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Abstract

Atmospheric barrier–torch discharge was used for low temperature deposition of thin conductive oxide thin films on polymer
substrates. An atmospheric high-density plasma jet was excited at the outlet of the quartz nozzle with an external metallic ring
electrode. The RF power was capacitively connected to the plasma via a dielectric wall of the quartz tube. There was not a direct
contact of the atmospheric plasma with the metallic electrode in this configuration. In O and SnO transparent and conductivex y x

thin films were deposited on polymer, quartz and silicon substrates by this technique. Vapours of solid phase of In-acetylacetonate
and Sn-acetylacetonate carried by nitrogen flow were used for deposition of In O and SnO thin films, respectively and vapoursx y x

prepared of liquid solutions of In -tetramethylheptanedionate inn-Oktan. Some atmospheric plasma jet parameters were determined3

by emission spectroscopy and by planar Langmuir probe. Deposited films were analysed by means of electron microprobe system,
XRD diffraction and electrical conductivity measurement.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The atmospheric plasma sources determined for the
low temperature treatment or coatings of different kinds
of substrates are recently subjects of great interest.
Different kinds of atmospheric dielectric barrier dis-
charges(DBD) are frequently utilised for this purpose
w1–3x. The basic configuration of DBD consists of two
electrodes covered with a dielectric layer on the both or
on one side. The AC voltage of various frequencies is
applied between the electrodes, where the dielectric
barrier layer acts as the capacitance for AC current.
Then a low temperature filamentary discharge is ignited
either in the air or in some noble gas. Recently, the
homogenous diffusion DBD has been developed. The
various configurations of DBD for PECVD deposition
of polymer films and other kinds of thin films have
been used.
Besides utilising of DBD, which has problems with

uniform deposition on the non-flat substrates, holes and
substrates with complicated shapes, the new atmospheric
plasma sources for treatment and deposition are
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searched. Therefore, the investigation is focused on
development of various configurations of the cold RF
atmospheric plasma jetsw4,5x and RF torch plasma
sourcesw6x. Atmospheric hollow cathodes systems were
reported for surface treatment for example in Refs.w7–
9x. Thermally sensitive materials can be utilised in the
low temperature plasma. Recently, RF barrier torch
discharge system was constructed in our laboratoryw10x
and applied, for example, for deposition of CeO thinx

films.
The thin layers of In O and SnO doped by other2 3 2

elements are widely used as transparent conductive
oxide (TCO) films. A lot of deposition methods were
utilised for deposition of these films until noww11,12x.
For example, by means of magnetron sputtering, the
In O and SnO thin layers were already deposited onx y 2

polymer substratesw13–15x. Transparent and conductive
In O films doped by Sn were deposited by means of2 3

CVD methodw16,17x. But the substrate had to be heated
on the temperature between 350 and 5008C. The
preparation of TCO thin films-In O and SnO on the2 3 2

polymer, quartz glass and silicon substrate by means of
the atmospheric RF barrier–torch discharge channel will
be discussed in this paper. This paper is a continuation
of the work w18x where the first results of deposition of
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Fig. 1. Experimental set up of the barrier plasma jet system working with solid powder precursors.

Fig. 2. Experimental set up of the barrier plasma jet system working with liquid precursors.

In O and SnO films by this method were alreadyx y x

reported.

2. Description of experimental procedure

2.1. Deposition experiments

The experimental arrangement of the atmospheric RF
barrier torch discharge can be seen in Figs. 1 and 2.
The stainless steel RF electrode covered by external
quartz insulator is placed around the quartz glass nozzle
with the internal diameter 1.5 mm. The RF electrode is
connected with the RF power generator with the fre-
quency 13.56 MHz via the matching unit. Helium gas
was used and was fed into the quartz nozzle. The
discharge plasma is not in direct contact with the

metallic electrode and the RF current flows through the
quartz glass dielectric barrier. The strong electric field
present on the edge of the RF electrode causes the
barrier–torch discharge to ignite and the plasma jet
channel is created between the nozzle and the substrate.
The atmospheric barrier–torch discharge can work in

two basic modes as it was already described in Ref.
w18x. In the first modeA, the RF power fed into the
discharge was low and the direct interaction of the light
emitting plasma jet with the substrate did not appear.
When the RF power was increased above certain critical
limit, the second modeB was generated and the direct
interaction of the light emitting plasma jet with the
substrate appeared. Experimental results presented in
Ref. w18x have shown that it was possible to deposit
conductive and transparent In O and SnO with goodx y x
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adhesion and sufficient electrical conductivity in the
second modeB. For this reason, we have continued our
deposition experiments only in the modeB. The pulse-
modulated RF power had to be used for all the deposi-
tion experiments in order to avoid polymer substrate
melting. The length of the duty cycle was 10 ms and
the RF power applied on the discharge was non-zero
within 1 ms of each modulating cycle. The RF power
P s600 W was applied on the discharge during theRF

active part of the duty cycle. The vapours of solid and
liquid phase of chemical precursors containing Sn and
In were used for the deposition process of In O andx y

SnO thin films, respectively. Deposition was alwaysx

done simultaneously on the single crystalline silicon,
quartz and allyl-diglycol-carbonate(ADC) polymer sub-
strates. Linear movement of the substrate was imple-
mented in order to coat all those three substrates. The
thickness of the used polymer substrate was 5 mm. All
the experiments were performed in open air at atmos-
pheric pressure.
Experimental configuration of the first deposition

experiment can be seen in Fig. 1. The solid powders of
In-acetylacetonate In(C H O ) and Sn-acetylacetonate5 7 2 3

Sn(C H O ) were placed into the container, which was5 7 2 2

heated on the temperature 1508C and 1708C, respec-
tively. Nitrogen carrier gas was fed into the container
with the mass flow rate s0.5 Pa mys. The neutral3QN2

nitrogen flow carried vapours of In and Sn precursors
into plasma jet channel. Only He gas with the mass
flow Q s1.67 Pa mys was supplied in the quartz3

He

nozzle.
Experimental configuration of the second deposition

experiment can be seen in Fig. 2. Vapours of liquid
solution of In -tetramethylheptanedionate inn-octane3

(1.10 kg of In -tetramethylheptanedionate in each 30y3
3

cm of n-octane) were used as growth precursors for3

the In O film deposition. The vapours were prepared inx y

the flash evaporator system with the set up vapour
temperatureT s250 8C. This system allowed us tovap

transform the stream of liquid precursors into their gas
phase. Those vapours were carried into the plasma jet
by nitrogen gas with the mass flow rate s1.2 PaQN2

m ys. Furthermore, oxygen gas was delivered to the3

plasma jet body by another auxiliary quartz nozzle with
the mass flow rate set up in the range s0.3–1 PaQO2

m ys. The distance of the substrate from the nozzle3

outlet l was changed from 22 to 26 mm.d

2.2. Thin films properties measurement

The electron microprobe measurement of deposited
samples on silicon substrates was done. JXA 733 of
JEOL electron microprobe apparatus was used for the
analysis. Energy of primary electrons in the beam was
set to 10 keV. This diagnostics enabled us to calculate
not only atomic concentrations but also mass thickness

of thin films. Electron micro-probe method provides
information about average composition over all the
thickness of the analysed films.
The samples deposited on the quartz glass substrates

were analysed by XRD in Bragg–Brentano(BB) con-
figuration using CuKa filtered radiation. The Phillips
vertical goniometer in the angular range of diffraction
angle 2u from 20 to 1308 was employed.
The specific electrical conductivity was calculated

from the measured thin film resistance. This measure-
ment was done on the films deposited on quartz and
polymer as well.

2.3. Plasma parameters investigations

Plasma parameters of the atmospheric barrier–torch
discharge were investigated by means of spatially
resolved emission spectroscopy. The purpose of this
measurement was to determine the temperature of the
neutral gas and vibrational temperature of nitrogen
molecules in the plasma jet at the outlet of the nozzle
and the substrate surface and compare these temperatures
for different working conditions of the discharge. Similar
measurement was already presented in Ref.w18x when
the RF power was applied to the plasma jet without
pulse modulation. In this work, we have extended this
measurement also for the pulse modulated working
region by integrating of detected light over many periods
of the duty cycle.
The emission spectra were detected in the spectral

range from 200 to 800 nm. The monochromator TRIAX
550 Jobin Yvon with the grating 1200 gymm equipped
with CCD detector was used. The emitted light was
collected at the nozzle outlet and at the substrate as
well.
The rotational temperatureT and the vibrationalr

temperatureT in the plasma jet channel were deter-v

mined at deposition conditions of the selected samples.
Rotational lines of OH radicals(308 nm, Q branch)
were used for the calculation ofT . Magnitude ofT isr r

usually very close to the temperature of neutral gasT .n
The OH radicals had origin in moisture, which diffused
into the plasma jet from the open-air environment.
Vibrational temperaturesT were calculated by usingv

the band(0,2) of the second positive system of N2
molecules. Magnitude ofT has effects on the reactivityv

of the molecular gas and is usually lower than the
electron temperature.
In order to understand how strongly is atmospheric

plasma jet non-isothermal, the electron temperature was
measured by planar Langmuir probe system working up
to atmospheric pressure. Experimental procedure is more
accurately described in Ref.w19x with explanation of all
the problems and difficulties at the high-pressure region.
The electron temperature was determined in this way at
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Table 1
The deposition conditions In O films prepared from liquid precursorx y

Sample nr. 50 s0.33 Pa mys; l s24 mm3Q9O d2

Sample nr. 51 s0.33 Pa mys; l s22 mm3Q9O d2

Sample nr. 52 s0.33 Pa mys; l s26 mm3Q9O d2

Sample nr. 53 s0.66 Pa mys; l s24 mm3Q9O d2

Sample nr. 54 s1 Pa mys; l s24 mm3Q9O d2

Fig. 3. XRD patterns of In O samples deposited by means of vapoursx y

of liquid precursors.

the position of the substrate. The magnitude of maximal
error of determinationT was approximately 30%.e

3. Results and discussion

SnO and In O thin films were deposited by thex x y

described method. Thickness of all the deposited films
was in the range 100–350 nm. Achieved deposition rate
was in the range 0.3–2.1mmyh. All the deposited
samples had high adhesion and transparency. Although
the spot of plasma jet interaction with the substrate was
very small, we were able to extend the coated area on
the stripe 10 mm long and 5 mm wide due to the linear
substrate movement during the deposition process. Non-
uniformity of the deposited film thickness was approxi-
mately 12% within the spot of the diameterf3 mm.
Deposition conditions of the prepared In O filmsx y

from the liquid precursors are given in Table 1. The
distance substrate–nozzle outletl and the mass flowd

rate of additional oxygen flow were changed. TheQ9O2

films In O and SnO deposited from the solid-statex y x

powder precursor were successfully deposited at the
deposition conditions presented in Section 2. Described
experiments have shown that liquid precursors were
more suitable for this atmospheric process since trans-
port of the vapours to the plasma jet was better control-
lable and stable in comparison with the case of solid
powder precursors. Furthermore, the temperature of the
used solid powders was limited below 2008C due to
the fast solid powder degradation and consequent sub-
limation rate fluctuation.
The stoichiometry and contamination of the deposited

films by carbon and by other detectable compounds
were determined by the electron microprobe analysis.
The measured stoichiometry of In O thin films preparedx y

from liquid precursors was relatively close to the com-
position In O with deviation lower than approximately2 3

10%. This deviation seems to show an access of oxygen
contained in the films but the used method did not allow
us to determine stoichiometry with better accuracy than
the observed deviation. It means that this effect cannot
be understood in detail in this way. Only detectable
contamination found in the films was carbon with
magnitude not higher than 10% of atomic concentration.
This contamination has origin probably from organic
compounds contained in precursors.
Quantitative analysis was also performed on the films

prepared from the solid powder precursors deposited on

the silicon substrates. Stoichiometry of In O and SnOx y x

was close to the composition In O and SnO respec-2 3 2

tively with deviation lower thanf10%. Only detectable
contamination was carbon with 10% of atomic
concentration.
The XRD analysis has shown that under certain

conditions we were able to prepare In O films withx y

crystalline phase.
The samples of SnO and In O deposited from thex x y

vapours of solid precursors did not indicate any crystal-
line phase in the films. However, some of the In Ox y

films deposited from the liquid precursors had the
crystalline structure similar to the In O —see Fig. 3.2 3

The diffraction spectra clearly show that the best sam-
ples with crystalline structure were obtained for the
minimal distance of the substrate–nozzle outlet(sample
Nr. 51) and for less values of oxygen mass flowQ9O2

(samples Nr. 53-1). Other samples were deposited for a
longer distance of the substrate from the nozzle outlet
and for the greater mass flow of the additionalQ9O2

oxygen flow.
We suppose that one reason why better crystallisation

on the cold substrate can appear could be the tempera-
ture of vapours of the used precursors. Vapours prepared
from liquid precursors have 2508C. It was a greater
value than in the case of solid powder precursors.
However, more complicated chemical kinetics in the
non-equilibrium plasma jet has to be understood in order
to explain this effect in detail.
The electrical conductivity measured on SnO andx

In O thin films prepared from the solid precursors wasx y

approximatelys f10 Sycm and s f10 Sycm,2
SnO InO

respectively, for mentioned deposition conditions.
The same investigation was performed on the In Ox y

film samples deposited from liquid precursor. Obtained
electrical conductivity was approximatelys f5.104InO

Sycm for all the presented samples. We suppose that
the fact that those films contained a certain amount of
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Table 2
Rotational temperatureT measured in the helium atmospheric barrier-r

torch discharge

CW mode; at nozzle outlet; RF powers160 W 470 K
CW mode; at nozzle outlet; RF powers240 W 490 K
CW mode; at the substrate; RF powers160 W 500 K
CW mode; at the substrate; RF powers240 W 510 K
Pulse-modulated mode; at nozzle outlet 370 K
Pulse-modulated mode; at the substrate 400 K

Table 3
Rotational temperatureT measured in the helium atmospheric barri-r

er–torch discharge during the deposition of In O films from liquidx y

precursor

Sample nr. 50; at the nozzle outlet 310 K
Sample nr. 50; at the substrate 290 K
Sample nr. 51; at the substrate 320 K
Sample nr. 52; at the substrate 310 K
Sample nr. 53; at the substrate 310 K
Sample nr. 54; at the substrate 280 K

crystalline phase of In O can be used for explanation2 3

of greater electrical conductivity. Transparent and con-
ductive In O thin films prepared by different methods2 3

have usually crystalline structure.
In Table 2, we can see the results of measured

rotational temperatureT in the atmospheric heliumr

barrier–torch discharge under similar conditions used
for deposition TCO films but without nitrogen flow with
precursors. The measurement was only performed on
the plasma jet with mass flow of working gas mixture
(Q s1000 sccmq s50 sccm). The measuredTQHe O r2

and consequentlyT wasT f500 K in the mode withoutn r

pulse modulation of the RF power(CW mode). It is
apparent that the rotational temperature in the pulse-
modulated mode was approximately 100 K lower than
in the CW mode. The measured values of vibrational
temperature wereT f3000 K in the CW mode andv

T f3500 K in the pulse-modulated mode.v

Table 3 includes determinedT measured directly byr

deposition of the samples In O thin films from vapoursx y

of liquid precursors. It is apparent that theT wasn

approximately 300 K in the all cases. This is sufficiently
low temperature of the neutral gas necessary for safe
interaction with thermally sensitive polymer substrate.
Decrease of the rotational temperature of approximately
100 K in the plasma jet during deposition experiments,
we can explain by cooling of barrier–torch discharge
due to interaction of the plasma jet with the neutral
nitrogen mass flow with precursor and with the addi-
tional oxygen mass flow. The vibrational temperature
was in this caseT f3600 K.v

The electron temperature in the plasma jet determined
by Langmuir probe method wasT f3 eV at the positione

of the substrate in the CW modew19x. From the above
mentioned magnitudes of the vibrational and the rota-
tional temperatures and electron temperatures, it is
apparent that the plasma jet can be considered as the
low temperature and strongly non-equilibrium plasma.

4. Conclusion

In O and SnO thin films were prepared by meansx y x

of RF pulse-modulated atmospheric barrier–torch dis-
charge. The vapours of solid state and liquid precursors
were used for the deposition of these films on polymer,
silicon and quartz glass substrates respectively. In Ox y

films deposited from the vapours of liquid precursor
contained crystalline phase of In O and have relatively2 3

high specific electrical conductivitys f10 Sycm.4
InO

Thin layers prepared from solid state precursors had
specific electrical conductivity approximately 10 Sycm2

and were amorphous. The high adhesion and optical
transparency was observed for all the samples. The
plasma jet diagnostics was performed during the depo-
sition experiments. The rotational temperatureT fromr

OH radicals and the vibrational temperatureT fromv

N molecules were investigated. The results of measured2

plasma parameters have shown that the atmospheric
barrier–torch discharge is a low temperature and strong-
ly non-isothermal plasma source. The temperature of
neutral gas in the plasma jet was approximately 300 K
during the film deposition in the pulse-modulated mode.
This allowed us to prepare TCO thin films on the
polymer substrates without thermal damages.

Acknowledgments

This work was supported by grant S1010203 ASCR
and by the project LN00A015 of the MSMT CR andˇ ˇ

by grant AVOZ1-010-921. We are indebted to Dr K.
Jurek for electron microprobe analysis.

References

w1x B. Eliasson, M. Hirth, U. Kogelschatz, J. Phys. D. Appl. Phys.
20 (1987) 1421–1437.

w2x V.G. Samoilovich, V.I. Gibalov, K.V. Kozlov, Physical Chem-
istry of the Barrier Discharge(in Russian), Moscow State
University (1989). (English translation J.P.F. Conrads, F. Lei-
pold, (Eds.), DVS-Verlag GmbH, Dusseldorf, 1997.¨

w3x F. Massines, A. Rabehi, P. Decomps, R.B. Gadri, P. Segur, C.´
Mayoux, J. Appl. Phys. 83(1998) 2950–2957.

w4x A. Schutze, J.Y. Jeong, S.E. Babayan, J. Park, G.S. Selwyn,¨
R.F. Hicks, IEEE Trans. Plasma Sci. 26(1998) 1685–1692.

w5x S.E. Babayan, J.Y. Jeong, A. Schutze, V.J. Tu, M. Moravej,
G.S. Selwyn, et al., Plasma Sources Sci. Technol. 10(2001)
573–578.

w6x S.E. Babayan, J.Y. Jeong, V.J. Tu, J. Park, G.S. Selwyn, R.F.
Hicks, Plasma Sources Sci. Technol. 7(1998) 286–288.

w7x V. Kapicka, M. Klıma, R. Vaculık, A. Brablec, P. Slavıcek, M.ˇ ´ ´ ´ˇ
Strecha, et al., Czech. J. Phys. 49(1998) 1161–1166.ˇ

w8x V. Kapicka, M. Sıcha, M. Klıma, Z. Hubicka, J. Tous, A.ˇˇ ´ ´ ˇ ˇ
Brablec, et al., Plasma Sources Sci. Technol. 8(1) (1999)
15–21.



704 M. Cada et al. / Surface and Coatings Technology 177 –178 (2004) 699–704ˇ

w9x A. Brablec, V. Kapicka, Z. Ondracek, P. Slavıcek, M. Strecha,ˇ ´ ˇ ´ˇ ˇ
M. Sıcha, et al., Czech. J. Phys. 49(1999) 329–334.ˇ´

w10x Z. Hubicka, M. Cada, M. Sıcha, O. Churpita, P. Pokorny, L.ˇ ˇˇ ´ ´
Soukup, et al., Plasma Sources Sci. Technol. 11(2002)
195–202.

w11x R. Snyders, M. Wautelet, R. Gouttebaron, J.P. Dauchot, M.
Hecq, Surf. Coat. Technol. 142(2001) 187–191.

w12x M.A. Gubbins, V. Casey, S.B. Newcomb, Thin Solid Films
405 (2002) 270–275.

w13x Y. Shigesato, R. Koshi-ishi, T. Kawashima, J. Ohsako, Vacuum
59 (2000) 614–621.

w14x P. Lippens, A. Segers, J. Haemers, R. De Gryse, Thin Solid
Films 317(1998) 405–408.

w15x G.S. Park, G.M. Yang, Thin Solid Films 365(2000) 7–11.
w16x T. Maruyma, K. Fukui, J. Appl. Phys. 70(1991) 3848–3851.
w17x J. Kane, H.P. Schweizer, W. Kern, Thin Solid Films 29(1975)

155.
w18x O. Churpita, Z. Hubicka, M. Cada, D. Chvostova, L. Soukup,ˇˇ ´

L. Jastrabık et al., Deposition of In O and SnO thin films onx y x´
polymer substrates by means of atmospheric barrier-torch
discharge. Surf. Coat. Technol.,(2003), (in press).

w19x M. Cada, Z. Hubicka, M. Sıcha, O. Churpita, L. Jastrabık, L.ˇ ˇˇ ´ ´
Soukup et al., Probe Diagnostics of the RF Barrier Torch
Discharge at Atmospheric Pressure. Surf. Coat. Technol.,
(2003), (in press).


	Investigation of the low temperature atmospheric deposition of TCO thin films on polymer substrates
	Introduction
	Description of experimental procedure
	Deposition experiments
	Thin films properties measurement
	Plasma parameters investigations

	Results and discussion
	Conclusion
	Acknowledgements
	References


