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complexes were employed as the solid precursor sources in the atmospheric-
pressure plasma chemical vapor deposition of indium oxide films using He carrier gas, O2 reactant gas and
growth temperatures from 25 to 250 °C. Ellipsometry and X-ray reflectivity showed that the films varied in
thicknesses from 40 to 70 nm over the 30 cm2 deposition growth area for a 12 min duty cycle. The as-
deposited films exhibit transmittance in excess of 90% over the visible spectrumwhile maintaining resistivity
on the order of 10−2 Ω cm. Improved electrical properties (i.e., ρb10−3 Ω cm) were observed after thermal
treatment (T~200 °C) in a controlled gas ambient tube furnace.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conductive oxides (TCO) have found broad application
over the past few decades in flat panel displays, photovoltaics and
other electronic applications [1]. Traditionally, TCO deposition has
been performed at moderate temperature using vacuum-based
growth systems although some efforts have been made to grow
these films at temperatures compatible with inexpensive polymer
substrates (e.g., Lexan and Mylar) [2–4]. The goal of this project has
been to demonstrate a system capable of depositing durable
conductive transparent oxides at relatively low temperature and
atmospheric pressure.

The target application for this study is aircraft canopies where
a conductive coating is used to reduce the buildup of static charge
[5]. Aviator line of sight demands this coating must also be
transparent. While the as-received canopies exhibit excellent proper-
ties, in-field damage (e.g., scratching by flight suit buckles, foreign
object impact damage, etc.) significantly alters the utility of the
system. The current repair strategy consists of a metal-filled epoxy
that gives the appropriate electrical properties, but hinders the
aviator's vision. As these airplane canopies are typically replaced
when even slightly damaged, this leads to a significant financial and
logistical challenge for the U.S. military.

The canopies used by the military are polycarbonate-based
laminate structures where the TCO is typically prepared by a
sputtering process. The goal of this research project is to define a
materials deposition route to transparent conducting oxides that is
amenable to in-field repair of aircraft canopies.We envision this repair
system to be similar to automobile body work whereby the damaged
l rights reserved.
area would first be isolated (e.g., with tape), the surface then be
prepared (e.g., wet sanding), followed by coating the damaged area
with the TCO material. While other factors would need to be
addressed prior to deployment (e.g., refraction matching of the TCO,
the addition of an abrasion-resistance functionality), the first phase of
the project is the development of a process that produces a TCOwith a
sheet resistance of 10 Ω/□ with 85% transmittance at 450 nm. The
application of atmospheric-pressure plasma jet deposition toward
these goals is the subject of this paper.

2. Experimental

The metal complexes used in this study exhibited a slight
propensity to ligand hydrolysis which leads to oligomerization and a
vapor pressure that varies during sublimation. As such, beta-
diketonates were isolated and handled under an inert nitrogen gas
environment using standard Schlenk techniques. Indium (III) acet-
ylacetonate (In(acac)3, 99.99%) was purchased from Sigma-Aldrich
and twice sublimed (140–150 °C/20–50 mTorr) giving a colorless solid
(mp. 189 °C) that condensed on the cold finger of a Standard Dailey
sublimer (ChemGlass).

Indium oxide films were deposited using a Surfx Atomflow™ 250D
atmospheric plasma system described elsewhere [6,7]. The variables
investigated in this work included substrate temperature and the
oxygen concentration in the plasma gas with plasma power fixed at
110 W. The distance of the plasma shower head to the substrate was
held constant at 2 mm. Uniform films were produced by rastering the
plasma source across the substrate in a serpentine pattern. The use of
a solid precursor led to significant equipment modification in the
design of a precursor delivery system.

As the precursor is a solid with rather low vapor pressure, a
relatively high temperature (i.e., 185 °C) was required to provide
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Fig. 1. TGA of In(acac)3 under isothermal conditions and N2 flow.

Table 1
Electrical properties of indium oxide films deposited at various substrate temperatures

Tdep (°C) Rsheet (Ω/□) Film thickness (nm) ρ (Ω cm)

50 Out of range NA NA
100 Out of range NA NA
125 7.4E+09 54 1.8E+05
150 3.6E+08 49 8.0E+03
200 6.6E+03 62 1.9E−01
250 3.7E+03 51 8.6E−02
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adequate precursor flux for practical deposition rates [8]. Numerous
challenges were encountered during the initial stages of this research.
There was a propensity for the metal complexes to condense at any
“cold spot” in the system. This requiredmeticulous attention to ensure
that all delivery lines were at or above the temperature of the
precursor bubbler. Eventually the precursor bubbler and associated
valve components were located inside a small oven which afforded
the desired temperature control and minimized condensation in the
system. Precursor delivery lines outside the oven were minimized in
length and wrapped in resistance heaters to preclude condensation.
This arrangement allowed for easy access to the precursor bubbler and
good control of the overall system with minimum downtime for
maintenance.

The Atomflow system requires a 5 slpm precursor flow to ensure
proper mixing of the precursor vapor in the plasma afterglow region
of the plasma source. In order to accomplish this, two mass flow
controllers were used on the precursor delivery line. A bypass flow
was designed to allow for up to 5 slpm with a smaller flow, generally
on the order of 0.5 slpm, directed through the precursor bubbler
where the In(acac)3 was entrained. The precursor gas was then mixed
into the bypass flow via a stainless steel tee before passing into the
plasma head. The distance between the precursor bubbler and the
mixing tee was minimized as the higher gas flow tended to minimize
condensation. All lines feeding the precursor bubbler were heated to
control the vapor characteristics of the precursor gas stream.

Substrates used in this study consisted of glass microscope slides
(38 mm×76 mm) and small pieces of silicon wafer (~15 mm ×
~20 mm). Prior to film growth, substrates were cleaned via a piranha
etch and stored in isopropyl alcohol. Immediately prior to use, the
substrates were removed from the isopropanol container and blown
dry with nitrogen. The substrates were treated with an oxygen plasma
equivalent to the deposition conditions but without the precursor
flow to clean and condition the surface prior to film deposition.

Prior to the deposition process, the precursor bubbler was first
loadedwith In(acac)3 and then connected into the gas/mixed-flow lines.
The systemwas brought to temperature by preheating the mixed-flow
line, gas flow lines, stage, sample bubbler and substrate. The plasma
head was preheated by powering on until it reached the steady state.
After the precursor delivery system temperature had stabilized, the
valves to the precursor bubbler were opened and the gas flow was
allowed to enter the plasma head. Depositionwas initiated by rastering
the plasmahead over the surface at a rate of 14mm/swhile indexing the
translation stage in 2mm increments at the end of each pass. During the
deposition, the plasma power, temperature, and gas flows were
monitored until the process was completed. Upon completion of the
X–Ymotion, the supply gas to the precursor bubbler was closed, power
to the plasma was turned off and the gas flows ceased.
Film thicknesswas determined by ellipsometrywith a J.A.Woollam
WVASE32M-88 using the full spectrum of the ellipsometer (281.6 nm
to 765.4 nm). Film thickness was also determined via X-ray reflectivity
using a Bruker Discover D-8 operated in grazing incidence mode. The
Bruker D-8 was also used for phase identification but all films were
amorphous as deposited. UV–Vis spectroscopy was performed using a
Varian Cary 5000 UV–Vis–NIR spectrophotometer in transmittance
modewith a scan range from200 to800nm.A scan of a baremicroslide
was used as a background signal that was subtracted from experi-
mental samples with a scanning rate of 600 nm/min and an interval of
0.1 nm. X-ray photoelectron spectroscopy (XPS) of the indium oxide
films was performed using an SSX-100 system (Surface Science
Instruments) equipped with a monochromated Al Kα x-ray source, a
hemispherical sector analyzer and a resistive anode detector spectro-
scopy at the University of Minnesota IT Characterization Facility. The
samples were mounted on sample stages using double-sided carbon
tapes and the x-ray power was 200 W with a spot size of about
1×1 mm2. Scanning electron microscopy was performed using a JEOL
JSM6300 at North Dakota State University.

Thermal treatments were realized using a Lindberg furnace fitted
with a fused silica tube. After each set of samples was loaded, the tube
was purged with either nitrogen or forming gas (5% H2 in N2) until
nine tube volumes of gas had passed through the apparatus at which
point the gas flowwas reduced to a trickle. Prior to thermal treatment,
one indium oxide film on glass was scribed and cleaved in half to
provide a sample for annealing in nitrogen and a sample for annealing
in forming gas. Sheet resistance measurements were recorded after
thermal treatment at 200 °C for 2 h in either N2 or forming gas. The
same samplewas then treated in either N2 or forming gas at 300 °C for
2 h and sheet resistance was characterized again. A final electrical
characterization was performed after the same sample was treated in
either N2 or forming gas at 400 °C for 2 h.

Sample resistance was determined by using a Cascade Microtech
C4S44/S four-point probe (Os tips) with a Keithly 2400 multimeter.
Multiple measurements were realized by dividing the 38 mm×76mm
sample into a 25-point grid array consisting of 5 rows and 5 columns
spaced 8 mm and 5 mm apart, respectively. Resistance readings were
then taken at all of the grid points ensuring stabilization of the reading
before moving to the next point.

Two different thermogravimetric analysis (TGA) methods were
performed using a Dupont TA-951 TGA. Initially, standard temperature
ramps were performed from ambient up to 400 °C at a heating rate of
10 °C/min in flowing nitrogen (10 sccm). Isothermal tests were also
performed at several elevated temperatures. A sample size of 2–8 mg
was used for all TGA runs with samples transferred from the glove box
to the TGA as quickly as possible to avoid air exposure. The chemistry
of the volatilization reactions was evaluated by TGA-MS using a TA
instruments TGA951 connected to an HP5971 Mass Spectrometer
through a heated (300 °C) open slot interface. The thermal profile
consisted of room temperature to 600 °C at a heating rate of 10 °C/min
and a He purge rate of 120 sccm.

3. Results and discussion

The standard TGA plots were used to determine the onset of
volatilization of the precursor. The indium complex required a



Fig. 2. SEM photos of two different indium oxide films prepared at 250 °C.

Fig. 3. Resistance of indium oxide films annealed in nitrogen gas.

Fig. 4. Resistance of indium oxide films annealed in forming gas.
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temperature of approximately 185 °C to realize appreciable volatiliza-
tion. Once a sublimation temperature was estimated from the standard
TGA runs, isothermal TGA was performed at above and below the
anticipated vaporization point (Fig. 1). It is interesting to note that the
precursor did not volatilize completely at any of the test temperatures.
This was, however, consistent with the presence of a residue remaining
in the precursor bubbler after it is “emptied” of active precursor. Based
on the TGA-MSanalysis, little or no free ligand (i.e. acetylacetone, Hacac)
is evolved as higher fragments indicative of the metal complexes are
always observed with the Hacac fragments.

Indium oxide films were produced using various substrate tem-
peratures (ambient to 250 °C) and oxygen flow rates (200–500 sccm). In
general, the most significant factor in attaining reasonably conductive
films was the substrate temperature. This is apparent in Table 1 where
the sheet resistance begins to drop at a substrate temperature of
roughly 125 °C and is minimized around 200 °C. It is interesting to note
that transition to lower sheet resistance occurs at a temperature that is
consistent with the amorphous to polycrystalline phase transition for
indium oxide also around 200 °C [9]. XRD analysis of the films prepared
at and above 200 °C showed no reflections which indicates that these
films are likely comprised of nanocrystalline grains.

Film thickness for the indium oxide films was relatively constant
between 50 and 65 nm (Table 1). Assuming a 100% dense film and
knowing the precursor usage rate, these film thicknesses correlate
roughly to a precursor deposition efficiency of 10%. The film thickness
values were also used to calculate the resistivity of the samples in the
temperature variation experiments (Table 1). The data for higher
substrate temperature is encouraging with results reaching the 10−2 Ω
cm range for an unintentionally-doped indium oxide film. Film
composition was probed by XPS and a film that was deposited at
250 °C had anO/In ratio of 1.2+/−0.1where stoichiometric In2O3would
have a ratio of 1.33. A substantial C contamination (i.e., 15.3 at.%)
was also observed and this impurity may also have affected film
conductivity in a deleterious manner.

The surface morphology of two different films prepared at 250 °C
with 300 sccmO2 flowand 110Wplasmapowerwas probed by electron
microscopy with SEM photographs shown in Fig. 2a and b, respectively.
A granular surface is noted in these plan view pictures similar to indium
tin oxide (ITO) films prepared by PECVD at 0.53 Torr (see Fig. 3 in Ref.
[3]). Such morphology development was observed previously for films
prepared at atmospheric pressure using spray deposition [10]. In that
study, copper films around 350 nm in thickness were prepared by
airbrush spraying liquid Cu(hfa)VTMS precursor onto glass and poly-
imide substrates heated to230 °C. It is interesting tonote that in addition
to a similarfilmmorphology (i.e., comparingFig. 2 belowwithFig.1 from
Ref. [10]), a marked change in conductivity was noted as a function of
temperature for both the indiumoxidefilms in this studyand the copper
films in the cited study. It is reasonable to anticipate that the thermolytic
reactions operative in these two studies may apply in general to
atmospheric-pressure spray deposition as follows: the deposition
temperature must be high enough to render the thermolysis reaction



Fig. 5. UV–Vis spectra of indium oxide films deposited at various O2 flow rates.
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byproducts gaseous in order to observe good morphological develop-
ment in the film. Therefore, by understanding the chemistry of the
thermolytic transformation, a minimumdeposition temperature for the
formation of electronic-grade materials might be estimated a priori.

Given the nature of conductivity in TCOs [1], samples were
subjected to thermal treatments as a means of introducing oxygen
vacancy and/or cation interstitial defects within the forbidden band.
Resistance data for samples annealed in both N2 (Fig. 3) and forming
gas (Fig. 4) indicate a reduction in sheet resistance and in the
variability observed over the face of the sample at the initial annealing
condition of 200 °C. While a slight reduction in the standard deviation
of the resistance measurement was noted after the 200 °C treatment,
the variance increased for higher annealing temperatures. In addition,
higher temperature thermal treatments gave increased resistance as
well. This effect may be partially explained by substrate outdiffusion
effects whereby chemical species (e.g., metal cations) migrate from
the glass substrate into the indium oxide film at higher temperatures
thereby quenching the electronic carriers in the forbidden band.

While these films demonstrate reasonable conductivity, they also
exhibit excellent optical transparency. UV–Vis spectra for the O2

variation experiments are given in Fig. 5. Most samples demonstrate
greater than 90% transmittance in the visible spectrum from 400–
700 nm. Such transparency is a prerequisite for application of these
materials as transparent conductors. It is likely that further attempts to
improve the conductivity by introducing additional carriers (e.g., by
addition of tin oxide) would tend to reduce this transmission. However,
given the metric of 85% transmittance at 450 nm, it is possible that
further modifications to the film growth conditions and composition
would allow the realization of films with good transparency while
maintaining sheet resistance in the 10Ω/□ range. Further study will be
performed to allow the use of UV–Vis spectroscopy in the calculation of
band gap and other optical properties.

4. Conclusions

In conclusion, conductive, highly transparent indium oxide films
were deposited at moderate temperatures over glass and silicon
substrates via atmospheric-pressure plasma jet deposition. Solid source
beta-diketonate precursors are shown to be reasonable candidates for
APP jet deposition but further modification to the chemical function-
ality may be required to tailor the thermolysis reactions. Future work
will include the addition of a tin oxide precursor to allow the growth of
ITO films.
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