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Enhanced sensitivity with thickness optimization of ZnO based acetone sensor
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Zinc oxide (ZnO) thin film based acetone gas sensor has been studied with variation of sensing layer thickness towards
500 ppm of acetone. The effect of thickness variation of the sensing layer on the structural, surface morphological, optical
and gas sensing properties of ZnO thin film has been studied. A significant increase from 7.19 to 63 in the sensing response
has been observed with bare ZnO thin film for the samples with an optimised thickness of 410 nm at an optimised operating
temperature of 320 °C. This study conducts the variations in structural, optical and the gas sensing characteristics while
varying the thickness of ZnO based thin films for an acetone gas sensor. Further, the study concludes with an optimised

thickness as 410 nm for an oxidizing gas.
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1 Introduction

In the recent times, comprehensive studies have
been conducted for the solid state gas sensors for
monitoring the environmental conditions, chemical
processes, occupational health, safety and medical
devices'. Previously, the miniaturization of
semiconductor metal oxide based sensors had been
widely exploited for low cost, fast response and
recovery times with ease of fabrication®*. Up to now,
various semiconducting oxides like ZnO, SnO,, In,04
and TiO, have been utilized for the fabrication of solid
state gas sensors™. Zinc oxide (ZnO) is one of the
most versatile semiconductor materials which
possesses a wide direct band gap of 3.37 eV at room
temperature®®. It is having a variety of applications
including luminescence, acoustic, electrical devices
and solar cells’. ZnO thin films have been
substantially studied as a gas sensing metal oxide
semiconducting layer due to its high stability, ease of
fabrication, and high stoichiometry for various gases.
There are numerous deposition techniques for
fabrication of ZnO thin films which includes sol-gel
process, pulsed laser deposition (PLD), RF/ DC
sputtering, molecular beam epitaxy (MBE), and
chemical vapour deposition (CVD), spray pyrolysis'*".
Sol-gel is one of the most reliable methods for
fabrication of ZnO thin films due to its low cost, ease
of fabrication and multifaceted micro structures'®'®.
Now days, acetone is being used in almost all the
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chemical laboratories and industries which exhibits
very adverse effects towards humans. Acetone either
directly or indirectly if inhaled can cause severe
damage to liver, lungs, kidneys and also have an
adverse effect on the central nervous system'. In the
present work, ZnO thin films have been studied for
various thicknesses of 160 nm, 280 nm, 410 nm and
540 nm to find the optimum thickness such that the
sensor exhibits high sensitivity, quick response and
recovery times. The optimise thickness comes out to
be 410 nm which shows the highest sensing response
of 63. The present study proposes for the optimum
thickness for an acetone sensor which is further
related with high degree of crystallization and larger
surface areas.

2 Experimental

The chemical reagents used in this experiment are
of analytical grade with distilled water having
resistivity of 18.2 MQcm'. The zinc acetate
dehydrate Zn(CH;COO),-2H,0 is dissolved with
ethanol to prepare 0.1 M sol. Subsequently,
monoethanolamine (MEA) is added drop wise in
distinct amount as stabilising agent followed by
refluxing of solution at 80 °C for 20 min. The
prefabricated inter digitated electrodes (IDE) over
SiO,/Si substrates (as shown in Fig. 1(a)) are
ultrasonically cleaned in acetone for 30 min followed
bydesiccation in hot air oven. ZnO thin films has been
coated using spin coating technique over the
prefabricated IDE’s at 2500 rpm for 20 s and repeated
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till the desired thickness is achieved with subsequent
baking at 300 °C for 5 min after each coat (as shown
in Fig. 1(b)). The thin films are annealed at 650 °C for
5 h in a closed and controlled environment for
decomposition and oxidation of the precursors of the
solution. The samples with thicknesses 160 nm, 280
nm, 410 nm and 540 nm are prepared with repetition
of spin coats and termed as samples S1, S2, S3 and
S4, respectively. The optical, structural and surface
morphological characteristics for the samples have
been carried out using UV-visible spectrophotometer,
X-ray diffraction (XRD) and field emission scanning
electron microscope (FESEM). For UV-visible
spectrophotometer the samples are prepared over
quartz substrates with same conditions. For gas
sensing characterization processes, the films are
deposited on the IDE patterned silicon substrate with
same parameters. An indigenously developed gas
calibrator and test system (GCTS) consisting of a
glass bell jar, thermocouple, heating element,
temperature controller and the contact pins connected
to digital multimeter (Keithley 2002) is used for the
data acquisition as shown in Fig. 2. Thermal
volatization of liquid acetone is used for preparation
of vapours which were inserted in the chamber
through calibrated leaks with desired concentration of
500 ppm in atmospheric conditions. The gas is
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Fig. 2 — GCTS system.

injected through the inlet nozzle and suctioned using a
rotary pump from the other side. The measurement
for the gas sensing response is started at the
moment when the gas is introduced in the chamber.
The sensing response” (S) is given by:
Rg—R,

Ra

S= (1)
Where R, is the resistance in presence of gas, R, is the
resistance in air. The response time is defined as the
time taken by a sensor in attaining 90% change in
total resistance in case of adsorption and in case of
desorption it is defined as the recovery time.

3 Resultsand Discussion
3.1 Optical properties

As shown in Fig. 3, all the four samples have been
studied for UV-visible transmittance spectra. The ZnO
thin films were found to be highly transparent (~80%)
in the visible region with adsorption edge at around
375 nm. The energy band gap (E, = 3.7 eV) is
calculated using Tauc plot (inset of Fig. 3) and comes
out to be almost equal for all the four samples S1, S2,
S3 and S4. The same band gap for all the four samples
clearly shows the negligible effect of thickness
variation over the band gap while the changes in the
transmittance with the thickness of thin films may be
attributed to the strain changes due to which the
inter-atomic spacing of semiconductors and hence the
energy gap is affected. As the thickness is decreased,
tensile strain may have decreased and compressive
strain along c-axis may have increased which resulted
in lower transmittance in the visible region®'.

3.2 XRD analysis
Figure 4 depicts the XRD graph for all the four
samples. The XRD pattern is analysed from 20 to 60
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Fig. 3 — UV transmittance.
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degrees as presented in Fig. 4. As can be seen from
Fig. 4, all of the four samples indicates preferential
orientation along c-axis®. The peaks are identified to
(100), (002), (101), (102), and (110) plane of
reflections for a single phase wurtzite ZnO structure.
The diffraction peaks in the XRD spectrum are
matched with a pure hexagonal wurtzite structure™
(JCPDS No. 36-1451) for ZnO. The calculations
performed using XRD graph is clearly indicating the
increase in the crystallite size with the increase in
thickness of the ZnO layer as shown in Table 1.
According to this calculation the minimum grain size
comes out to be 55.6 nm for the sample S1 and
maximum grain size of 84.312 nm for the S4. It is
clear from the results that there is an increase in the
crystallite size with the increase in the thickness.
Hence the sensitivity also increase as there is an
increase in porosity but after a certain level the
crystallite size becomes that much large that it starts
hindering the electron movements*. Hence the
sensitivity starts degrading after a certain thickness of
the sensing layer of the sample.

3.3 Surface mor phology

The FESEM micrographs have been shown in the
Fig. 5. These SEM graphs depict the variations in the
structures of all the four samples with their respective
cross sectional views showing the thickness
measurements for the four samples. The results may
be elaborated for the increasing surface roughness of
each sample in the increasing order of their
thicknesses which suggests for the increased surface
to volume ratio and hence the porosity. As reported in
the previous studies the porosity and the surface to
volume ratio plays an important role in enhancing the
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Fig. 4 — XRD patterns.

gas sensing behaviour for a sensor”. The FESEM
micrographs shows the increasing porosity with
increasing thickness and also it supports the results
calculated using scherrer’s relation earlier which
shows the increasing crystallite size with the increase
in thickness of the sensing layer.

3.4 Gas sensing properties

The gas sensing experiments for all the four
samples have been performed with prior annealing at
200 °C for 1 h in a controlled environment so that, if
any, gas particles are adsorbed over the surface of the
sensor shall be desorbed before performing gas
sensing. Figure 6 presents the sensing response of all
the four samples wherein the sample S3 (410 nm)
shows highest sensitivity of 63 towards the 500 ppm
of acetone vapours at an operating temperature****” of
320 °C. This shows that the optimum thickness for the
sensing layer comes out to be 410 nm according to the
present study. The samples S1, S2 and S4 also show
high responses of 24.2 (at 300 °C), 29.5 (at 320 °C)
and 47.2 (at 320 °C), respectively. Hence, it can be

Table 1 — Crystallite size calculations using Scherrer’s formula.

Sample Peak position FWHM B Dp Sensing
coding 20 (°) size (°) (nm) response
S1 34.4442 0.1563 55.606395 24.17
S2 34.4441 0.1498 58.014693 29.45
S3 34.4437 0.1093 79.479723 63.1
S4 34.4433 0.1031 84.312707 47.2

Fig. 5 — Top and cross sectional FESEM.
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Fig. 6 — Sensing responses of sensors.

stated that the optimum sensing response for the
sensor S3 is due to the perfect defect states created
and the increased surface roughness which is directly
linked to the surface to volume ratio. The results
clearly show that the sensing responses firstly
increase but after a certain thickness, it starts
decreasing. This phenomenon may be explained using
the kinetics of molecules™. At low operating
temperatures, kinetics of the gas molecules will be
lowered which decreases the rate of adsorption
resulting in low sensing responses. Also, when the
operating temperature rises above a certain limit, the
kinetics of the gas molecules also increases in such a
way that the molecules will escape before reacting
with the active centres of the sensing layer again
resulting in lowered desorption of gas molecules at
the surface of the sensing layer’'. Hence, it results in
the decrease adsorption quantity of the gas molecules
over the surface of the sensing layer. This will cause
lowering down of the sensing responses of all the
sensors below and above the optimum operating
temperatures. Figure 7 (a,b) present the response and
the recovery times for all the four samples at fixed
concentration of 500 ppm acetone gas. It shows the
variations in the response and recovery times for all
the sensors at the temperature ranges from 180 °C to
360 °C. It is evident from the graphs that there is a
continuous decrease in the response as well as the
recovery times with few humps representing almost
equal times for the adjacent operating temperatures.
This decrease in both response as well as recovery
times are again due to the kinetics of the gas
molecules at particular operating temperatures’.
Figures 8 and 9 represent the transient response curve
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Fig. 7 — (a) Response time and (b) recovery time.

and the stability and repeatability of the sensor S3 at
optimum operating temperature T, = 320 °C towards
500 ppm acetone vapours in the air, respectively. The
sensor S3 shows a stable resistance in air (R,) of 3.67
MQ initially. Now, as the target gas acetone (500
ppm) is inserted in the chamber, its resistance (in gas
R,) gradually increases to 2.32 GQ in about 30 s
(response time). When the acetone gas is suctioned
out from the GCTS, the sensor resistance starts
decreasing and reached to its stable initial value in
approximately 35 s (recovery time).

Figure 9 presents the reproducibility of the sensing
results for at least six consecutive cycles (taken at an
interval of 5 days each) without any degradation in
the sensing response and the drift in the baseline.
Further, the results clearly shows that the porosity and
hence grain size with surface to volume ratio
increases with the increase in thickness of ZnO
sensing layer upto an extent (at particular annealing
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Fig. 8 — Transient response curve.
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Fig. 9 — Repeatability and stability of sensor.

temperature of 650 °C and thickness of 410 nm)
beyond which the porosity of the film degrades
causing the reduced oxygen vacancy sites over the
sensing layer. This causes the degradation of sensing
responses in the samples with thickness higher than
410 nm. Also as illustrated in Fig. 10, the adsorption
and desorption phenomenon of the acetone gas over
the ZnO sensing layers affected by the porosity of thin
films.

According to previous studies®, these results can
also be explained using the activation energy concept,
where the sensing mechanism of a sensor depends
upon the chemical reactions over the surface of the
sensing layer depends on activation energy. The
higher activation energy results in the lowered
electronic conduction in case of ZnO based acetone
gas sensor. The previously reported literature, the
ZnO thin film of thickness about 450 nm is having
lowest activation energy as compared to other lower
and higher order thick films®,

Highly Porous film resulting in

Low Porosity 1resulting in
low adsorption high adsorption
® Zn0 molecule @ Acetone molecule

Fig. 10 — Gas sensing mechanism.

4 Conclusions

ZnO thin films as sensing layers with varying
thickness have been studied. Sol-gel spin coating
technique is used for the fabrication of the sensing
layers. The optical, surface morphological and
structural properties has been studied and it was found
that the porosity of the thin films increases with
increase in the thickness of the sensing layer with
increase in surface roughness and the grain sizes.
Further, the sensor results conclude that the optimised
thickness of 410 nm for a ZnO sensing layer at an
operating temperature 320 °C shows a high response
of 63.3.
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