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/Abstract A

Hydrogen has the greatest probability to leak. So, hydrogen detection becomes more challenging than other gases for
safety considerations. In this study, Electro-thermal simulation and transient analysis for hydrogen leakage semiconductor sen-
sor were performed. The heater coil and the sensitive layer of the sensor are the main investigated parts. Finite Element Method
(FEM) analysis used to compare the electro-thermal properties of two geometrical heater coils and different materials for sensi-
tive layer. The temperature of the simulated sensors was analysed considering the natural convection and radiation, ambient
temperature variation from 0-50°C, varying heater coil materials, varying dimensions, and varying sensitive layer materials.
Optimization for the heater coil was performed by comparing the maximum surface temperature, power consumption, and the
time response for both sensor designs by COMSOL 4.3. The simulated results confirmed that the nickel-chrome material for the
heater needs minimum power consumption of 82% lower than Pt. But it has longer response time, which is 37 seconds (240%
of Pt response time) at 1V power supply. Also, Comparing SnO2 and ZnO sensitive materials, SnO2 material has a response
time lower than ZnO by 28% in helical based sensor and 31% in meander one. Finally, the helical based sensor needs power
less than meander one by 40% to achieve the 350°C surface temperature. In other words, helical based sensor generates higher
surface temperature by 36% from the meander one at the same power consumption (500mW power supply). D

N

Introduction

Several gas sensors using n-type semiconductor oxide such
as SnO, detects different kinds of reducing or oxidizing gases in
the air from a change of its resistance. Since early proposed by
Seiyama and Taguchi half a century ago [1], various sensors have
been developed and commercialized for various purposes. Yet
there are still many demands to gas sensors. For example, various
novel sensors are on the list of urgent developments, especially
micro - scale gas sensors using MEMS (micro electromechanical
system) technique. Metal oxide semiconductor sensors have
been used extensively to detect toxic and harmful gases [2,3].
The most representative sensing materials are SnO, [4,5] and
ZnO [6,7], which are n-type semiconductor material. Also, other
n-type semiconductors such as TiO, [8,9], WO, [10,11], In,O,
[12,13], and Fe O, [14,15] are widely being researched to find new
functionalities as a resistive semiconductor sensor. In contrast, the
resistive semiconductor sensors using p-type materials relatively
have received little attention.

Recently, MOS gas sensors need to have fast response, low
power consumption, and uniform temperature distribution through
the sensing material. Also, they require good mechanical stability
at high temperatures. These requirements, together with good
thermal isolation from the surrounding components obtained by
means of silicon micromachining technology [16]. In general, the
conventionally MOX sensing device, usually the sensitive material
is embedded in a porous sintered alumina structure and formed as
a bead around a heater coil. The hydrogen can diffuse inside the
sensitive material pores and interact with it, which lowering the
surface potential, and hence the resistance of the sensitive layer
[17]. While micro-machined MOX gas sensing devices have been
extensively researched and reviewed. The micro-machined sensing
devices consisted of an insulating membrane with electrodes at the
top surface on which the MOX sensing material was deposited
[18]. An integrated heater was fabricated at the lower side of the
membrane. This micro-machined sensor design had lower power
consumption comparing with that of conventional one. Also,
micromachining enhanced other performance metrics, such as
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dynamic range and Lower Detection Limit (LDL). Experimental
assessments, as discussed in Ref. [19] observe that not all micro
machined MOX sensing devices or elements show improved
performance relative to conventional MOX sensing elements.

In semiconductor sensors the active area comprises a heater
coil, sensor electrodes and the gas-sensitive layer in the centre of a
thin membrane. This membrane provides thermal isolation between
the heated coil and the sensitive layer [20,21]. For gas sensing
purposes, the operating temperature of the sensitive layer should
be from 300 - 500C [22,23], so requiring high power (more than
800mW) consumed by the heating device. The best performance
of the gas sensors requires uniform temperature distribution
through the sensitive layer, and very low thermal inertia to allow
the response of the sensors to be fast enough [24]. This is very
important when working in thermal- pulsed operation mode [25,26]
mainly to minimize the consumed power and enhance the sensor
selectivity. In this study, using 3D Finite Element Method (FEM)
tools, we investigate two heater coil geometrical designs, helical
coil and meander heater coil. The meander one usually used in thin
and thick film semiconductor sensors [27]. The heater coil in both
designs is suspended on the nickel plated copper pins instead of
using insulating membrane as in thin or thick film sensors, in order
to achieve good mechanical stability and thermal isolation for the
heater coil. In this study, three different materials and dimensions
for both heater coils were simulated, and the power consumption
for both heater coils were compared. The simulated materials
are nickel-chrome alloy, platinum and low cost nickel alloy
called Dilverpl [28] (an alloy of Ni, Co, Fe). These materials are
thermally and electrically stable at high temperature, and available
widely for fabrication process; also they are highly conductive, so
require a low power supply.

Furthermore, the effects of natural cooling factors resulted
from convection and radiation were considered. As well as
investigating the effects of changing the ambient temperature.
Also, the electrically insulating layer of Alumina material (ALO,)
was implemented for both geometries. Finally, sensitive layer
of two materials (SnO, and ZnO) were investigated by means
of transient thermal analysis. And the simulation results for
two sensor geometries were compared to achieve low power
consumption, uniform thermal distribution, and fast response
(to reach the maximum temperature) through the surface of the
sensitive layer. Figure 1 observes schematic of the simulated
helical based sensor.

Sensing Electrodes
Alumina layer

Heater coil

Sensitive layer

Heaterelectrodes

Figure 1: Schematic design of simulated MOS helical based sensor.
Meander based sensor design has the same configuration but using
meander heater coil instead of helical one.

The heat distribution simulated in 2D models is not so good
because of the heat spreading, so quite high power consumption.
This is enhanced by using a 3D model. This design has faster
heating characteristics and uniform heating of the sensor surface.
The main advantage of using software simulation is to make design
optimization just by varying geometries, materials, and dimensions
of your device before actual fabrication. Thus, saving time and
cost needs for testing and fabrication procedures [29].

Geometry of Simulated Sensors

The simulated sensors are represented by two geometrical
designs, using helical heater coil and meander heater coil.
Schematics of helical and meander coil is shown in Figure 2. Each
sensor consists of five components: a metallic pin made of Nickel
(N1) plated Copper (Cu) connecting the coil to other devices, a
plastic board that represents the sensor base usually electrical
insulator made of fiber reinforced epoxy (FR4), a heater coil,
AL, layer, and sensitive layer with it electrodes. Also, alumina
and sensitive material layers were implemented for both coils.
Alumina layer used to conduct the heat to the sensitive layer and
support it mechanically. In this simulation the basic materials and
dimensions used for the whole structure except the coil itself and
the sensitive layer are the same in both simulated models. Also,
the heat transfer between the helical coil and alumina layer is
considered to be by conduction, because of micro-scale space, and
several contact points between the coil and the layer (the layer is
not separated from the coil).
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(a)

Numerical Model - Governing Equations,
Boundary and Initial Conditions

As mentioned above, the heat generated in the heater coil
by electrical current is a classical joule heating physical model.
A given electrical current I induces an electrical potential V
whose magnitude depends on the characteristics of the heater coil
material. During joule heating, the temperature increases by the
resistive heating from the electrical current. The electrical potential
V, is the solution variable in the Conductive Direct Current (DC)
application mode. The resistive heat Q generated in the model is
proportional to the square of the magnitude of the electric current
density J, which is proportional to the electric field, and equals the
negative of the gradient of the potential V , so we have [28]:

Qe (M

2

The coefficient of proportionality is the electric resistivity
(p=1/c, where o is the electric conductivity) [106]. In a range
of temperatures, the electrical conductivity ¢ is a function of
temperature, According to the next formula:

=15, 171 =15 6Bl = olav,?

o
1+ ag (T —Ty) @)
Where 6, is the conductivity at the reference temperature T,
and o, is the temperature coefficient of resistivity and describes
the variation of resistivity with temperature.

(b)

Figure 2: Heater coil designs (a) helical heater coil (b) meander heater coil.

Setting the electrical potential at one terminal of the coil
heater to the value V,, which is calculated from the material
resistivity and the induced current, and the other terminal to zero
volts or ground resulted in resistive loss that occurs in the heater
coil structure. The resistance of the heater coil depends on its
length 1, cross sectional area A, and electrical resistivity p,. So
the generated electrical power P in the heater coil is calculated as
follows:

P=V,.I=RI>=1.pg.I° @)

The joule heating equation (5) is the main equation for
governing the time - dependent heat distribution through all the
solid parts of the sensor, including the coil element, the metallic
structure and the plastic housing:

pCp(8T/ 8t) — A(k.AT) = Q 5)

With the following material properties p is the density, C,
is the heat capacity, k is the thermal conductivity, Q is the heat
source. The change of temperature in time t depends on the total
power dissipation density Q:

Q="/ (6)

Where, V is the volume of the heater element. In contrast to
the generated energy in the coil heater, the heat dissipates via the
surface of the heater is described by a Robin boundary condition:
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k (8T/0n) = a(T)(T

amb T:]

Where 0T/on represents the normal derivative of T, 0Q_,
the exterior boundary of the heater, T represents the ambient
temperature, o (T) is the heat transfer coefficient, which is
temperature dependent and has a significant influence on the
solution of the system. It is represented by lower, upper, and
vertical surface heat transfer coefficients, o, o and o, respectively.
In general, it is mainly consisting from two components, radiation
o, and convection . :

on df)_ . (7)

o =a, + o, (®)

The radiation part of the heat transfer coefficients is
calculated by Stefan- Boltzmann law. The rate of heat transfers
between the hot surface and its surroundings by radiation Q_ is
dependent on the emissivity &, Stefan- Boltzmann constant 6 =
5.67e-8 W/m?-K*, and on the ambient temperature:

Qrad = &0, (T4amb - Té:] =0 [:Ta.mb - Tj )

Since the heater coil is covered by a thin layer of ceramics
(alumina in our model) and the cavity between the coil and the
ceramics is too small, so the dominant heat transfer is surface to
surface radiation or conduction if there are any contact points.
Also, as initial condition, the temperature of the solid materials is
set to the ambient temperature T, and the electrical potential to

zero. On the other hand, the heat transfer from hot surfaces of the
sensor to ambient air by natural convection Q_ = can be written as
the following:

Q:Dnv =AXhX (Thntsurf'a:e - Tambj (10)

Where, A is area of hot surface and h is convection heat
transfer coefficient, which is SW/m2K for air. The equations
have been solved under Dirichlet, Neumann, and mixed boundary
conditions numerically using the Finite Element Method (FEM).
When the joule heating module is selected in COMSOL 4.3, fixed
temperature and potentials is applied at the terminals of the heater.
So, as initial condition the temperature of the solid materials is set
to the ambient temperature T, and the electrical potential to zero.
Several properties of the used materials are required to solve the
mathematical equations mentioned above.

The nickel- chrome, platinum, alumina material properties
are built in the Comsol software, but for the third material deliverp1
the chemical composition and material properties are listed below
in Tables 1,2. Also, properties for semiconductor materials, SnO,
and ZnO are used as specified in semiconductor hand book.

Element Ni Co
<17

Mn Si C Fe
<035 | £0.15 | £0.02 Bal

value 29

Table 1: Chemical composition (wt%) of Dilverpl material [28].

Density Resistivity | Thermal conduc- | Specific heat (J/ CTE in Yield strength s{reennSllgl Poisson’s Melting
(g/em?) (Q.m) tivity (W/m.’C) kg."C) (1/°C) (MPa) (MPga ) ratio point("C)
8.25 49x10® 17.5 500 4-52x 10° 680 700 0.3 1450

Table 2: Physical properties of Dilverpl material [28].

Simulation Analysis
Convection and Radiation

Now, implemented the effects of natural heat losses
represented by convection cooling and surface to ambient radiation
on the upper surface of the whole structure will result in reducing
the surface temperature of the helical coil, from 366 to 178°C
in case of applying convection cooling factors, and to 109°C in
case of applying convection cooling simultaneously with surface
radiation effects. While in meander coil, the surface temperature is

decreased from 373 to 178°C with convection cooling and to 108°C
in case of applying convective and radiation effects simultancously.
Also, in case of excluding the coil itself from the natural cooling
factor assuming that the heater coil itself is protected by alumina
tube, and applying 0.15A or 30mW power consumption at the coil
terminals, a surface temperature rises to 349°C for helical coil, and
to 356°C for meander shaped coil. Also, uniform heat distribution
was achieved, as shown in Figure 3. These results showed that the
meander coil has higher surface temperature than the helical coil
under the same conditions.
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Figure 3: Effects of natural convection and radiation on the surface
temperature of the heater coils, with excluding the heater coil itself from
the natural cooling factors (a) helical coil (b) meander coil.

Ambient Temperature Variations

The variation in ambient air temperatures also contributes
a temporal instability for gas sensor parameters [30,31]. As it is
well known, ambient temperature during the year can change
widely. Such as in Northern Europe ambient temperature during
the year can change from —30°C to +30°C. Using constant power
source (0.15A), the variation in ambient temperature changes the
sensor surface temperature, as well as the sensing performance.
Also, the natural cooling factors are directly related to the ambient
temperature (see related formulas 8-10). Both heater coils were
tested by varying the ambient temperature from 0-50°C, which
covers the most operating temperatures for such environmental
gas detection sensors. The main characteristics are represented by
the maximum and minimum surface temperatures of the heater
coil, which will indicate the thermal distribution through the coil
structure. The simulation results are listed in Table 3. Notice that
the relation between the surface temperatures is linear, as shown in
Figure 4. Also, the difference between the maximum and minimum
surface temperature is not affected by the variation of ambient
temperature. In addition to that, helical coil has better thermal
distribution than a meander shaped coil.

Tag% E:{Ll‘:)eiei?ltotce;n— Helical heater coil Meander shaped heater coil
Coil temperature ‘C Temperature distribution(T - Coil temperature "C Temperature distribution(T -
Minimum-maximum T ) Minimum-maximum T )
0 95.09 —330.35 235.26 92.24-337.85 245.61
99.74 — 334.99 235.25 96.89-342.51 245.62
10 104.39 —339.64 235.25 101.55-347.16 245.61
15 109.03—344.29 235.25 106.21-351.81 245.6
20 113.68 —348.93 235.25 110.86-356.47 245.61
25 118.32 —353.58 235.26 115.52-361.13 245.61
30 122.97 — 358.23 235.26 120.18-365.78 245.6
35 127.61 —362.88 235.27 124.84-370.44 245.6
40 132.26 — 367.53 235.27 129.50-375.10 245.6
45 136.91 —372.18 235.27 134.16 - 379.76 245.6
50 141.56 — 376.83 235.27 138.83-384.42 245.59

Table 3: Ambient temperature with thermal distribution and maximum temperature achieved through both helical and meander coils, using the FEM

simulation by Comsol 4.3.
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Figure 4: Maximum surface temperature in ('C) with ambient temperature
for both helical and meander coil, without convection and radiation effects
on the heater coil itself.

Varying Dimensions

Minimizing the dimensions of different parts in the sensor can
significantly reduce the thermal losses due to the convection and
radiation. So, minimizing the radius of plastic board (FR4) from
10mm to 8mm will increase the maximum surface temperature from
349 to0 377°C for helical coil, and from 356 to 367°C for meander coil.
In contrast, increasing the radius of copper- nickel pins connected
to the heater terminals from 200pum to 500um will decrease the
maximum surface temperature from 377 to 370°C for helical coil,
and from 367 to 359°C for the meander coil. The coil dimensions also
are simulated. For the helical coil, the simulation results of using

nickel - chrome coil with different dimensions are shown in Table 4.

Table 4: Simulation results for different diameter and length for nickel-
chrome helical coil.

Maximum sur- Number of Outer diameter | Internal diame-
face ter{lperature turns of tk.le heater ter of .the heater
(O coil (um) coil (um)

279.11 10 500 100
358.53 10 550 150
411.02 10 600 200
445.88 10 650 250
469.54 10 700 300
238.1 15 700 300
148.02 20 700 300

Varying Heater Coil Materials

Also, testing different materials to achieve good thermal
distribution, maximum surface temperature from 350-360°C,
and low power consumption is also simulated using nickel
— chrome alloy, platinum, and Delvirepl materials. Also, the
transient response was investigated. We confirmed that among
these materials, platinum has the best response time and thermal
distribution, but the most power consumption of 105 mW. And
since the surface area is not directly connected to the sensitive
layer, the thermal distribution will be investigated on the sensitive
layer later on. So, the most appropriate material for the heater
among them was nickel - chrome alloy material, for its low power
consumption, as shown in Tables 5,6.

Heater coil material Helical heater coil Meander shaped heater coil
Heater coil temperature ‘C) Thermal distribution Heater coil temperature ,C) Thermal distribution
(minimum-maximum) (T_..-T ) (minimum-maximum) (T_..-T_.)
Ni-Cr alloy 113.68 —348.93 235.25 110.86-356.47 245.61
pt 25.44 -30.59 4.83 24.96-30.34 5.38
Delvirpl 59.50-151.93 84.2 58.32-154.01 95.69

Table 5: Different materials for both heater coil with their related surface temperatures and thermal distribution using 0.15 A.

Heater N oil Helical heater coil Meander shaped heater coil
material
. . Thermal Power Heater coil temperature Thermal
Power consumption Heater coil temperature o . . - . e
(mW) (‘C) Minimum- maximum distribution consumption ("C) Minimum- maxi- distribution
(T _.-T. .. (mW) mum (T . T
Ni-Cr alloy 30 113.68 —348.93 235 30 110.86-356.47 246
Pt 105 203.89 —353.91 150 105 176.66- 353.54 177
Delvirpl 35 141.82 —355.58 214 35 115.08-356.60 242

Table 6: Different materials of heater coil with their related power consumption to achieve maximum surface temperature between 350-360°C.
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Implementation of Alumina Material and Sensitive
Layer

Semiconductor sensor has a thermally conductive layer
(Alumina) surrounded the heater coil and transfer the heat to the
sensitive layer such as tin dioxide SnO, layer deposited on its
surface, it has also two electrodes made of gold. These electrodes
detect the change in resistance when a target gas reacts with
the sensing layer of metal oxide. For a gas sensor to operate at
maximum performance the temperature distribution on the sensing
layer must be uniform. This uniform distribution is achieved and
the maximum temperature of the sensing layer is at the centre of
the coil length where most of the adsorption takes place. Therefore,
the power consumption depends upon the geometry and type of
material used for heating purpose.

Using alumina as the electrically insulated layer on both
coils as a solid structure with 200um thickness beyond the coil
boundaries, and applied current of 0.65A resulted in maximum
surface Temperature 0f469°C for the helical coil with 629mW power
consumption and 412°C for the meander coil with 643mW power
consumption. This result confirmed that the helical coil generates
higher surface temperature with lower power consumption. Also,
both coils have approximately same thermal distribution through
the surface of an alumina structure (with a maximum temperature
difference of 8°C for each coil) as shown in Figure 5. Knowing
that, the meander heater coil is widely used in MEMS technology
nowadays for its easier fabrication processes, and mechanical
stability comparing with the helical coil.

Surface Temperature

A 412 44

L—'M 50

¥ 42,782

(a)

Surface Termperature

¥ 30,048

(b)

Figure 5: Surface temperature of Alumina material (a) helical coil (b)
meander shaped coil.

Results and Discussions

The helical heater coil is usually used in porous tube
semiconductor gas sensors and the meander shaped coil is
extensively used in thin and thick film gas sensors [119]. So these
two coil structures are simulated. Firstly, nickel-chrome alloys
material was used for helical coil, with internal radius of 100um,
outer radius of 500um, and 10 turns. A plastic board of 10mm
radius and FR4 material is implemented. While the meander coil
wire radius is 100pm. The simulation is carried out by applying
current source of 0.15A initially. After that, a block of Alumina
material, and 100um thickness for sensitive layer were simulated.
The temperature of the heater coil was analysed, considering the
convection and radiation losses. The simulation results showed
that the meandering coil is more affected than the helical one by
31% at 30mW power supply. Also, varying ambient temperatures
were simulated using supply voltage of 1V. As a result, changing
T, in the range of 0-50°C didn’t affect the thermal distribution,
but increase the surface temperatures in linear relation for both
coils. This is shown in Figure 6.
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Figure 6: Maximum surface temperature for both helical and mender coil
versus ambient temperature, and supply voltage of 1V.

On the other hand, the lateral dimensions of the sensor
structure have a significant role on the maximum surface
temperature. For both designs, minimizing the diameter of plastic
board will reduce the heat losses, due to convection and radiation,
so raising the surface temperature. Also, increasing the diameter
of nickel-copper plated pins will reduce the surface temperature,
due to increasing the surface of the pins. So, the heat losses will be
increased. Now, the coil dimensions represented by wire diameter
and the total coil length are related directly to the resistance value
of the coil. As shown in formula (4) above, p, is the electrical
resistivity and depends on the material of the wire, | is the length
of the coil, and A is the cross sectional area of the wire. Thus, the
diameter of the wire is inversely proportional to the resistance of
the coil and proportional to the surface temperature. In contrast,
the length of the wire is directly proportional to the resistance of
the coil so inversely proportional to the surface temperature.

In addition, different materials for heater coils are
investigated, and the results showed that the platinum has better
thermal distribution, while the nickel-chrome required the minimum
power consumption among the tested materials for both heater
coils. This is due to the thermal properties of these materials. The
power consumption calculated based on the supply voltage and
resistance of each material as observed in Figures 7, 8. As a result
shown below, Ni-Cr material needs minimum power consumption
as 18% of the Pt power consumption (1.12W) to achieve 2200-
2600°C, and moderate response time (Figure 9). Dilverpl has the
maximum response time, as shown in Table 7.

Time
Heater Supply volt- | Resistance Power con- response
material age-V - Ohm sumption - W (ty,) -
Ni-Cr 0.5 1.25 0.2 37.5
Pt 0.4 0.143 1.12 11
Dilverpl 0.45 0.6 0.338 67

Table 7: Power consumption for helical heater coil using different
materials.

14000

12000

10000

8000

6000

4000

—+— Ni-Cr material
—B—rt
—2A— Dilverpl

2000

Helical coil- Max.temperature [degree C]

0 1 2 3 4 5 6 7
Power [W]

Figure 7: Maximum surface temperature for helical coil using different
materials and power supplies.

14000

12000

10000 |

8000

6000

4000

—+— Ni-Cr material
—B—rpt 1
—A— Dilverp1

2000

Helical coil- Max.temperature [degree C]

01 02 03 04 05 06 07 08 09 1
Supply voltage [V]

Figure 8: Maximum surface temperature for helical heater coil using
different material.
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Figure 9: Time response for surface temperature of helical heater coil.

Furthermore, adding alumina material resulted in minimizing
the surface temperature. So, using 0.65A in simulation showed
that the helical coil generates a surface temperature higher than
the meander one, with lower power consumption. This is due
to the heat that concentrates at the core of the helical coil. So,
alumina material can transport the heat effectively, due to its high
thermal conductivity. Also, applying natural cooling effects such
as convection and surface radiation resulted in heat losses. The
meander coil losses the heat more than the helical coil by 31%
at 30mW. Finally, two different materials were simulated for the
sensitive layer ofhydrogen sensor, SnO, and ZnO material. The time
dependent analysis (transient analysis), shows the time required to
reach 90% of the maximum temperature for both materials. As a
result, shown in Figure 10, it’s clear that both sensitive materials
will achieve the same surface temperature in each design and using
the same power. But, for helical design, both of sensitive material
will achieve higher surface temperature by 36% from the meander
based design sensor at 500mW power supply.
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Figure 10: Maximum surface temperatures of sensitive materials with
different power supply for helical and meander coils.

Moreover, the time response (related to surface maximum
temperature) for both sensitive materials is not the same. SnO,
response time (t,,, which need to achieve 90% of the maximum
temperature) is faster. The response time of SnO, material- sensor
is faster by 28% and 31% of ZnO response for helical and meander
based sensor respectively, see Figure 11. More details are observed
in Table 8.

Sensmve.layer ma- Heater design Time response (t,,) -
terials seconds
SnO, Helical coil 36.5
SnO, Meander coil 50
ZnO Helical coil 51
ZnO Meander coil 72

Table 8: Time response for SnO, and ZnO materials using helical and
meander based sensors.
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Figure 11: Time response of heating process for the MOS sensor, using
different sensitive materials with both heater design, helical and meander
coil.

Also, the sensor surface temperature not significantly affects
by changing the ambient temperature from 0-50°C. The change in
both sensor design temperatures not exceeds 8°C, as observed in
Figure 12.
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Finally, as well known, MOS gas sensors suffer from high
operating temperature (300-500°C) and high power consumption.
For example, Taguchi gas sensors require 230-760 mW [32]. In
this study, the commercially sensor scale and dimensions were
approximately simulated to investigate some parameters. As a
result, the simulated sensors need 400-500 mW to generate 350-
400°C. In literature, there is no simulation study investigate the
whole sensor structure (MOS), by means of thermal or transient
analysis. Mostly, the heater device was the main investigated
element in the sensor. So, to compare the results of this study with
literature, some of literature simulation results related to micro-
heater thermal analysis using FEM is mentioned in Table 9.

Figure 12: Sensor surface temperature with ambient temperature
(0-50°C).
Study Heater material Power consumption- Response time (thermal Ref
mW response)-seconds
Micro-heater simulation; Pt- different geometrie 20-40 - Bansal V et al. [33]
350-450°C. geometries s ‘
- Pt - 182
Mlcro—heitgosclmulatlon; -Poly silicon - 189 Rising time: 0.7¢-3 Sinha S et al. [32]
-Dilverpl - 145
-Pt -43.1 -
Micro-heater simulation; o .
> -Poly silicon -283 -
450-480°C. Y Monika et al. [34]
-Dilverpl -18.5 -
-Ni-Cr -30 -37.5
This study: -
1.Micro-heater 350-360°C. - Dilverpl -35 - 11
-Pt - 105 - 67
. . SnO,: 36.5
- Ni-Cr; Helical based sensor -400
2. Whole sensor structure; ZnO : 51
350-360°C. Sn0.: 50
- Ni-Cr; Meander based sensor -600 =
Zn0O: 72

Table 9: Some of literature simulated results related to micro-heater thermal analysis (used for gas sensor applications).

Conclusions

This simulation and modelling work concluded the following
results:

e Comparing two heater designs, the meander coil is affected by
natural cooling factors more than the helical one. Its losses the
heat more than the helical by 31% at 30mW power supply.

e Changing the ambient temperature directly affects the heat

losses caused by convection and radiation linearly. So,
changing the ambient temperature from 0-50°C in both sensor
designs resulted in small variation in the surface temperature
for both sensor designs, but not more than 8°C.

e Changing the lateral dimensions of the sensor and the
dimensions of the heater coil itself resulted in changing the
achieved surface temperature as well as the power consumption.
So, the study confirmed that minimizing the size of the sensor
will significantly reduce the power consumption.
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Investigating different materials for heater coil, shows that the
nickel-chrome material needs minimum power consumption
of 82% lower than Pt power consumption. But it has longer
response time, which is 37 seconds (240% of Pt response
time) at 1V power supply.

Comparing SnO, and ZnO sensitive material for both sensor
designs, SnO, material has a response time lower than ZnO
material by 28% in helical based sensor and 31% in meander
one.

The helical based sensor needs power less than meander one
by 40% to achieve the 350°C surface temperature. In other
words, the helical based sensor generates higher surface
temperature by 36% from the meander one at 500mW power

supply.
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