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point probe or a Nagy in-line non-contact resistance
monitor.
A fundamental property of semiconductor materials is
the resistivity, ρ, which depends on the charge carrier
concentration and the mobility of the charge carriers.
This is given by ρ = sheet resistance (ohm/sq) x
thickness. The film thickness was determined using a
Jobin Yvon MM16 ellipsometer.
For use in flexible electronic applications, such as
OLED devices or flexible display panels, the atomic
structure, morphology and surface properties of the
TCO coatings are of particular interest, as well as the
effect of these on the electrical and optical properties [36, 9-12]. For a selection of the polymer surfaces
considered in this work, the surface roughness was
measured using a Taylor Hobson CCI optical
profilometer. Measurements were obtained at 10
positions and, from these an average surface roughness
value was calculated. SEM images of the coating grain
structure were also obtained and the grain size was
determined from image analysis studies. Finally,
grazing incidence x-ray diffraction (GIXRD)
measurements were made to determine the crystallinity
of the coatings.

Introduction
The transparent conducting oxides, ITO and AZO, are
wide band gap (>~3.3eV), n-type semiconducting
materials. Transparent conducting oxides (TCOs) are
used in many applications, including LCD flat panel
displays, OLED devices, photovoltaic applications and
heat mirrors [1-6]. ITO is the most widely used TCO,
because of its desirable properties of high transparency
and high conductivity. However, in recent years,
concern about depleted indium supplies has led to an
effort to find substitutes for ITO. These include indium
free or reduced indium TCO materials [7, 8]. One of the
most promising alternatives is aluminium doped zinc
oxide (AZO). The aim of this work is to better
understand the sputter deposition of ITO and AZO
coatings onto polymer substrates, in order that they
might be optimised for use in flexible electronic
devices. The polymer substrate presents challenges for
the deposition of good quality TCOs, primarily because
of its low temperature resistance, thus preventing
beneficial annealing processes from being used. Sputter
deposition is widely used for coating of glass, but also
for roll-to-roll web coating, because of the low
deposition temperature and quality of the coatings thus
produced.

Results and Discussion: ITO

Experimental Details
The TCO coatings were produced using an OptilabTM
roll to roll web coater from General Vacuum Machines.
ITO was deposited from an In2O3/SnO2 (10%wt)
99.99% purity planar target. AZO was deposited from a
ZnO/AlO (2%wt), 99.9% purity planar target. The
magnetron is equipped with a 10kW Pinnacle power
supply and a SparcLE-V pulsing unit from Advanced
Energy. For all the samples discussed here the pulsing
was activated with a frequency of 100kHz and a pulse
time of 2µs.
A wide variety of techniques have been used to
characterise TCO thin films. Most commonly, and
simply, the sheet resistance and transmission / reflection
are measured. In this work transmission spectra were
obtained using a Thermo Electron UV-Visible
spectrophotometer in the wavelength range 200-800nm
and the sheet resistance was measured using a Jandel 4
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Figure 1: Resistivity minimum curves for ITO
deposition at different pressures. All deposited at 2.8kW
power, 0.3m/min web speed, 100mm target-web
distance.
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The experiment at 4.0x10-3mbar was repeated and the
curve was reproduced well. On this second occasion the
film thickness was measured by ellipsometry, the
calculated resistivity is plotted as a function of oxygen
flow in figure 3. It is noted that the deposition rate does
not change significantly with the addition of oxygen.
The values of resistivity obtained, 5.5 to 7.6x10-4Ωcm,
are reasonable for a low temperature deposition onto
polymer substrates with no subsequent annealing. (It
can be problematic measuring the coating thickness on
the polymer substrate by ellipsometry because it is not
easy to obtain a good reference sample of the substrate.
To overcome these issues, thin pieces of Si were taped
to the web during deposition, and the coating thickness
was then measured from these witness samples. Si is an
ideal reference substrate in this regard.)
Figure 4 shows the resistivity of ITO samples
prepared on different substrate surfaces, with and
without ArO2 plasma pre-treatment of the substrate. In
this case the power (2.8kW) and web speed (0.3m/min)
was as above, but the target-web distance was 115mm,
instead of 100mm. All samples were made at a pressure
of 5.4x10-3mbar and oxygen concentration 2.4%. The
film thickness was measured to be 65nm by
ellipsometry. In all but one case, the plasma-pre treated
samples had a higher sheet resistance, and consequently
resistivity. The resistivity for all the non-plasma treated
samples is approximately constant, within experimental
error, with values in the range 5.64 to 5.95x10-4Ωcm.
The plasma pre-treated samples show a bigger variance
in resistivity ranging between 5.5 to 7.57x10-4Ωcm,
indicating that the plasma pre-treatment affects each
surface differently. The PET surface with adhesion
promoter and the raw PEN surface were affected most
by the plasma pre-treatment.

In figure 1 the ITO sheet resistance as a function of
oxygen flow is plotted for samples produced at different
process pressures, using a power of 2.8kW (~2.0W/mm
of racetrack length), target-web distance of ~100mm,
and a web speed of 0.3m/min. The well-known
minimum in resistance [9, 13, 14] occurs in each case,
but at 4.0x10-3mbar the minimum sheet resistance is
slightly lower than at the other pressures.
The optical transmission spectra for the samples
produced at this pressure are shown in figure 2. The
maximum transmission is reached at the point of
minimum sheet resistance and, after this an increase in
oxygen flow does not lead to any appreciable increase
in transmission.
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Figure 2: Transmission spectra of ITO samples
deposited at 2.8kW target power, 0.3m/min web speed
and 0.004mbar pressure, with increasing oxygen
concentration in the sputtering gas .
Resistivity Minimum for ITO from Ceramic Target at
2.8kW, 0.004mbar

Effect of ArO2 Plasma Pre-Treatment on ITO
Resistivity for Various Substrates
8.0E-04

1.2E-03

ArO2 plasma pre-treat

R esistivity (ohm cm)

R esistivity (o h m cm )

1.1E-03
99.9nm
1.0E-03
97.8nm

9.0E-04
97.9nm
8.0E-04

No plasma pre-treat
7.0E-04

6.0E-04

96.0nm
96.8nm

7.0E-04

e
at
on
lyc

ar
b

d
po

ise
ar
an
pl

x/

ra

n

w

PE

PE

T

T

N
PE

PE
he
s io
ad

w

s io
ad

Figure 3: Resistivity of ITO coatings as a function of
increasing oxygen flow at sputter power of 2.8kW and
pressure of 4x10-3mbar.
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Figure 4: Effect of ArO2 plasma pre-treatment on the
sheet resistance of ITO for various different substrate
surfaces.
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A feasibility study was carried out for the possibility
of using grazing incidence X-ray diffraction (GIXRD)
measurements to characterise these types of samples.
Three of the ITO samples were measured at an incident
beam angle of 0.4˚ and the data is displayed in figure 6.
The samples all exhibited crystalline phases. In
addition, the grain size was estimated to be ~20nm from
the width of the peaks.

Results and Discussion: AZO
Figure 5a: SEM images of ITO grain structure on PEN
with adhesion promoter layer for ArO2 plasma pretreated (left) and non pre-treated substrate (right).

Some preliminary studies on AZO deposition were
also carried out. When using the ceramic type targets for
AZO deposition, oxygen does not need to be added to
the process [8]. The effect of ArN2 plasma pre-treatment
was investigated because, from the results above for
ITO, it was thought that the ArO2 plasma might be too
aggressive, and hence causing some damage to the web.
AZO samples were prepared at 4kW target power, at
pressures of 2, 4 and 6 x 10-3mbar at a web speed of
0.3m/min on ArN2 plasma pre-treated and non pretreated raw PET substrates. The results are plotted in
figure 6. The accompanying SEM images of the grain
structure are shown in figure 7. It can be see that the
ArN2 has a detrimental effect on the sheet resistance,
but that this effect is largest at the lowest pressure.
There is also a noticeable difference in grain size
between the two sample deposited at the lowest pressure
of 2x10-3mbar, although it has not been measured at the
time of writing this paper. Once again the plasma pretreated sample has the larger grain size and the higher
sheet resistance. The samples produced at the other
pressures appear to have a similar grain structure
whether or not the surface is pre-treated, and the
difference in sheet resistance is not as significant in
these cases.

Figure 5b SEM images of ITO grain structure on raw
PET for ArO2 plasma pre-treated (left) and non pretreated substrate (right)
In order to understand what had happened to the ITO
coating on the plasma pre-treated surfaces, SEM images
were obtained. The images for the adhesion PET and
raw PEN surfaces, with and without plasma pretreatment are shown in figure 5. It is evident that there is
an increase in the grain size for the plasma-treated
samples and this may be related to the increase in sheet
resistance / resistivity. The average grain size was found
to be 47 and 17nm for the adhesion promoter side of
PET with and without plasma pre-treatment,
respectively. The surface roughness values obtained
were 5.4nm and 2.64nm for the samples with and
without plasma pre-treatment, respectively For the raw
PEN surface the average grain size was measured to be
27 and 20nm for the plasma pre-treated and non pretreated samples, respectively. It is usually found that the
grain size increases with film thickness and with
annealing (improved crystallinity) and that, as a
consequence of the larger grain size, the resistivity
decreases [6]. This does not seem to be the case here,
however. It might also be expected that grain size would
decrease with plasma pre-treatment as the surface
energy of the substrate will be increased, leading to a
higher density of nucleation sited for the growing film.
At this time these observations are unexplained and
further investigation will be required to understand what
is happening.
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Figure 6: Effect of ArN2 plasma pre-treatment on sheet
resistance of AZO coatings deposited at various powers
and pressures on raw PET substrate.
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AZO coatings were deposited onto a raw PET surface
at different pressures, and the effect of ArN2 plasma
pre-treatment was investigated. The sheet resistance was
higher for the samples that were plasma pre-treated, and
the biggest difference was for the lowest pressure. SEM
images of the plasma pre-treated and non pre-treated
samples at the lowest pressure of 2x10-3mbar showed a
difference in grain size, once again, with the larger grain
size for the pre-treated film.
GIXRD data for both ITO and AZO samples indicated
crystalline phases in the coatings.
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