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Abstract Metal oxide semiconductors have been widely

used in the field of gas sensor study. Various researches

are being done to improve the sensitivity of the sensing

material for applications like breath analyzers. In this

work, a theoretical investigation and analysis of the n-

type metal oxide for Acetone gas detection are carried

out. The rate of change of resistance of the sensing ma-

terial with respect to the change in the concentration

of the target gas is analyzed. Acetone being a reduc-

ing gas the resistance was found to decrease for n-type

material. The simulations were done using COMSOL

Multiphysics and results showed that the resistance of

the sensing layer varies with the concentration of the

target gas. Also, the performance analysis of sensors

has been compared with the experimental results. Fur-

ther, we have also derived a mathematical expression
connecting the relationship between the concentration
of gas and the rate of change of resistance. The re-
sistance change is observed to be proportional to the

target gas concentration. A signal conditioning circuit

was also designed for providing a user-friendly interface

for monitoring the gas concentration. The simulation of

the signal conditioning circuit was done using Proteus
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Design Suite. This work will aid researchers to define
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2 Introduction

The increase in pollution in the environment and its
adverse effect on living organisms have drawn consid-

erable attention towards the need for gas sensors [1].

There are different methods like resistive, acoustic, ul-

trasonic, thermoelectric, and electrochemical ones used

for gas sensing. Among the different methods for gas

sensing, resistive type-based gas sensors have gained
a lot of research interest due to low cost, fabrication
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simplicity, and easy portability [2,3]. Metal oxide semi-

conductors are sensing materials used for gas sensors

with resistive types. Metal oxides semiconductors are

classified into two based on the type of charge carriers

namely n-type and p-type. ZnO, SnO2, WO3, etc are

commonly used n-type semiconducting materials, and
NiO, CuO, and Co2O3 are the p-type semiconducting

materials [4]. They have been used for the detection
of different types of gases like Hydrogen (H2), Hydro-

gen sulphide (H2S), Ammonia (NH3), Carbon monox-

ide (CO), Volatile Organic Compounds (VOCs), etc [5,
6].

Metal oxide semiconductors with different geome-

tries like nanotube, nanoflower, nanosphere, and hollow
spheres have been synthesized [7,8]. The sensing layer
helps to determine the selectivity and sensitivity of the

sensor. Research work is mainly focussing on improv-
ing the selectivity and sensitivity of the sensor. Metal
ions, metal oxide composites, and carbon materials are
doped with the sensing layer, for enhancing the perfor-

mance of the sensor.

The transmittal mechanism of these sensors is based

on the variation of the resistance of the sensing layer.
The redox reactions which are taking place on the sur-
face of the sensors are the reason for the change in resis-

tance [9]. A high-temperature environment is required

for the redox reactions to take place. This temperature

is provided with the help of a microheater. Different

geometries like meander, double meander, spiral, circu-

lar, etc have been designed for the heater for optimizing
the temperature distribution and also for reducing the
power consumption [10]. The change in the resistance

of the sensing layer is measured using an interdigitated

electrode. The gas sensor performance is evaluated by

considering the parameters such as recovery time, selec-

tivity, sensitivity, response time, the limit of detection,

and operating temperature respectively.

VOCs are emitted during day-to-day activities like

cooking, building materials, driving a car, painting the

house, or using pesticides [11]. These compounds have

an adverse effect on human health even when exposed

to low concentration. The human breath also contains
VOCs which are an important breath marker for many
diseases like kidney failure, diabetes, Asthma, etc [12].
Acetone is one of the important VOC present in the

human breath which is a breath marker for diabetes

mellitus. A healthy person has 0.2 to 1.8 ppm concen-

tration of Acetone in his breath. Acetone concentration

above 1.8 ppm indicates diabetes condition. If the con-

centration is above 25 ppm, then it’s the acute case of

diabetes mellitus [13–15]. Also in laboratories and in-

dustries, Acetone is used as a common liquid. When

exposed to a high concentration of Acetone leads to

nausea, headache, fatigue, and nervous system damage.

So as a safety concern, the environmental concentration

of Acetone monitoring is necessary [16].

Performance parameters of the gas sensor have been

observed by using COMSOL Multiphysics. For n-type

the properties of ZnO are used. Theoretical analysis

and investigation of the sensing characteristics of ZnO

gas sensors towards Acetone gas are performed. The

effect of concentration on the rate of variation of resis-

tance of the sensing layer was also analyzed. A signal

conditioning circuit was also designed for providing a

user-friendly interface for monitoring the gas concen-

tration.

3 Gas sensing Mechanism

Metal oxide gas sensors detect the target gas due to the
changes in their electrical resistance [17]. This change

happens due to the various adsorption and desorption
process taking place on the sensing layer surface. These
results in the change in the concentration of the charge
carrier. When the metal oxide comes in contact with

the atmosphere, the molecules of Oxygen that are ab-

sorbed over the surface educed the electrons from the

conduction band. As a result, ions are formed due to the

trapped electrons. Due to the falling off of the density
of the electrons over the surface, an electron depletion
layer is formed and a barrier potential is formed. The
chemisorbed ions of oxygen formed depend on the op-

erating temperature of the gas sensors. The following

equations summarise the oxygen adsorption mechanism

[18].

O2(gas) O2(ads) (1)

O2(gas) + e– O –
2 (ads) (< 100 0C) (2)

O –
2 (ads) + e– 2O–(ads) (< 100− 300 0C) (3)

O–(ads) + e– O2–(ads) (> 300 0C) (4)

When the sensor is then disclosed to the target gas,

the surface is getting absorbed by molecules of gas and
then reacts with adsorbed ions of oxygen. The increase
or decrease in resistance depends on the majority carri-
ers in the metal oxide semiconductor [19]. The reaction

of Acetone gas with the adsorbed oxygen ions is given

by the equation (5) [20]:
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CH3COCH3(gas) + 8O– 3CO2 + 3H2O + 8 e–

(5)

When ZnO is exposed to air, oxygen adsorption

takes place and the resistance of the metal oxide layer
increases due to the removal of electrons [21]. A schematic
demonstration of this is shown in Fig.1a. As a result,

an increase in depletion layer width has occurred as il-

lustrated in Fig.1b. When Acetone gas is fed through

the chamber, the gas molecules react with the adsorbed

oxygen ions. Acetone being a reducing gas causes the re-
sistance of the sensing layer to decrease as the adsorbed
electrons are injected back into the electron depletion
layer [22]. This is shown schematically in Fig.1c. and

the corresponding decrease in the potential barrier due

to the injection of the adsorbed electrons back into the

conduction band is shown in Fig.1d.

4 Architecture of gas sensor

The schematic representation of the proposed gas sen-

sor is shown in Fig.2. The proposed gas sensor consists

of the following parts:

– The substrate is Silicon with 0.8 x 1 x 0.5 mm di-

mensions. It should well adhere to metal and have

high mechanical stability.

– Meander-shaped Platinum heater with a dimension

of 0.8 x 0.5 x 0.001 mm for providing the operating

temperature.

– An insulating layer made up of silicon dioxide with

dimensions 0.8 x 0.5 x 1 mm for preventing direct

contact between the heater and the electrode.

– The resistance measurement is done using the elec-

trode with a dimension of 0.8 x 0.5 x 0.5 mm. Plat-

inum is the material used for the electrode.
– The sensing layer of the sensor consists of a 1 mm

thick ZnO for n-type sensor.

5 Finite element analysis

COMSOL Multiphysics was used for simulating the gas

sensor. The gas chamber model, heat transfer model,

and conducting model were the models simulated for

analyzing the performance of the sensor.

5.1 Gas Chamber model

The gas chamber model is shown in Fig.3a. A cylindri-

cal chamber with a radius and height of 16 mm with one

inlet and two outlets of a diameter of about 2 mm and

1 mm respectively are designed. The chamber is used
to study the conductivity variation of the sensing layer
when exposed to the Acetone gas. The gas is applied to

the chamber from the upper base and is collected out

from the other end with the help of two outlets for the

easy outward flow of the gas from the chamber. Fig.3b

depicts the gas flow distribution in the chamber.

5.2 Heat transfer model

The operating temperature for the working of the gas

sensor is provided by using a microheater. The schematic
representation of microheater inside the chamber is shown
in Fig.4a. The simulated microheater showed in Fig.4b.
Platinum is the heating material used for the micro-

heater due to its advantage like low power consumption

[23]. To obtain the required temperature, DC voltage in

the range of 0.1 to 5 V is applied. Meander geometry

is chosen for the microheater for obtaining a uniform

temperature distribution of heat on the sensing layer.

The platinum properties which are used in the sim-

ulation are shown in Table 1

Table 1 Properties of Platinum

Electrical Coefficient of Density Youngs Poissons
Conductivity thermal expansion modulus Ratio
(S/m) (1/K) (kg/m3) (GPa)

8.9x106 8.80x10−6 21450 168 0.38

The distribution of heat over the surface of the heater

at a voltage of 5 V is shown in Fig.5a and the varia-

tion of temperature with respect to the applied input

voltage of the heater shown in Fig.5b

5.3 Conducting model

Metal oxide semiconductors undergo a change in their

resistance when exposed to the target gas. This prop-

erty is used for gas sensors. The variation in resistance

depends on the type of metal oxide used for gas sens-

ing and it is achieved by the adsorption and desorption

processes. The change in resistance is also analyzed as

a function of temperature and concentration of gas.

5.3.1 Numerical simulation conditions for the

conducting model

Solid mechanics module, heat transfer module, electri-

cal module and chemical transport species module are

the physics used for the simulation of gas sensors. The
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Fig. 1 Schematic showing (a) ZnO reaction with the oxygen (b) depletion layer width increases (c) gas sensing mechanism
with the acetone gas (d) decrease in potential barrier.

Fig. 2 Architecture view model of gas sensor.

Fig. 3 Schematic representation of (a) chamber with sensor
(b) gas flow distribution in the chamber.

gas flow in the chamber is modelled using Navier Stokes

equation given by [24],

Fig. 4 (a)Schematic representation of microheater inside the
chamber (b) Simulated microheater.

ρ
D
−→

U

Dt
= −▽P + ρg + η▽2U (6)

where ρ, g, U, η, and P are gas flux, gravity, veloc-

ity field, viscosity, and gas pressure, respectively. The

above equation is solved using continuity equation for
achieving the gas field velocity which is given by [25],

δρ

δt
+ ▽(ρ

−→

U ) = 0 (7)

When the gas has an incompressible flow ρ becomes

zero. Therefore the equation reduces to,

▽
−→

U = 0 (8)

The boundary conditions of the inlet and outlet
pressure are given by [26],



Title Suppressed Due to Excessive Length 5

Fig. 5 (a) Heat distribution on the surface of the heater (b)
Heater temperature versus applied input voltage.

Pinlet = 0

Poutlet = 0
(9)

In the heat transfer model, the heat from the heater

of the sensor is transferred to the sensing layer through

conduction. The heat transfer in solids is given by [27],

q = −k▽T (10)

where q is the flux density, k is the electrical conduc-

tivity and T is the temperature respectively. Also, there

will be heat loss to the surrounding air and the device

edges by radiation and convection. This phenomenon is

described using Neumann➫s law of cooling [28],

q0 = h(Tsur − Tair) (11)

where q0 is the heat transferred, h is the heat trans-

fer coefficient, Tsur and Tair is the surface and air tem-

perature respectively.

For electrical model, the reaction between the gas molecules

and the sensing surface is modeled using poisson’s equa-

tion [29],

▽
2V = 0 (12)

As the sensing layer is shielded from the surrounding

environment, the condition at the boundary for the cur-

rent density is given by [32],

m.J = 0 (13)

where m is the normal vector of the plane of the

active layer and J is the current density.

5.3.2 Response of gas sensor

The Scanning Electron Microscopic characterization of
synthesized ZnO nanoparticles was found to have spher-

ical structure are shown in Fig.6 [31]. and the same has

Fig. 6 SEM image of Zinc Oxide (ZnO)

been used for simulating the sensing layer. When the

oxygen adsorption takes place the electrons are removed

from the sensing layer and as a result, a depletion layer

is formed. As a result, the resistance of the ZnO layer

increases. When Acetone gas is fed to the chamber, it
reacts with the oxygen adsorbed and releases electrons.
This will reduce the electron depletion layer and causes
a decrease in the resistance of the ZnO layer. The vari-

ation of the resistance of the ZnO at different concen-

trations of the sensing layer is shown in Fig.7.

Table 2 shows the properties of the Zinc oxide

Table 2 Properties of the Zinc oxide

Material Thermal Youngs Density
Type Conductivity modulus

(W/mK) (GPa) (kg/m3)

ZnO 6 210 5676
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Fig. 7 The variation of reistance of ZnO at different concen-
tration of Acetone gas

Due to the adsorption of Acetone over the surface
of the oxide layer the resistance changes. The resistance

of the sensing layer in the presence of Acetone is rep-

resented by Racetone and the resistance in the presence

of air is represented by Rair. Hence the response of the

gas sensor for n-type is given by the equation (14) [32],

Responsentpye = Rair/Racetone (14)

The Time versus Response graphs for ZnO is shown

in Fig.8.

Fig. 8 The Time versus Response of ZnO at different con-
centration of Acetone gas

6 Experimental method

The experimental setup for the sensing of acetone gas is

shown in Fig.9. The metal oxide nanomaterials synthe-

sized were coated on the interdigitated electrode. The

sensor was placed in a vacuum chamber.

Fig. 9 Schematic diagram of experimental sensing setup

Fig. 10 The comparison between practical and simulation
data for the variation of resistance of ZnO at a concentration
1000 ppm of Acetone gas

The desired concentration of acetone vapor is ob-

tained by injecting the Acetone liquid of a particular
volume into the chamber. The volume of Acetone in

ppm is determined using the equation (15) [33]

Cppm =
δVTRT

MPV
(15)

Where δ is the density of target liquid (g/mL), VT

is the volume of liquidµL, R is the gas constant, T is

the temperature(K), M is the molecular weight, P is

the chamber pressure(atm) and V is the volume of the

chamber in litre. The experimental data is validated

with the simulation data for 1000 ppm concentration

of acetone and is shown in Fig.10. The response graph

for the same concentration is shown in Fig.11.
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Fig. 11 The Concentration versus Response of ZnO.

7 Analytical approach for the rate of change of

resistance

The rate of change of resistance is high for a higher

concentration of Acetone gas as the adsorption will be

more. Moreover, the maximum rate of change will occur

immediately after turning on or turning off of Acetone

gas flow. An exponential growth behaviour is observed
in all the resistance-time graphs. Furthermore the con-
ductivity σ is given by [34],

σ = nµnq + pµpq (16)

where n is the carrier concentration of electrons, p is

the carrier concentration of holes, µn is the drift velocity

of electrons, µp is the drift velocity of holes and q is the

charge.
As the adsorption takes place, the conductance of the
sensing layer can be expressed as,

σsensing = (n− αCt)µnq + (p+ αCt)µpq (17)

where α is the adsorption coefficient and C is the

concentration of the target gas. Equation (17) shows
the subjection of the sensing layer to an Acetone gas
concentration for a short time. As resistivity is the in-

verse of conductance it can be expressed as,

ρ =
1

σ
=

1

(n− αCt)µnq + (p+ αCt)µpq
(18)

If n = p the rate of change can be expressed as,

dρ

dt
= −

−αCµnq + αCµpq

((n− αCt)µnq + (n+ αCt)µpq)2
(19)

If αCt is very much smaller than n, αCt<<n, the rate

of change can be expressed as

dρ

dt
∼=

αC(µn − µp)

n2q(µn + µp)2
(20)

As the resistance related to the cross sectional area A

and length l the equation can be written as

A

l

dR

dt
=

αC(µn − µp)

n2q(µp + µp)2
(21)

Since all the parameters are constants, it can be shown
that rate of resistance change is proportional to con-

centration of the gas.

dR

dt
∝ αC (22)

7.1 Adding donor impurity

Similarly, if we are adding impurities to the sensing

layer the equations can be modified. If adding a Donor

impurity with donor carrier concentration,ND the equa-
tion (16) can be changes to

σ = NDµnq + pµpq (23)

As the adsorption takes place, the conductance of sens-

ing layer can be expressed as,

σsensing = (ND − αCt)µnq + (p+ αCt)µpq (24)

If ND is very much larger than αCt, ND >> αCt, the

rate of change can be expressed as

dρ

dt
∼=

αC(µn − µp)

q(NDµn + pµp)2
(25)

Similar to equation (21)

A

l

dR

dt
=

αC(µn − µp)

q(NDµn + pµp)2
(26)

Since all the parameters are constants, it can be shown

that rate of resistance change is proportional to con-

centration of the gas.

dR

dt
∝ αC (27)

According to equations (22) and (27) the maximum

value of
dR

dt
, is directly proportional to the concentra-

tion of the target gas. The first-order derivative curve

at a particular concentration of Acetone gas for ZnO is

shown in Fig.12.
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Fig. 12 First order derivative curve of resistance time curves
of ZnO sensor at a concentration of 1000 ppm.

Fig. 13 Circuit diagram of signal conditioning unit

8 Signal conditioning unit

The simulated gas sensor resistance varies between a
few MΩ ranges depending upon the concentration of

the gas present. It needs a dynamic measurement tech-

nique for the accurate readout of these resistance changes.

A signal conditioning unit is simulated for this pur-

pose can be utilized for n-type gas sensors. It contains

a bridge circuit followed by a low signal amplifier shown

in the Fig.13.

When contact with the target gas, the conductance

of the sensing material changes, accordingly it shows a

detectable variation in its resistance. These resistance

variations are detected by a Wheatstone bridge cir-

cuitry, which includes three standard resistors, R1, R2,

R3, and one sensor. The bridge output voltage changes

according to the resistance of the sensing layer. The out-

put of the bridge is connected to a low signal amplifier.

This work uses an AD623 instrumentation amplifier as

a low signal amplifier [35]. To ensures the single and

dual supply operations it is a modified version of the

classic 3 opamp instrumentation amplifier. It offers a

different set of gain values by connecting an external

resistance. The output equation of this amplifier is de-

fined as follows.

Vo =

(

1 +
100kΩ

Rgain

)

(Vx − Vy) (28)

Where V0 is the output voltage of the amplifier, Vx is

the non-inverting terminal voltage, Vy is the inverting
terminal voltage Rgain is the external gain controlling

resistance. For getting a particular gain it needs to cal-

culate the value of the resistance by the equation,

Rgain =
100kΩ

(Gain− 1)
(29)

The resistance variation is due to the adsorption of Ace-
tone gas on the ZnO is observed in the range of 1MΩ

to 10MΩ, for analyzing the performance of the sensor

over this range the gain is selected as 1.5 by choosing

the Rgain as 200kΩ. The simulation is done using Pro-

teus Design Suite software. The simulated signal con-
ditioning unit with ADC output is shown in Fig.14. In

the simulation, the Arduino Uno board is used for the
ADC conversion it has an inbuilt resolution of 4.9 mV
per unit 5/1024.

The concentration of acetone gas is varied from 1000

ppm to 62.5 ppm and the corresponding resistance, out-
put voltage, and the ADC output values for the ZnO
are shown in table 3.

Table 3 Signal conditioning output for n-type sensor

Gas Sensor Signal conditioning ADC
concentration resistance Output numeric

average voltage digital
(ppm) (MΩ) (V) output

1000 1.56 3.18 650
500 4.06 2.22 456
250 4.72 2 410
125 6.68 1.44 296
62.5 8.18 1.09 223

It is observed that at a higher Acetone gas con-
centration of 1000 ppm the resistance was ∼ 1.56MΩ

with the corresponding output voltage of 3.18 V and

at the lower gas concentration, the resistance was ∼

8.18MΩ and the corresponding output voltage was 1.09

V. Therefore as the input gas concentration decreases

the resistance value increases, the output voltage de-

creases, accordingly, the ADC value decreases.
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Fig. 14 Signal conditioning unit with ADC

9 Comparison of the proposed work with the

reported results of References [24] and [34]

The proposed work developed a feasible method to rapidly

determine the concentration of target gas for metal
oxide semiconductors considering the donor impurities
separately. The work reported in the literature [24] for

the detection of reducing gas has not given any sig-

nificance for the measurement of the concentration of

target gas. But the proposed work developed a micro-

controller based signal conditioning unit with the sensor

output for efficient detection of the target gas. Despite
finite element simulation tool COMSOL being increas-
ingly used for the simulation of the sensing mechanism

in the gas sensors, there is no modeling for the rate

of change of resistance with the gas concentration and

simulation of signal conditioning unit for the measure-

ment of the concentration of target gas. Analytical eval-

uation is very much useful for determining the general

properties of a gas sensor. Chiu Hsien and et al, [34] re-

ported a general approach on the relationship between

the rate of the change of resistance dr/dt and gas con-

centration. In this work, it is separately analyzed for an

n-type metal oxide gas sensor for reducing gas.

10 Conclusion

Performance analysis of metal oxide semiconductors with

ZnO as a sensing material has been presented in this

work. The optimum operating temperature of the sens-

ing layer is provided by using a microheater with me-

ander geometry. The sensing response for the n-type

sensor was observed at different gas concentrations. The

performance of the gas sensors has been observed by us-

ing the simulation software and has been verified with

the experimental data. Developed a mathematical ex-

pression for the rate of change of resistance at different

concentrations of the Acetone, and it is found to be

proportional to the gas concentration. A signal condi-

tioning circuit was also developed for accurately reading

the measured resistance change. For n-type metal oxide,

a higher ADC value indicates a higher concentration of

Acetone. The presented model and signal conditioning

unit in this work are capable of analyzing the perfor-

mance of any n-type of gas sensors made with metal

oxide.
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Figures

Figure 1

Schematic showing (a) ZnO reaction with the oxygen (b) depletion layer width increases (c) gas sensing
mechanism with the acetone gas (d) decrease in potential barrier.

Figure 2

Architecture view model of gas sensor.



Figure 3

Schematic representation of (a) chamber with sensor (b) gas �ow distribution in the chamber.

Figure 4



(a)Schematic representation of microheater inside the chamber (b) Simulated microheater.

Figure 5

(a) Heat distribution on the surface of the heater (b) Heater temperature versus applied input voltage.



Figure 6

SEM image of Zinc Oxide (ZnO)



Figure 7

The variation of reistance of ZnO at different concentration of Acetone gas

Figure 8

The Time versus Response of ZnO at different concentration of Acetone gas



Figure 9

Schematic diagram of experimental sensing setup



Figure 10

The comparison between practical and simulation data for the variation of resistance of ZnO at a
concentration 1000 ppm of Acetone gas



Figure 11

The Concentration versus Response of ZnO.

Figure 12

First order derivative curve of resistance time curves of ZnO sensor at a concentration of 1000 ppm.



Figure 13

Circuit diagram of signal conditioning unit

Figure 14

Signal conditioning unit with ADC


