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Abstract:Herein, we report improved NO, and O,gas
sensitivity of spin coated ZnO thin film treated with Ar and N,
plasma for different time intervals (15, 30 and 45minutes). X-ray
diffraction study suggested no change in the structure while the
SEM investigation showed major change in topography of
plasma irradiated films. The I-V curves are indicative of increase
in conductivity and NO, and O, gas sensitivity. The oxygen
sensitivity for 45 min Argon and oxygen plasma treated ZnO thin
films showed highest sensitivity compared to pristine ZnO films.
The improved sensitivity is attributed to the modified surface
morphology of plasma treated ZnO thin films.
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1. INTRODUCTION

ZnO is a one of the highly studied material among
metal oxide family. It boasts with the richest family of
nanostructures and wide variety of application in various areas
[1]. Gas sensing application is one such application area in
which the potential of ZnO thin film is being explored from
past several decades due to its high sensitivity and low
response time for various gases and gas compositions [1].

Spin coated ZnO thin films represent a cost effective
solution for realizing low cost high performing sensing device
[2]. There are several reports in the literature which advocate
use of spin coated ZnO thin films for gas sensing applications
[3, 4]. Spin coated ZnO thin films usually exhibit high
resistance which is due to highly porous morphology. These
high resistance films require high operating temperatures
which poses relatively higher power consumption for it to be
realized as a device compared to Rf/ DC magnetron sputter
deposited films. Rf/DC magnetron sputter deposited ZnO thin
films generally represent thin films with high density,
preferential growth and low resistance. Therefore, in order to
effectively use spin coating as a cost effective solution to
synthesize good quality thin films for gas sensing device
applications, one need to device a method and/or suitable
surface treatment which may reduce the resistance and at the
same time contribute to the betterment of sensing parameters.

The present work targets both of the aspects for betterment
of sensing layer i.e. increasing the density of the films and
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suitable surface treatment for improvement in conductivity.
The density of ZnO spin coated thin films may be improved
by increasing the temperature of heat treatment during the
coating of consecutive layers of ZnO. Moreover, plasma
modification/treatment is one of the methods to increase the
conductivity of ZnO thin films [5-8]. Hydrogen plasma
treatment has been used by many researchers aiming for
modification in electrical and optical properties of ZnO
especially for TFT display and solar cell applications [9,10].
It has been reported that in the hydrogen plasma ambient,
oxygen desorption from the grain boundaries leads to a large
increase in the Hall mobility and the conductivity [5-8,
11].Apart from H, plasma treatment [12],there are other
reports on use of N,O [13, 14], NH; [15], O, [16, 17], O,+N,
[18] plasma, which study the modification of electrical and/or
optical properties on ZnO thin films. Moreover, surface
smoothening effects due to plasma treatment is also reported
[19, 20] for reduction of surface porosity.

Therefore, these two method may prove useful for
producing better ZnO thin films with better sensing properties.
In this study, ZnO thin films were prepared from spin coating
of ZnO nanoparticles suspended in a solution and then these
films were treated with N, and Ar plasma to explore the
possibility of high quality ZnO films for gas sensing
applications.

2. EXPERIMENTAL DETAILS
2.1 Synthesis of ZnO thin films

The nanostructured ZnO powder was prepared by a
wet chemical reported earlier [21] using Zinc acetate dihydrate
(Zn (CH3CO0),.2H,0) in dimethylsulpoxide (DMSO) and
potassium hydroxide (KOH) in ethanol. This ZnO powder was
mixed in methanol and ultrasonicated for 30 mins and then
spin coated using a programmable spin coater (Make: Apex
Instruments Co., model: SCU-2008C) on corning glass
substrate at 3000 rpm. Eight coating processes each with 250
ul of solution were done on the substrate to obtain uniform
ZnO films. After each coating the specimen was heated at
200°C for 5 min. These films were then annealed at 300°C in
an open air tubular furnace for 4 hr in order to obtain a
uniform grain size distribution [22].
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2.2 Plasma treatment of ZnO thin films

The plasma treatment was carried out in a custom
build plasma etching facility. A pumping stage consisting of
rotary and diffusion pump is used to maintain vacuum in a
stainless steel chamber of 28 liter volume. The chamber
houses electrodes which are separated by Pyrex cylinder.
These electrodes are connected to a DC generator for high
voltage supply. The chamber has many inlet, outlets, and
needle valves to control gas flow and chamber pressure. Four
circles each of lcm diameter were cut from two 2”x 27
Aluminum sheets of 1 mm thickness. ZnO coated substrates of
1 mm x 1 mm were sandwiched between these plates to act as
mask, substrate holder and electrode as shown in figure 1. A
magnet is placed on the top of this arrangement of
2.5”diameter for better confinement of the glow discharge
plasma leading to efficient etching. The glow discharge
plasma was maintained by supply of 5 kV voltage at 0.01
mbar pressure with continuous flow of Ar/N, for a given time.

2.3Characterization of ZnO thin films

The structure and morphology of the ZnO thin films
were studied using X-ray diffraction (XRD) (Bruker-DS§
Advance) and scanning electron microscopy (SEM) (Zeiss
EVD 18), respectively.Current-voltage (I-V) and oxygen
sensing measurements were taken on a custom built
combustible gas sensing facility (CGSF) [23]. This unit
consisting of a 1 lit volume stainless steel chamber housing a
PID controlled heater which also acts as a substrate holder.
Cold water is circulated in the walls of the chamber to prevent
it from excess heating. Cu pressure contacts were used to
make contact with sensing layer. A constant gas flow of total
100 sccm is maintained used mass flow controllers (Aalborg
DFC) and the chamber is evacuated with a rotary vacuum
pump to maintain a constant pressure of 0.28 mbar throughout
sensing measurement. The system is configured in two-point
measurement and is driven with voltage sourcing and current
measurement by a Keithley 2400 SMU interfaced to computer
using National Instrument’s LabVIEW software.A real-time
temperature monitroing is done using Measurement
computins’s USB-TC temperature logger for measurement of
temperature fluctuation with gas injection to avoid false
senisng signals.

3. RESULTS AND DISCUSSION
3.1 XRD study

XRD pattern corresponding to pure ZnO thin film is
shown in figure 2 indexed to pure wurtzite phase of ZnO with
a=b=3.248A, ¢=5.215A and c/a~1.60. Particle size was
calculated using Scherrer’s formula and found in the range 8-
10 nm. XRD patterns corresponding to plasma treated ZnO
thin did not exhibit any change (data not shown here) in phase,
particle size, position and intensity of the X-ray diffraction
peaks confirming that the surface modification did not result
in to the modification of the structural properties of ZnO thin
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films. This is expected due to higher density of spin coated
ZnO films in comparison to the modification reported
(decrease in grain size with treatment time) in our earlier work
[18]. The plasma penetration depth would have been smaller
in this case resulting in etching of lesser depths and thereby
producing less effect along the entire thickness of the ZnO
film.
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Figure 2 : XRD diffraction pattern for ZnO thin film indexed to pure wurtzite

phase of ZnO. Vertical marker on X-axis show the peak position of standard
spectra
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Figure 3 : SEM images of pristine (a) and plasma treated (b-e) ZnO thin films
3.2SEM study

The SEM micrographs of pristins ZnO thin film is shown in
figure 3 (a) which is indicative of formation of a relatively
denser thin film compared to the reported spin coated thin
films. There are also some visible cluster formations on the
rough surface of these films which are relatively denser ZnO
verified by elemental maping of energy dispersive X-ray
spectroscopy (image not shown here). Figure 3(b) and 3(c)
represent SEM micrographs for Argon plasma treated films
for 15 and 45 minutes, respectively which show relative
smooth surface in contrast to the pristine film. However, there
are island like structures on the surface of both of these films,
which become more pronounced in the 45 min Argon plasma
treated specimen. Figure 3(d) and 3(e) show SEM
micrographs for the Nitrogen plasma treated ZnO thin films
indicating the smoothening effects which is due to surface
etching [24, 25] mediated by plasma treatment. The surface
smoothening is increasing with the increase in plasma
processing time. The relative difference between the Argon
and Nitrogen plasma treated specimen is due to relative sizes
of plasma species and effective impact/charge transfer
inducing heating effects leading to the growth of unique
structures on the thin film surface. A pictorial representation
of the process is shown as figure 4 which details the
conversion of denser portions of the film in islands.

3.31-V and Gas sensing study

The electrical contacts were imprinted by spraying silver
pasted through a laser cut mask on the pristine and inert gas
plasma treated thin films and annealed at 300°C for stability.
The current-voltage (I-V) characteristic curves were collected
on the room-temperature in continuous flow of 200 sccm
Nitrogen flow using CGSF at normal atmospheric pressure.
The I-V curves for both pristine and plasma treated specimen
indicate formation of ohmic contacts. The resistance can be
deduced from these curves which suggest the increased
conductivity in plasma treated thin films regardless of type of
inert gas. However, Argon plasma treated thin films showed
better conductivity over other counterparts. The conductivity
is also found to be increasing with duration of plasma
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treatment. Table 1 summarizes the surface resistance of these
films. The table is indicative of improvement in conductivity
with plasma treatment time. Similar results have already been
reported by other investigator with H, plasma [26, 27]
advocating the role of hydrogen as shallow donor in ZnO
lattice. However, in this case the decrement can be connected
with appearance of denser structure on the surface (with better
inter-grain connection) leading to higher charge transport. The
results obtained from Ar and N, plasma treatment are
comparable and in line with other reports [28, 29].
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Figure 4 : Schematic showing process of formation of unique morphology of
plasma treated ZnO thin films

Table 1: Surface Resistance of pristine and plasma treated specimen

Specimen Surface resistance (in kQ)

Pristine ZnO thin film 856
15 min Ar Plasma treated 605
30 min Ar Plasma treated 524
45 min Ar Plasma treated 468
15 min N, Plasma treated 715
30 min N, Plasma treated 589
45 min N, Plasma treated 485
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The gas sensing taken over different operating temperatures
(150°C-315°C) for 100 ppm NO, gas are shown in the figure 5
which indicate higher sensitivity in Ar plasma treated
specimen as compared to the N, plasma treated specimen. The
higher sensitivity could be explained on the basis of spill over
effect due to formation of island over the surface and better
contacts between grains. The N, plasma treatment has
smoothened the surface which have resulted in to the lesser
surface area as compared to pristine ZnO thin film which is
expected to be a major cause of decrement in gas sensitivity.

4. CONCLUSION

The paper demonstrates synthesis of high density spin
coated ZnO thin films and advocate plasma treatment to
improve surface morphology and conductivity of ZnO thin
films. The Ar plasma treatment is also demonstrated to
produce unique morphology on the surface of films and
therefore could be more useful in various other applications.
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Figure 5 : 100 ppm NO, gas sensitivity of pristine and plasma

treated specimen at different operating temperatures

REFERENCES

(1]

(2]

(3]

(4]

(3]
(6]
(7]
(8]

(9]

[10]

[11]

[12]

[13]

A comprehensive review of ZnO materials and devices, U. Ozgiir, Y.
I. Alivov, C. Liu, A. Teke,M. A. Reshchikov, S. Dogan, V. Avrutin,
S. -J. Cho, H. Morkog, J. Appl. Phys., 98 (2005) 041301(pp103).
Investigation of the Sol-Gel method on the flexible ZnO device, H.C.
You, Y. H. Lin, Int. J. Electrochem. Sci. 7 (2012) 9085-9094.
Enhanced NO, sensing using ZnO-TiO, nanocomposite thin films, R.
Vyas, S. Sharma, P. Gupta, Y .K. Vijay, A. K. Prasad, A. K. Tyagi, K.
Sachdev, S. K. Sharma, Accepted for publication in J. Alloys Comp.
(2012), doi: 10.1016/j.jallcom.2012.11.059.

CNT-ZnO nanocomposite thin films: O, and NO, sensing, R. Vyas, S.
Sharma, P. Gupta, A.K. Prasad, A.K. Tyagi, K. Sachdev, S.K.
Sharma, Adv. Mater. Res.585 (2012)235-239.

S. H. Mohamed, A. M. Abd El-Rahman, A. M. Salem, L. Pichon, F.
M. El-Hossary, J. Phys. Chem. Solids, 67, 2351-2357 (2006).
Chin-Ching Lin, Hung-Pei Chen, Hung-Chou Liao, and San-Yuan
Chen, Appl. Phys. Lett. 86, 183103 (2005).

S. Goldsmith, Surface & Coatings Technology 201, 3993-3999
(2006).

J. M. Lee, K. K. Kim, S. J. Park, W. K. Choi, Low-resistance and
non-alloyed ohmic contacts to plasma treated ZnO, Appl. Phys. Lett.
78,3842 (2001).

F. H. Wang, H. P. Chang, C. C. Tseng, C. C. Huang, H. W. Liu,
Influence of hydrogen plasma treatment on Al-doped ZnO thin films
for amorphous silicon thin film solar cells, Current Applied Physics
11 (2011) S12eS16.

F. H. Wang, H. P. Chang, C. C. Tseng, C. C. Huang, Effects of H,
plasma treatment on properties of ZnO:Al thin films prepared by RF
magnetron sputtering, Surface & Coatings Technology 205 (2011)
5269-5277.

Y. M. Strzhemechny, H. L. Mosbacker, D. C. Look, D. C. Reynolds,
C. W. Litton, N. Y. Garces, N. C. Giles, L. E. Halliburton, S. Niki, L.
J. Brillson, Remote hydrogen plasma doping of single crystal
ZnO,Appl. Phys. Lett. 84, 2545 (2004).

Chang, Yu-Ying, Jiii Stuchlik, Neda Neykova, Josef Soucek, and
Zden¢k Remes. "Optical properties of the plasma hydrogenated ZnO
thin films." Journal of Electrical Engineering 68, no. 7 (2017): 70-73.
K. Remashan, D. K. Hwang, S. D. Park, J. W. Bae, G. Y. Yeom, S. J.
Park, J. H. Jang, Effect of N20O Plasma Treatment on the

64

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

VOLUME 8; ISSUE 2: 2018

Performance of ZnO TFTs , Electrochemical and Solid-State Letters,
11 3 H55-H59 2008.

K. Remashan, Y. S. Choi, S. K. Kang, J. W. Bae, G. Y. Yeom, S. J.
Park, J. H. Jang, Japanese Enhancement-Mode Metal Organic
Chemical Vapor Deposition-Grown ZnO Thin-Film Transistors on
Glass Substrates Using N20 Plasma Treatment,J. Appl. Phys. 49
(2010) 04DF20.

R. Navamathavan, R. Nirmala, Cheul Ro Lee, Effect of NH3 plasma
treatment on the device performance of ZnO based thin film
transistors, Vacuum 85 (2011) 904-907.

S. Lee, S. Bang, J. Park, S. Park, W.Jeong, H.Jeon, The effect of
oxygen remote plasma treatment on ZnO TFTs fabricated by atomic
layer deposition,Phys. Status Solidi A, 207(8) (2010) 1845-1849.
Khadtare, Shubhangi, Avinash S. Bansode, V. L. Mathe, Nabeen K.
Shrestha, Chinna Bathula, Sung-Hwan Han, and Habib M. Pathan.
"Effect of oxygen plasma treatment on performance of ZnO based dye
sensitized solar cells." Journal of Alloys and Compounds 724 (2017):
348-352

Y. S.Jeong, H. U. Lee, K. Ahn, J. H.Jeon, S. Y. Jeong, C. R. Cho,
Enhanced Electrical and Optical Properties of Atmospheric-Plasma-
Treated Al-Doped ZnO Thin Films with Hydrogen Gas,J. Kor. Phys.
Soc., 54(2) (2009) 944-949.

Plasma induced modifications on spin-coated ZnO thin films, R.
Vyas, P. Gupta, S. Mathur, K. Sachdev, S.K. Sharma, AIP Conf. Proc.
1349 (2011)357-358.

Oxygen plasma treated epitaxial ZnO thin films for Schottky
ultraviolet detection, B. Agadi, H. C. Park, H. W. Choi, J. W. Choi
and W. K. Choi, J. Phys. D: Appl. Phys. 40 (2007) 1422-1425.

S. Sharma, R. Vyas, S. Srivastava, Y. K. Vijay, Effect of swift heavy
ion irradiation on photoluminescence properties of ZnO/PMMA
nanocomposite films, Physica B 406(2011) 3230-3233.

Vyas, Rishi, Sarla Sharma, Parul Gupta, Arun K. Prasad, S. K. Dhara,
A. K. Tyagi, K. Sachdev, and S. K. Sharma. "Nitrogen dioxide
induced conductivity switching in ZnO thin film." Journal of Alloys

and Compounds 571 (2013): 6-11.].

Vyas, Rishi, Pawan Kumar, Jaya Dwivedi, Sarla Sharma, Shabana
Khan, R. Divakar, Avneesh Anshul, K. Sachdev, S. K. Sharma, and
Bipin Kumar Gupta. "Probing luminescent Fe-doped ZnO nanowires
for high-performance oxygen gas sensing application." RSC Advances
4, no. 98 (2014): 54953-54959.

Park, J. S., H. J. Park, Y. B. Hahn, G-C. Yi, and A. Yoshikawa. "Dry
etching of ZnO films and plasma-induced damage to optical
properties." Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 21, no. 2 (2003): 800-803.

Lee, Ji-Myon, Kyoung-Kook Kim, Seong-Ju Park, and Won-Kook
Choi. "Low-resistance and nonalloyed ohmic contacts to plasma
treated ZnO." Applied Physics Letters 78, no. 24 (2001): 3842-3844.
Cai, P. F., J. B. You, X. W. Zhang, J. J. Dong, X. L. Yang, Z. G. Yin,
and N. F. Chen. "Enhancement of conductivity and transmittance of
ZnO films by post hydrogen plasma treatment." Journal of Applied
Physics 105, no. 8 (2009): 083713.

Cai, P. F., J. B. You, X. W. Zhang, J. J. Dong, X. L. Yang, Z. G. Yin,
and N. F. Chen. "Enhancement of conductivity and transmittance of
ZnO films by post hydrogen plasma treatment." Journal of Applied
Physics 105, no. 8 (2009): 083713.

Kambilafka, V., P. Voulgaropoulou, S. Dounis, E. Iliopoulos, M.
Androulidaki, K. Tsagaraki, V. §ély, M. RuZinsky, P. Prokein, and E.
Aperathitis. "The effect of nitrogen on the properties of zinc nitride
thin films and their conversion into p-ZnO: N films." Thin Solid
Films 515, no. 24 (2007): 8573-8576.

Lee, Ji-Myon, Kyoung-Kook Kim, Seong-Ju Park, and Won-Kook
Choi. "Low-resistance and nonalloyed ohmic contacts to plasma
treated ZnO." Applied Physics Letters 78, no. 24 (2001): 3842-3844.



