) and a multi-port valve. The
100 ppm NO gas is prepared by this mass flow control sys-
tem with source NO gas and standard air. Both the NO gas
and the standard air are supplied to the sensor at a constant
flow rate of 100 sccm.

In this measurement system, the bias voltage, whichis
controlled by a Lock-in amplifier (Stanford Research Sys-
tems: SR830) is applied between the Au and Al electrodes.
An alternating modulated LED beam (A =930 nm,v =1
kHz), which is aso controlled by a Lock-in amplifier, isirra-
diated on the backside of the semiconductor to induce an AC
photocurrent. The supplied NO gas sensitivity is estimated
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by the induced photocurrent through the MIS structure.
2.4  Principle of SPV Method

The SPV gas-sensing system is based on according with the
semiconductor property of the MIS structure, especially the
semiconductor surface charge density and surface voltage.
Figure 1(b) shows the band diagram of the MIS struc-
ture. In this figure, the surface charge density Q_ has three
pictures according to the applied bias voltage (V). Oneis
the accumulation of electrons (¢, > 0), another is the deple-
tion (¢, < @, <0) andthelast oneisinversion (¢, < ¢,). Where
@, and ¢, are the surface potential (¢, = @at the semiconduc-
tor surface) and the potential difference between the fermi
level and the intrinsic fermi level. In the accumulation pic-
ture, apositive voltage (V, > 0) is applied to the metal elec-
trode of the MIS structure in an n-type semiconductor. The
conduction band, valence band and intrinsic Fermi level bends
downward and the electron conduction band is closer to the
Fermi level E, the electrons density depends exponentially
onthe qg. Inthe case of depletion, each level is upward with
an applied small negative bias voltage (V, < 0). Then the
majority carrier electrons are depleted in the surface layer of
the semiconductor. In the final inversion case, the bands also
bend even more upward with a large negative bias voltage
(Vg <0) and theintrinsic level E, crosses over the Fermi level
E.. Inthisregion, the property of the n-type semiconductor
changesto that of p-typein the surface range of the semicon-
ductor, which depend on the Fermi level position. And there-
fore, the number of minority carrier, holes, in the n-type semi-
conductor islarger than that of the mgjority carrier, electrons,
in the surface range of the semiconductor. From these pic-
tures, the SPV device exhibitsthe bias voltage dependent char-
acters. Therefore, the gas sensitivity was observed as the shift
in them. The basic relation between bias voltage V,, surface
voltage and surface charge are described in Egs. (1)—(4).

V=g -QQ

- qos C:, (1)
1_1 .1 1
(:I Cmem CS3N4 0902 (2)
E.
c=2
QO = Qf + Qm + OX (4)

where C, is the insulator capacitance including the capaci-
tance of the mesoporous silicate film (C__ ), substrate Si_N,
layer (Cg,,) and substrate SO, layer (Cg,,). & and d exhibit
the dielectric constant and the thickness of the insulator layer,
respectively. Q, Q_ and Q_ are the oxide fixed charge, net
mobileions and the oxide-trapped charges, respectively. From
these equations, the surface voltage depends on the insulator
capacitance. The dielectric constant of the insulator isvaried
by gas adsorption for this layer and the capacitance C, is
change. Therefore, the surface voltage is influenced by gas
adsorption for theinsulator layer. This surface voltage change
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can be measured by photocurrent.
3. Resultsand Discussions
3.1 Film Structure

Figure 3 and Fig. 4 show the X-ray diffraction (Material
Analysis and Characterization Science Co., Ltd.: XRD,
MO3XHF22) pattern and the transmission electron micro-
graph (HITACHI, Ltd.: TEM, HF-2000) image of self or-
dered hexagonal and cubic structure film after calcination,
respectively. In Fig. 3, The XRD patterns and TEM images
indicate the ordered hexagonal pore structure in the self-or-
dered hexagonal structure film. The film has a highly ori-
ented hexagonal structure and the pore channels are parallel
to the substrate surface[17], [ 18]. Therefore, the self-ordered
hexagonal structure film is estimated as a one-dimensional
hexagonal (1DH) structure. In Fig. 4, although it is difficult
to infer exactly the structure in the self-ordered cubic film
structure, the pores are in a three-dimensional cubic struc-
ture according to the TEM image. Also, from the powder

@ T T T 1
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Fig. 3 (@) The XRD pattern of self-ordered hexagonal film. (b) The
TEM image of SBA-15 powder, which is synthesized by P123 as the
structure directing agent. The image exhibits a hexagona honeycomb
structure. (c) The TEM image of self-ordered hexagonal film.
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Fig.4 (a) The XRD pattern of self-ordered cubic film. (b) The TEM
image of SBA-16 powder, which is synthesized by F127 as the struc-
ture directing agent. The image exhibits the (110) surface of the cubic
structure. (c) The TEM image of self-ordered cubic film.
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results, the SBA-16 powder has a cubic mesostructure as
shown in Fig. 4(b). This SBA-16 powder and film use the
sametriblock copolymer F127 (EO, EOEO, ) asthe struc-
ture directing agent. Therefore, the self-ordered cubic struc-
ture film has a cubic structure with bi-continuous mesopore.

3.2 SPV Character

Figure 5 and Fig. 6 show the photocurrent and the phase prop-
erty dependence on the bias voltage in SPV-hex and SPV-
cub, respectively. These properties are due to the change of
band structure and capacitor in the semiconductor/MIS in-
terface layer from the inversion picture to the depletion pic-
ture described the above explanation. In addition, the bias
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shifts of these properties are belong to standard air exposure
condition (O,: 20%, N.: 80%; 100 sccm) and NO exposure
condition (100 ppm; 100 sccm) at room temperature.

The bias shift of the photocurrent and the phase prop-
erty were observed in each SPV device from air exposure to
the 100 ppm NO gas exposure condition. They were esti-
mated as 28 mV and 99 mV shift at 400 nA in the photocur-
rent property of SPV-hex and SPV-cub, respectively. So, the
Bias voltage shift of SPV-cub isabout 4 times more than that
of SPV-hex.

The bias shift resulted from the change of the dielectric
constant and the charge in the insulator layer by physical
adsorption and chemical interaction between the detected
gases and the gas sensitive film. The bias shift at the flat
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Fig.5 (&) Biasvoltage— photocurrent curve (circle) and bias voltage — phase curve (square) charac-
teristics of SPV-hex. Closed and open points mean the NO gas exposure and the standard air expo-
sure, respectively. (b) The photocurrent (solid line) and the phase (doted line) response of SPV-hex,
where bias voltageis fixed at 1.25 V. Closed and open points mean turning on the NO gas exposure
and the standard air exposure, respectively.
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Fig.6 (a) Biasvoltage— photocurrent curve (circle) and bias voltage — phase curve (square) charac-
teristics of SPV-cub. Closed and open points mean the NO gas exposure and the standard air expo-
sure, respectively. (b) The photocurrent (solid line) and the phase (doted line) response of SPV-cub,
where bias voltage is fixed at 0.25 V. Closed and open points mean turning on the NO gas exposure

and the standard air exposure, respectively.
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band, which is defined as ¢, = 0, is described below equation.
avy =0 Q%A Qg

C|AD CI gi + Agi £i
_&§4Q, - A5Q,
(e +2e) & ®)
where AQ,, C,, and A¢, are the charge density variation, the

variation in capacitance and dielectric constant, respectively.
In the case of physical adsorption, AQ, = 0.

The bias shift difference between SPV-hex and SPV-
cub depends on the change of dielectric constant Ag,, which
directly belongs to the amount of gas adsorption in
mesoporous film. Therefore, the difference exhibits the struc-
ture dependent gas accessihility to the mesopore. In the case
of SPV-hex, which has a 1DH mesostructure, the pore chan-
nelsalign and parallel onto the substrate surface as shown in
Fig. 7(a). The gas should gain access from the side and not at
the top of the mesoporous film, asit is difficult for the gasto
gain access and be adsorbed inside the mesopore. Therefore,
SPV-hex exhibits a dlightly bias shift. On the other hand, in
the case of SPV-cub, the pore channels connect with each
other in three dimensions as shown in Fig. 7(b). The gas could

Pore open on the side

Pore open on Gas easy
Gas__Difficult to access \

the each side to access

(@) (b)

Fig. 7 Theimage of gas accessibility between one-dimensional hex-
agonal mesoporous material (&) and cubic mesoporous material (b).
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Fig. 8 The photocurrent (solid line) and the phase (doted line) re-
sponse of SPV-non, where bias voltageis fixed at 1.20 V. Closed and
open points mean turning on the NO gas exposure and the standard air
exposure, respectively.
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gain access to the film from both the top and the side of the
mesoporous insulator layer. Consequently, SPV-cub is better
than SPV-hex for gas accessibility. These sensing results are
in respect of the mesostructure differences.

Figure 5(b), Fig. 6(b) and Fig. 8 show the response prop-
erty in cyclic air exposure and the 100 ppm NO exposure
condition in SPV-hex, SPV-cub and simple SPV system with-
out self-ordered mesoporous silicate film (SPV-non) respec-
tively.

The results of recoverable response are accomplished
at the bias voltage of 1.25V, 0.25V and 1.20V for SPV-hex,
SPV-cub and SPV-non, respectively. In the SPV-non sample,
theNO gasisadsorbed immediately and the current is changed
for the first NO gas turning on step. However, after the first
gas adsorption step, the current exhibits a lack of recover-
ability property.

On the other hand, in the SPV-hex and SPV-cub sample,
the currents are increased and decreased by the 100 ppm NO
gas exposure and the standard air exposure cycle. Theresults
of the gas exposure cycle for SPV-hex and SPV-cub are dif-
ferent from that for SPV-non. The difference between these
sample structures was only the introduction of the self-or-
dered mesoporous film as an insulator layer. Therefore, these
results are caused by the self-ordered mesoporous silicate
insulator layer. Consequently, considering above bias shift
properties, SPV-cub exhibits good sensitivity for NO gas ex-
posure according to the adsorption capacity of the mesoporous
silicate insulator layer. From these results, SPV-cub material
exhibits a good potential as an NO gas sensor, which is re-
flected in the property of the mesoporous silicate.

4, Conclusions

Self-ordered hexagonal and cubic structure mesoporous sili-
cate film combined SPV type gas sensors (SPV-hex and SPV-
cub) have been successfully fabricated. These sensors have
sensitivity for NO gas (100 ppm and 100 sccm) and also ex-
hibit different sensing performance dependence on the gas
accessibility of the mesostructure. In the case of SPV-hex
with self-ordered 1DH mesostructure film, there is poor gas
accessibility to the mesopore, because the poreisonly opened
on the side of film due to its highly ordered structure. In the
case of SPV-cub, which hasaself-ordered cubic mesostructure
film, the gas could be accessed on both the side and top of
thefilm dueto its bi-continuous three-dimensional pore struc-
ture. Consequently, self-ordered cubic structure mesoporous
silicate film is more suitable for the SPV type gas sensors.
Furthermore, comparing simple SPV-device SPV-non, both
SPV-hex and SPV-cub exhibit good gas exposure response
properties. Therefore, the self-ordered mesoporous silicate
films especially cubic mesoporous silicate film improves the
sensing property of the SPV gas sensor and are effective
material for the SPV gas sensor application. Here, we could
exhibit great possibilities of the SPV device with mesoporous
materials. However, these kinds of SPV deviceis not so good
in resoponse and recovery time, which might be due to the
device structure and high surface porous structure of sensing
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films. The high sensitivity and selectivity of SPV-cubis pro-
gressing by improving the pore size, structure and modifying
the inner surface of the self-ordered mesoporous film.
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