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Abstract

In this work, MEH-PPV/Si and MEH-PPV/PS at different current densities have been
synthesized for NO2 gas sensor. The sensitivity and speed response at different
operating temperatures (RT, 100°C, 200°C). The study showed that the maximum
sensitivity to NO2 gas for MEH-PPV/Si sensor is 16% at RT, and the maximum sensitivity
to NOz gas is 74% at 200°C. Results show that MEH-PPV/PS has better sensitivity
toward nitrogen dioxide gas compared to MEH-PPV/Si.
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1. Introduction

Conducting polymers, such as (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4phenylenevinylene)] (MEH-
PPV), have been used as the active layers of gas sensors. In comparison with most of the commercially
available sensors, the sensors made of conducting polymers have many improved characteristics [1].
They have high sensitivities and short response time; especially, these features are ensured at room
temperature. Conducting polymers are easy to be synthesized through chemical or electrochemical
processes, and their molecular chain structure can be modified conveniently by copolymerization or
structural derivations. Furthermore, conducting polymers have good mechanical properties, which allow
a facile fabrication of sensors. As a result, more and more attentions have been paid to the sensors
fabricated from conducting polymers, and a lot of related articles were published. There are several
reviews emphasize different aspects of gas sensors and some others discussed sensing [2,3].

Alternatively to PS surface modification by small functional groups, polymer-PS heterojunction
presents attractive functional material for gas sensing. Such heterojunction structures can be prepared
by various techniques, including direct polymer infiltration from solution, polymer grafting, polymerization
from monomers, etc. [4], in many cases major, polymers within a porous structure are used for vapor
sensing applications. Thechallenge of polymer infiltration is the deep and uniform pores filling so that
polymer covers the pores walls as a thin film without pore clogging. The pores should be hollow and
accessible for the interaction with analyte molecules from the outer atmosphere [5]. NOz is one of the
main toxic components emitted from vehicular exhaust and also a main component of emissions from
indoor appliances. In addition, it transforms in the air to form gaseous nitric acid and toxic organic
nitrates, hence contributing to the production of acid rain. Therefore a selective and accurate NO2 sensor
is of extreme importance for continuous monitoring of emission processes [6].

Sensitivity is the ability of a device to detect a variation in a physical and/or chemical property of the
sensing material under gas exposure. In order to improve the sensitivity, it will be of great interest to
work with the most appropriate sensing material in every case and to obtain its optimum detecting
temperature [7]. Taking into account that sensing reactions take place mainly at the sensor’s surface
layer, the control of semiconductor composition, morphology and microstructure are required for
enhancing the sensitivity of the sensor. Working with nanostructure materials will give a higher surface.

Also sensitivity is defined by the resistance change when the sensor is exposed to a certain
concentration of gas. The sensitivity can be calculated as given in [8]:

S= |% x 100% 1)

where S is the sensitivity, Ra isthe electrical resistance of the film in the air and Ry is electrical resistance
of the film in the presence of gas. And also it can be calculated by using an equation [9]:

S= |% x 100% )

;vheztge c is the gas concentration. As Well(g it can be calculated by conductivity using an equation [10]:
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where oais the conductivity of the film in the air and og is the conductivity of the film in the presence of
gas

The response time of a gas sensor is defined as the time required for the sensor to reach 90% of
maximum/minimum value of conductance upon introduction of the reducing/oxidizing gas. Similarly, the
recovery time is defined as the time required recovering to within 10% of the original baseline when the
flow of reducing or gas is removed. The response time and recovery time can be calculated as follows

[11]:
Response t|me = |tga5(on) - tgas(off)l x0.9 (4)
ReCOVGry tlme = |tgas(0ff) - tgas(recovery)l X09 (5)

The goals of this paper is fabrication MEH-PPV/Si and MEH-PPV/PS gas sensor devices by spin
coating technique and study structure, morphology of the organic- polymer composite, and sensitivity to
NO2zgas.

2. Experimental work

In this work, the details of various experimental procedures and measurements used for synthesis
of gas sensing samples are described.

The porous silicon (PS) structure is formed by photoelectrochemical etching (PECE) technique of
silicon wafers porous silicon on n-type silicon, illumination method is the most popular way to generate
holes required in the electrochemical etching process, the photo energy absorption by the atoms
depends on the intensity of the illumination source, the distance from the source and the electrolyte
environment. Therefore, only the surface layer under the illumination generates electron hole pairs. But
the etching rate gradually decreases with time as it is very difficult to reach the illumination into the deep
area of the pores. An electrolyte including hydrofluoric acid (HF) and surfactants (mainly ethanol).
Because the cleaned, polished Si wafer surface is hydrophobic, porous silicon layer were produced
using monocrystalline silicon wafers n-type, with resistivity of 10 Q.cm [12]. The silicon wafers used in
this work with (111) orientation the actual photo-energy absorbing by Si atoms is very sensitive to the
illumination-source intensity. The effects of current density were investigated at: 20, 40, and 50 mA/cm?
at 10 min etching time.

The samples were prepared by using spin coating technigue MEH-PPV films were prepared at the
concentration of about 0.01:2 mg/ml of solvent in which the polymer MEH-PPV Chloroform were used
a solvent; the solutions were spin coated on , silicon MEH-PPV/Si and porous silicon MEH-PPV/PS
(111) substrates.

The (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4 phenylenevinylene)] MEH-PPV (CisH2802)n (average
M.W. 40,000-70,000, Sigma-Aldrich) conducting polymer, MEH-PPV was synthesized by Wudl and
Srdanov in 1993 [13]. The MEH-PPV was used to prepare the blends films. Stock solutions of MEH-
PPV (10 mg/mL) and stirred prior casting onto n-Si and n-PS substrates.

Spin coating is a common method to produce uniform thin films of organic materials on flat
substrates. This technique also can be used on fabricating of the colloidal sphere arrays by spin-coating
at around 1000 rpm at1.5 minute period time, the colloidal dispersions on substrates. Evaporation of the
solvent in the dispersion can be accelerated by spin-coating so when the liquid becomes almost as thick
as the diameter of the spheres, a strong immersion capillary attraction arises between the particles and
assists the self-organization of the particles.

In this process, excessive amount of suspension is placed on the wafer Si and PS then rotated at a
high speed around the axis perpendicular to the substrate plane in order to spread the fluid by centrifugal
force. Due to the centripetal acceleration, most of the suspension is flung off the edge of the substrate,
leaving a thin film of the particles after evaporation of the liquid on the wafer surface [14,15]. The process
is divided into four distinct stages so that the physics of the process can be well modeled. The four
stages are deposition, spin-up, spin-off and evaporation of solvent [16].

For the fabrication, n-type single crystal silicon (111) and MEH-PPV was used. For formation of
ohmic contact, high purity (99.999%) Al was thermally evaporated in vacuum coating system. The film
of (MEH-PPV) was deposited by spin coating on Si. Al metal contacts were formed on MEH-PPV organic
layer by vacuum thermal evaporation.

The anode was composed of silicon wafer, while the cathode was composed of platinum or any HF—
resistant and conducting material. The cell body was composed of a highly acid—resistant polymer, such
as Teflon. Silicon wafer surfaces that served as anodes in contact with HF solution, including the cleaved
edges. The advantage of this equipment is its simplicity [17]. PS samples (n—type) were prepared at
current density of (20, 40, 50) mA/cm2andetching time (10min). In addition, organic conducting polymer
MEH-PPV was deposited on the PS surface to obtain high conductivity.
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The gas sensing measurements for MEH-PPV which are deposited on the Si and PS substrates
were achieved to fabricate gas sensors.

Vacuum evaporation technique utilizing Edward coating unit model 306 under vacuum of 10-°> mbar.
PC-interfaced digital multimeter of type UNI-T UT81B and Laptop PC are used to register the variation
of the sensor resistance when it was exposed to air-NO2 gas mixing ratio.

3. Results and Discussion

The sensing properties of MEH-PPYV deposited on Si and porous silicon substrates are realized as a
function of operating temperature and time to find the temperature dependence of the sensitivity for
NO:.

The sensing mechanism for MEH-PPV deposited on the n-type silicon, for gas sensing using NO2
with concentration of 25 ppm at different operation temperatures beginning from room temperature
(30°C) up to 200°C. Figure (1) shows the difference of resistance as a function of time with on/off gas
amount. Figures show decreasing in the resistance value when the devices were exposed to NO: gas,
(Gas ON), then the resistance value increases with the closure of the gas (Gas OFF). The reason for
this behavior can be attributed to the following: NO2 gas undergoes an ionic reaction with the surface
adsorption oxygen, where the electron on the oxygen, is extracted from the semiconductor so, the holes
will increase in this p-type organic material [21] and causes the conductivity of the MEH-PPV materials
to increase, thus causing the resistance to decrease [22].

The operating temperature is defined as the temperature at which the resistance of the sensor
reaches a constant value. Changing of resistance is just only influenced by the presence of amount of
some gases of interest [23]. The sensitivity factor (S%) at various operating temperatures is calculated
using equation (2). Results show that the sensitivity equals to 8.6% for NO2 gas at 100°C [see table 1].

Table (1) Response time, recovery time and sensitivity of MEH-PPV/Si device as a function of
operating temperature

Temperature | Response time (s) | Recovery time (s) | Sensitivity (%)
RT 35 23 16.6
100°C 21 80 8.6
200°C 0 0 0

From Fig. (1), the response and recovery times have been determined from eqgs (4) and (5).
Response time is 21s and recovery time of 80s at 100°C operating temperature. The sensing properties
of MEH-PPV deposited on the PS (n-type) at constant time of 10 min and different etching currents of
20, 40, 50 mA were investigated as a function of operating temperature to find the temperature
dependence of the sensitivity for NO2 gas. It was found that there is sensitivity for the samples at the
current densities 20, 40, 50 mA at different operation temperature beginning from room temperature
(30°C) up to 200°C with step of 50°C. Figure (2) shows the variation of resistance as a function of time
with on/off gas valve. Changing in conductivity essentially is due to the enhancement of the conductivity
related to the presence of conducting polymer inside the porous template. The conductivity
enhancement after polymer deposition indicated that the possibility for complete oxidation of PS layer
was excluded during polymer deposition.

The sensitivity factor (S%) at various operating temperatures (RT, 100°C, 150°C, 200°C) is
calculated using equation (2). Figure (3) shows the sensitivity as a function of operating temperature for
MEH-PPV, which are deposited on the PS (n-type) substrates. Increasing the operating temperature
leads to an improvement of the device sensitivity which is attributed to increase in the rate of surface
reaction of the target gas.

The sensitivity of MEH-PPV/PS (n-type) from RT to 200°C. The reason for this may be that of limited
diffusion to polymer chains remotely located from the surface, since enough polymer mass is distributed
inside the porous structure. Presumably this interesting effect can be associated with weaker binding of
molecules to polymer chains distributed less densely in the porous medium than in the solid film [24], or
may be due to the contrary to the porosity, total number of high/low porous layers, etching at lower
temperatures, or higher viscosities to improve the interface sharpness between layers with high and low
porosities, using different types of emissive polymers (small molecules) and functionalizing the PS
surface. Thus, the gas sensitivity decreases [25]. While, at the current density 40 mA to MEH-PPV/PS
(n-type) the sensitivity is slowly increased as the temperature increased from RT to 200°C.
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Fig. (1) The variation of resistance with time for MEH-PPV/Si device as NO» gas sensor
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Fig. (2) The variation of resistance with time for MEH-PPV/PS device which different current
densities (20, 40, 50 mA/cm?) as NO; gas sensing

The increase of sensitivity may be due to the large interfacial area, a quasi-monomolecular layer of
polymer adsorbed on pore walls, negligible pore clogging, and efficient diffusion of gas vapor inside the
nanoporous structure due to capillary forces [26] in addition to the heating process allows a
rearrangement of the polymer chains and the directivity within the polymer matrix, leading to an increase
of interfaces between MEH-PPV and PS for optimal efficiency, and the optimum surface roughness,
porosity, large surface area [27].The sensitivity for MEH-PPV/n-type PS increased as temperature

increasing .The sensitivity is reduced gradually with increasing of temperature for etching current of 20
and 50 mA. [see table 2].
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Table (2) Response time, recovery time and sensitivity% of MEH-PPV/PS (p,n-type) device with

different current densities

Current Density (mA/cm?) | Response time (s)
RT | 100°C | 200°C
20 25 3 13
40 15 16 13
50 28 26 24
Recovery time (s)
20 68 30 21
40 55 43 38
50 28 38 18
Sensitivity (%)
20 435 | 37.5 29.6
40 63.4 | 67.6 74.8
50 36.7 18 3.3

Figures (4a,b) show the response time and the recovery time as a function of operating temperature
at different etching currents densities 20, 40, 50 mA/cm? for the MEH-PPV deposited on PS (n-type)
wafer for NO2z gas. The response speed is studied at the temperature at which the sensor exhibited a
maximum sensitivity. Figures (4a,b) show that at etching current of 40 mA the sample exhibits a fast
response speed of 13s to MEH-PPV/PS (n-type) at 200°C, recovery time of 38s at 200 °C MEH-PPV/PS
(n-type). The quick response sensor for NO2 gas may be due to faster oxidation of gas [28].
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Fig. (4) The variation of response time (upper) and recovery time (lower) with operating
temperature of the MEH-PPV deposited on PS (n-type)

4. Conclusions

In concluding remarks, the MEH-PPV conducting polymer is deposited on crystalline silicon and
porous silicon substrates by spin coating technique. The obtained results revealed that MEH-PPV has
sensing properties for toxic gases such as NOz and the sensor device has good sensitivity for thin films
deposited on porous silicon substrate as compared to those deposited on crystalline silicon substrate.
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