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Abstract
Over the past decade, the rotating cylindrical magnetron technology 
has proven to be essential in the success of large area glass coating 
stacks for architectural and automotive applications. Their potential for 
having a higher material inventory (circumference of a tube), of real-
izing higher deposition rates (better heat distribution) and more coater 
throughput and of sustaining more stable conditions in reactive sput-
tering processes (less arcing and better anode functionality in AC) has 
contributed to the worldwide acceptance of this technology.

In the new millennium of improved communication, information 
technology and the search for clean and renewable energy generation, 
new market segments are emerging and growing faster than originally 
anticipated. Thin film coatings and the scaling of vacuum deposition 
processes to large area substrates play a major role in the booming 
markets of flat panel displays and photovoltaics. Again, the introduc-
tion of the rotatable technology in these segments may accommodate 
to the needs for faster, better and cheaper coating processes. However, 
for both cases the availability of high quality transparent conductive 
oxides is crucial. This paper will present recent developments on rotat-
able targets of transparent conductive oxides, the corresponding layer 
properties and the necessary sputter hardware for large scale industrial 
implementation. 

Introduction
Driven by the booming markets of flat panel displays and photovolta-
ics the scope and significance of transparent conductive oxide (TCO) 
coatings has grown drastically over the last decade. Next to flat panel 
displays and photvoltaics, the use of TCOs is required in a wide variety 
of other applications too such as smart windows, touch panels, electro-
luminescent ‘thin film’ lamps, (transparent) EMI shielding, etc. … In 
all of these applications, a high quality thin film is required which com-
bines a high visual transparency with a high electrical conductivity (or 
in other words, a transparent conductive oxide) [1,2].

Because of the unique combination of excellent optical and electrical 
properties, tin-doped-indium oxide (commonly called indium-tin-
oxide or ITO) is the preferred TCO for the high-end applications. Next 
to its good electrical and optical properties, ITO also shows a high 
hardness and a good chemical and thermal stability.

Reactive DC magnetron sputter deposition from planar ceramic 
targets is the most extensively used technique for the deposition of 
high quality ITO coatings. Planar targets however, typically consisting 
of one or more tiles bonded to a metallic backing plate, show several 
intrinsic limitations. Coating production cost and coater throughput are 
negatively affected by the limited target utilization, the limited power 
density, the formation of nodules on the target surface (affecting the 
sputter rate and the film quality), etc. … These limitations are even get-
ting more critical because of the skyrocketing price of indium.

While the rotating cylindrical magnetron technology was intro-
duced and implemented successfully since the nineties for large area 
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architectural and automotive glass coating applications, its use remained 
limited in the display industry. This has several reasons. Firstly, since the 
investment cost of a rotating cylindrical magnetron does not scale with 
substrate or target sizes, it is only an interesting alternative for sufficiently 
large coaters (e.g. the large architectural glass coaters having substrates 
up to 3.2m x 6m). In the somewhat smaller display coaters, the introduc-
tion of rotating cylindrical magnetrons only becomes interesting for the 
more recent equipment generations. Secondly, the specific coater design 
(vertically) also complicates retrofitting planar cathodes by rotatable 
cathodes. Replacing planar cathodes with end block rotatables may result 
in somewhat shorter target lengths, and as a consequence, a reduction in 
uniform coating width. The use of single sided magnetrons may offer the 
desired solution as long as the coater geometry allows the mounting of 
this type of rotating magnetrons. Thirdly, not all target materials specific 
for display applications have been commercially available in rotatable 
version. The most crucial material in this aspect is definitely ceramic 
ITO.

In this paper the recent developments on rotating cylindrical 
(ceramic) ITO sputtering targets for large area coating applications are 
presented, the corresponding layer properties on glass substrates and the 
necessary sputter hardware for large scale industrial implementation.

Rotating Cylindrical Magnetrons
Since the invention in the late 1960s, sputtering has undergone a huge 
development revolution. One of the most significant technological break-
throughs has been the development of rotating cylindrical magnetrons. 
This development has enabled manufacturers to increase the coater 
throughput and decrease the cost of coating, while maintaining (or even 
enhancing) layer quality and specifications. The key features for the suc-
cess of the rotating cylindrical magnetron are summarized below [3].

Larger useful target material inventory and increased target 
material utilization, leading to reduced machine down-time
First of all, for planar magnetrons, the presence of a racetrack limits the 
target consumption to approximately 30%. Although a stationary race 
track is present during sputter deposition for a rotatable cylindrical tar-
get too, no racetrack groove (comparable to the one formed on a planar 
target) is formed on the rotating target and high material utilization may 
be achieved (typically 2.5 times higher). Secondly, rotating cylindrical 
targets offer a higher coating capacity as compared to a similar standard 
planar target. This higher coating capacity results from the higher target 
utilization (as discussed before) but also from the larger amount of avail-
able target material. Because of the circumferential presence of target 
material, a rotatable target can contain up to 3 times more material than 
a planar target (for equivalent layer thickness and target width/diameter).

Enhanced target cooling leading to the ability to use a higher 
power density and thus obtain a higher deposition rate
Increasing the throughput of the coating equipment can be accomplished 
by the use of higher power densities (higher deposition rates). For planar 
targets this is however not always possible because the bonding and/or 
target material may melt or crack under the thermal load. In contrast 
to planar targets, rotating cylindrical targets offer the possibility to use 
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higher power densities. For these targets, the thermal load is uniformly 
distributed over the complete circumference of the target resulting in 
less local heating of the target tube. 

Increased process stability for reactive depositions (drasti-
cally reduced arc sensitivity)
The use of rotating cylindrical targets restricts the arcing zone to two 
ring shaped areas at the cathode tube ends. Very few arcings occur in 
the racetrack area of a rotating cylindrical target since it is continuously 
cleaned by the plasma and only a thin zone at both extreme ends of 
the target tubes gets contaminated. Less arcing leads to a more stable 
process and thus a reduced risk of defects in the coating, an important 
issue for display applications.

More focused ejection of particles
Another benefit of rotating cylindrical targets is the more focused ejec-
tion of particles towards the substrate due to the narrow race track. 
This results in a decrease of deposition on shields and coater walls, a 
decrease of cleaning cycles, a higher sputter efficiency and thus a higher 
sputter yield.

Enhanced anode functionality during AC sputtering
In contract to planar magnetrons, rotating cylindrical magnetrons do 
not suffer from the “magnetic anode” effect when used as an anode 
during AC sputtering. As a consequence they show an enhanced anode 
functionality as compared to planar magnetrons. In the specific case of 
ITO this is however a less important feature.

Experimental
In this paper a comparison is made between ITO deposition from pla-
nar and from rotatable targets at the level of sputter behavior and ITO 

layer characteristics on glass. 
The planar target is produced according to conventional production 

methods which implies that the target material is built from individual 
tiles and bonded to the metallic backing plate as a last step in the 
production process. In contrast to this, the basic set-up for the rotating 
cylindrical ITO targets discussed in this paper is totally different. This 
offers some distinct advantages. Firstly, the ITO material is made as 
one single piece. Because of this, problems due to the use of different 
tiles or rings such as arcing or nodule formation on edges, debris ejec-
tion, thermal expansion problems, leaking of bonding material etc. are 
excluded. Secondly, the ITO material is directly applied to the stainless 
steel backing tube during the target production process (no need for low 
melting point bonding material). This gives an optimal and homoge-
neous bonding of the ITO to the backing tube resulting in an optimized 
thermal conductivity. The enhanced thermal conductivity ensures a 
better cooling of the target material resulting in the possibility to use 
higher power densities. 

The cylindrical single piece ITO target used in this study has been 
produced by a newly developed process. Material purity was over 99.9%. 
The target length was 1000 mm. The ITO layer thickness on the targets 
was 3 mm. 

Generally, the limits for ITO target lengths and material layer thick-
ness are similar as for the conventional rotatable targets: lengths up 
to 152” (although the initial focus for the ITO target length is up to 
2.6m) and layer thicknesses up to several mm. As for the target fixture: 
all conventional types of target fixtures are supported.

The rotatable ITO target was mounted in an R&D display coater. 
ITO layers (thickness +/- 250nm) were deposited on glass substrates 
with an SiO2 coating, at different power levels and with and without 
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Figure 1. Rotatable ITO target of 1000 mm after sputtering.

substrate heating. The comparison is made with commercial ITO layers 
deposited from a planar target. 

The targets were evaluated during the sputter process (process 
stability, arcing) as well as after the process (nodule formation). The 
deposited ITO films are characterized by their key optical and electrical 
properties and by SEM, AFM and XRD. The optical absorption is 
determined by measuring the reflectance and transmittance of a thin 
ITO film deposited on a known substrate. The spectral data are analyzed 
to give the refractive index n, the extinction coefficient k and the thick-
ness d of the film. The resistivity ρ of the ITO films are calculated from 
4-point probe measurement using ρ(Ωcm)=d(cm)•RS(Ω/ ) with RS the 
sheet resistance measured with the 4-point probe and d the thickness 
calculated from the optical measurement. 

Figure 1 shows the rotatable ITO target after sputtering. In Table 1 
the sputter conditions are summarized. Base pressure was typically a 
few times 10-6 mbar, sputter pressure was around 2E-3 mbar. Note that 
the rotatable ITO samples were not yet produced in optimal conditions. 
Firstly, the rotatable target is used in DC mode, while for the planar 
target a combination of DC and RF was used. Secondly, the rotatable 
samples were produced at low temperature only, while for the planar 
target low and high temperature reference samples are available. Thirdly, 
the magnet array for the rotatable target was also not optimized yet 
(too low magnetic field resulting in a voltage which is almost double 
for the rotatable target). Finally, the samples produced with the planar 
target received an additional post treatment to improve the electrical 
conductivity.

Rotatable Targets
continued from page 31
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Table 1. Sputter conditions for the different samples R=rotatable, P=planar, 
LT=low temp, HT=high temp.

R-LT P-LT P-HT
Temp °C 220 210 320
Power (W) DC x x x

RF / x x
Voltage V 294 ±150 ± 150
Post treatment / x x

Results & Discussion
Optical and electrical properties
In Figure 2 the transmittance curves are shown. Table 2 summarizes the 
electrical and optical properties. 

Figure 2. Spectral transmittance of the different samples.

Table 2. Optical and electrical measurement results.

R-LT P-LT P-HT

T at 550 nm % 86.9 86.3 89.6

n 2.07 2.13 2.05

k 0.087 0.1 0.077

d nm 256 257 268

RS Ω/  7.4 6.4 4.4

ρ μΩcm 189 164 118

Looking at the optical transmittance at 550 nm it can be concluded 
that the rotatable and low temperature planar results are very similar. 
However, from Figure 2 it is clear that the sample produced from a 
rotatable target has a maximal transmission of about 90 % but at lower 
wavelength as compared to the samples from the planar cathode. This 
shift towards lower wavelengths can probably be attributed to a film 
thickness issue. It is expected that increasing the thickness will result in 
similar optical transmission as for the high temperature planar sample. 
Also the n and k values are quite comparable to the high temperature 
planar sample.

The resistivity from the rotatable target and the planar target at low 
temperature are comparable but still, the planar gives the lowest result 
because of the post treatment. The difference can be further explained 
by the fact that the O2 flow was not completely optimized yet for the 
rotatable target and was probably slightly too high. A small amount of 
oxygen needs to be added to ensure sufficiently transparent films but if 
too much oxygen is added, the resistivity start to increase again. 

AFM Measurements
The atomic force micrographs of the ITO layers on glass + SiO2 sub-
strates are given in Figure 3. The roughness data from AFM are given in 
Table 3.

Table 3. Main roughness data from AFM: comparison of surface roughness 
for different samples.

R-LT P-LT P-HT
Mean Ra nm 6.8 5.4 5.0
Rz nm 61.6 46.2 42.2

From Figure 3 it can be concluded that the microstructure of the 
rotatable ITO sample is in between the result of the low and the high 
temperature planar sample. However, the similarity with the high tem-
perature planar sample is much larger. Looking at the roughness data in 
the table, the rotatable sample shows a somewhat higher roughness than 
the two samples from planar targets.

continued on page 36
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Figure 3. AFM results of ± 250 nm ITO layers on glass + SiO2 substrates.

XRD Measurements
In Figure 4 the XRD spectra are given. Table 4 summarizes the peak 
intensities from the XRD spectra. 

Figure 4. XRD Spectra.

Rotatable Targets
continued from page 33

Table 4.  Peak intensities from XRD spectra.

(hkl) 2θ theor. 
surface

R-LT P-LT P-HT

(211) 21.5° 14 15 15 10
(222) 30.6° 100 66 69 30
(400) 35.5° 30 78 79 121
(440) 51.0° 35 31 51 28
(622) 60.7° 25 48 49 60

From these spectra the preferential growth of (400) direction is 
noted for the high temperature planar sample. Further, the rotatable 
sample is quite similar to the low temperature planar sample implying 
that the crystal orientation is quite similar. No preferential growth of the 
(400) direction is noted for the rotatable sample.

Target Evaluation 
During these tests, the process was very stable with very few or even 
no arcing. No nodule formation comparable to the planar target case 
was found so far. This is also confirmed by other studies on single piece 
rotatable ITO targets [4] implying that an extended run time is achiev-
able before cleaning becomes necessary. The absence of nodules (or 
the much slower growth rate) can probably be attributed to the higher 
power density in the racetrack which prevents (or slows down drasti-
cally) the formation of nodules.

Sputter Hardware Solutions for Display Applications
In order to introduce the rotating cylindrical magnetron in the display 
industry in a flexible way, specialized and advanced hardware solutions 
have been developed. An adequate design of magnetron sources and 
their surroundings is extremely important for reasons such as coating 
uniformity, layer characteristics, target mounting, flexibility, robustness, 
reliability, etc. Two different situations can be distinguished: existing 
coaters and new generation coaters. Both have their specific restrictions, 
boundary conditions and needs. In the case of existing coaters where 
an upgrade from planar to rotatable technology is desired, the Bekaert 
Compact End block solution is proposed. In the case of new coaters for 
which it is possible to work together with the display coater manufac-
turer, the Bekaert Vertical Magnetron is the preferred option [5].

Compact End Block System
In Figure 5 the compact end block system is shown. This is the preferred 
retrofit solution for existing display coaters. Since the complete coater 
configuration and surroundings are fixed, the end block approach is 
the most easy and straightforward way to introduce rotatables in the 
coater. The compact end block system also offers the flexibility to adjust 
the target-substrate distance (since for existing coaters, the substrate is 
often further away from the coater opening). On the other hand, the 
end block configuration takes up some space in the coater leading to 
a decreased target length (and possibly a decreased uniform coating 
width). In order to maintain the desired uniformity level, the compact 
end block system has been designed to occupy a minimal height which 
results in a maximal target length. All functionalities are located at 
one side so only one compact end block is needed. The end block can 
be used in DC or in AC at a maximal current of 200A at 40 kHz (sine 
wave) or equivalent inductive heat load at lower amperage and higher 
frequency. Targets of up to 3.7 m can be used (for a maximal tilting 
angle between the vertical plane and the target axis of 7°). Support at 
the opposite side is recommended for target lengths of over 1 m. The 
compact end block can be used in a hanging or standing position. The 
size of the compact end block is less than 4 inch (compared to standard 
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end blocks which need 2 times 8 inch) and thus taking up a minimal 
amount of space in the vacuum chamber.

Figure 5. Installation option for existing coaters: the compact end block.

Vertical Magnetron System
In Figure 6 the vertical magnetron system is shown. This is the pre-

ferred installation option for new generation display coaters since in 

this case it is possible to work together with the display coater manu-

facturer. This implies that all specifications and needs can be taken 

into account during coater design. In the case of a vertical magnetron 
all functionalities are located at the atmospheric side. Similar as for the 
compact end block, the vertical magnetron offers the possibility for 
a top or a bottom mounting. In order to offer optimal flexibility, the 
mounting flange is kept small. This allows the mounting of 2 vertical 
magnetrons side by side with a target axis spacing below 8 inch (for e.g. 
AC sputtering). The vertical magnetron can be used in DC or in AC at 

a maximal current of 300A at 40kHz. Targets of up to 4m can be used 

in a vertical position. 

Figure 6. Installation option for new coaters: the vertical magnetron.

Conclusion
In this paper the recent developments on rotatable ITO targets have 
been presented, the sputter behavior, the layer properties on glass 
substrates and the necessary sputter hardware for large scale indus-
trial implementation. For the optical and electrical properties it can 
be concluded that it is possible to match the optical and conductivity 
properties (relative to thickness) of the commercial ITO coating cur-
rently being made from planar targets. The optical transmission looks 
very promising at low temperatures. From AFM and XRD measure-
ments it is concluded that the microstructure of the rotatable sample 
is comparable to the high temperature planar sample while the crystal 
orientation is comparable to the low temperature planar sample. These 

results show that the rotatable ITO targets are at least comparable to the 
state-of-the-art planar targets for FPD applications and that it is possible 
to produce display quality ITO even within the limitations of an R&D 
machine. Two installation options for the sputter hardware have been 
proposed in order to be able to introduce the rotatable technology in the 
display market in a flexible way: the compact end block system and the 
vertical magnetron system.
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