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Abstract

Masking by inkjet printing has potential benefits for solar
cell manufacturing by improving the conversion efficiency and
production yield. In industry and on lab scale it has been shown
that there are many applications for inkjet masking to improve the
solar cell efficiency. These applications include honeycomb
texturisation, selective emitter, plating of front side electrodes and
using inkjet masking for low-cost rear-side patterning for back-
contact cells. Key success factors for inkjet masking are its small
feature size and high flexibility. Furthermore the contact-less print
method is in line with the general trend towards thinner wafers to
reduce the material costs.

However, inkjet technology is initially developed for
graphical printing, which has less demanding print reliability
criteria. In the photovoltaic (PV) industry one malfunctioning
nozzle in the inkjet printing system can result in significant
decreased device performance or clear visual defects. Therefore
the transition from graphical printing to solar cell production
cannot be made without a significant improvement in reliability.

In 2011 OTB Solar B.V. started the development of the
PiXDRO JETx, a high volume industrial inkjet printing system (up
to 2400 wafers/hour) which addresses inkjet masking as a first
application. For this application a joint development with Océ
Technologies targets to demonstrate an inkjet print reliability and
accuracy which meets the standards for solar cell manufacturing.
The use of self-diagnosing print heads of Océ, redundant print
strategies and the automation from OTB Solar form the basis to
combine high reliability with industrial throughput and the
printing of fine structures with a drop placement accuracy of
7.5um 3sigma.

Introduction

In order to reduce the cost per watt peak PV module
manufacturers are constantly investigating new process
applications which can provide an improvement in conversion
efficiency at low cost. Many of those applications include
deposition of fine lines with features <50pum and complex
structuring of thin layers.

The cost per watt peak can also be reduced by lowering the
wafer costs, which is achieved by reducing the Si wafer thickness.
Reduced wafer thickness, however, also makes the wafers more
susceptible to breakage or performance loss due to (micro-)cracks.
At various stages in the solar cell and module production process
these vulnerable wafers are subjected to stress caused by process
and handling equipment. The cost resulting from wafer breakage is
severely magnified when this breakage happens further
downstream in the module production process and can even result
in complete loss of modules. Wafer breakage not only results in
direct costs, but the overall equipment efficiency is also reduced
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due to unscheduled downtime. Therefore these fragile wafers
require non-contact deposition techniques.

In recent years inkjet printing has attracted great interest for
mass production because of this non-contact deposition and other
advantages like high precision, low cost, high flexibility and low
temperature deposition. Industrial inkjet printing has been widely
applied in the graphical industry and for the fabrication of
electronic devices such as organic light emitting diodes (OLED),
printed circuit boards (PCB), radio-frequency identification
(RFID) or even for medical usage [1,2]. For solar cell mass
production inkjet printing has been introduced with the selective
emitter etch back process [3]. On lab scale many other applications
have been shown including honeycomb texturisation [4], inverted
pyramids and V-grooves [5], plating of front side electrodes [6]
and using inkjet masking for low-cost rear side patterning for
back-contacted or iPERC/IPERL (Industrial Passivated Emitter
and Rear Cell / Industrial Passivated Emitter and Rear with
Locally diffused areas) type cells [7,8,9].

Reliability

Universities and institutes investigating photovoltaics make
extensive use of inkjet printing because of its unique property of
digital imaging which offers very high flexibility. Inkjet systems
which allow for a quick exchange of print heads enable testing of a
wide range of functional materials in a short period of time. The
transition, however, from lab scale solar cell research to mass
production has been hampered by the availability of suitable high
volume inkjet printing systems and skepticism on the reliability of
inkjet printing. Solar cell mass production equipment requires a
throughput of around 2400 wafers/hour with a yield higher than
99.8%. To obtain these yield values an inkjet printing system
cannot permit to have failing nozzles during printing. In solar cell
applications a complete line of missing droplets will severely
hamper the device performance or cause cell breakage, e.g. in
honeycomb texturisation a line of unprinted droplets will cause
very deep etching, reducing the wafer strength; in applications
with front-side plating a line of unprinted droplets can result in
ghost-plating which renders the cell unsellable due to low aesthetic
quality. Here lies the challenge: the required combination of high
volume and high reliability is challenging for inkjet printing
systems. For other high volume industries like document printing
some failing nozzles are still acceptable. Other applications require
very high reliability, like printing reagents in DNA micro-arrays
[10] that detect forms of cancer, but in those cases low throughput
is accepted.

The main factor in the reliability of an inkjet printing system
is the combination of print head and ink which should be carefully
optimized for each other. Nozzle failure, however, is inevitable in
low-cost mass production inkjet printing. To obtain acceptable
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yields the reliability of the inkjet system needs to be improved.
From the graphical industry various solutions are known to
improve the reliability, but these all affect the throughput. Another
option is to diminish the effects of nozzle failure by making sure a
failing nozzle does not result in a complete line being misprinted
(so called dithering mask). By printing a single line in the print
direction with multiple nozzles the effect of one malfunctioning
nozzle is diminished, but this also increases the amount of print
movements needed to finish the pattern and therefore severely
reduces the throughput.

The reliability can also be improved by detection of failing
nozzles and using redundant printing strategies to correct for these
failing nozzles. This detection of failing nozzles can be performed
by inspecting the print pattern after printing and forming a feed-
back loop to determine the failing nozzle number, but this type of
detection requires expensive high resolution, high speed imaging
systems. Before this detection method has identified a failing
nozzle many wafers have been printed which will all result in yield
loss or need to be reworked to correct this defect. Detection of the
condition of a nozzle during printing offers a very short feed-back
loop and enables redundant printing strategies without affecting
the throughput. In the PiXDRO JETx the detection of the nozzle
status is performed by PAINt technology; which is incorporated in
the CrystalPoint print head from Océ Technologies. PAINt
technology combined with redundant nozzles and redundant
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Figure 1. Based on the characteristics of the signal the
distortion is identified and the nozzle condition is classified. In
order to determine the response signal characteristics of a certain
type of distortion (air bubble, dirt in nozzle chamber, etc.) a
CrystalPoint print head has been built with glass nozzles. With a
microscope the type of distortion is determined and correlated to
the response signal characteristics. Besides air bubbles with
different diameters the PAINt detection can distinct dirt inside the
nozzle chamber and failure of the electrical actuator. Based on the
type of distortion a recommended maintenance action is given.

By comparing the signal characteristics of good functioning
nozzles over a longer period of time the aging of the piezo element
is characterized. Compensation for this inevitable aging results in
consistent drop volume during the whole lifetime of the print head.

In the PiXDRO JETx an array of 9 print heads is used, with
each print head having 256 nozzles, as shown in Figure 2.

The PAINt detection on this array of 2304 nozzles takes only
200ms, which is fast enough to be performed between two printing
swaths. Combining the nozzle status detection with extremely high
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data transfer rates allows the system to adjust the drop-on-demand
pattern for each print swath. After printing one swath a PAINt
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Figure 1, PAINt detection of an air bubble in the nozzle chamber. The
response of the nozzle with an air bubble differs from the undisturbed nozzles.

detection is performed; in the following swath the distorted
nozzles are paused and redundant nozzles take over the task of
jetting droplets in their place. This adjustment is two-fold 1) in the
next swath a redundant nozzle takes over the printing task of the
distorted nozzle 2) the drops that should have been printed by the
distorted nozzle in the first swath will be filled in by printing with
a redundant nozzle in the next swath. Meanwhile, the air bubble
dissolves in the ink. As soon as the nozzle has an undistorted
response this paused nozzle can be reactivated.

By combining self-diagnosing print heads with redundant
nozzles and redundant printing strategies the PiXDRO JETx
targets to meet the standards for a mass production inkjet printing
system with throughputs up to 2400 wafers/hour, unmatched
reliability and highly consistent drop volume. Specialized wafer
handling automation from OTB Solar can be added for loading and
unloading of the wafers.

Figure 2, Print head array with 9 CrystalPoint print heads as used in the
PiXDRO JETx.

Solar cell applications
In solar cell industry any new process step added to the
production line has to realize a reduction in the cost per watt peak
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of the produced module. In many applications this cost reduction is
realized by increasing the cell efficiency or by reducing the
material costs; the process equipment also has to meet throughput
criteria to maintain the output of the production line. To maximize
the throughput of the inkjet printing system the amount of print
swaths needed to complete the pattern has to be kept to a
minimum. By optimizing the print head rotation together with X-
and Y-resolutions this amount of print swaths can be minimized
without affecting the quality of the printed pattern. Each
application has different properties that are critical to the quality,
like line width or line opening, but also the thickness of the
deposited layer or thickness variation could be critical to the
quality. Often these properties are also affected by many other
factors that should be considered when optimizing the quality and
throughput, for instance drying time between printed droplets. In
the PiXDRO JETx these factors, e.g. resolutions, can easily be
optimized while minimizing the amount of print swaths.

OTB Solar is investigating various solar cell applications with
a masking ink from Océ Technologies. These applications include
plating of front-side electrodes [6] and patterning for iPERC cells
[7,8,9]. An individual droplet of this masking ink printed with the
CrystalPoint print head has a droplet volume of 30pl, on a silicon
wafer this results in a droplet with a diameter of ~47um, forming
an almost perfect semi-sphere on the surface. Printing of a straight
line with a single nozzle results in a minimum positive feature size
of 35um, for negative features (line openings) the size can even be
reduced to 20pm. The positive feature size of 35um is smaller than
the diameter of individual droplets because the droplets are printed
wet-on-wet resulting in slower crystallization in the print direction
compared to perpendicular to the printing direction, this makes the
droplets more elliptic, effectively decreasing the line width. Figure
3 shows an example of straight lines printed with the CrystalPoint
print head and masking ink. One application under investigation is
the use of masking ink for plating barriers, preventing the lateral
growth of the metallization lines during the plating process, as
shown in Figure 4.

36um

—

Figure 3, Positive (left) and negative (right) masking structures printed with
the CrystalPoint print head, together with the feature size. The pictograms
depict a solar cell with on top the masking ink for positive features (left) and
negative features or opening (right).

With inkjet printing also dot patterns for rear-side patterning
or honeycomb texturisation can be printed; for these patterns the
negative feature size can even be reduced to <20pm. An example
of a negative dot-pattern for rear-side patterning of iPERC cells is
given in Figure 5.
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Figure 4, Inkjet printed plating barriers by printing of dikes around a screen
printed seed layer (left) or full area covering of the negative H-pattern (right).

Figure 5, Negative dot-pattern for rear-side patterning after inkjet printing of
the mask (left), after etching of the dielectric layers (middle) and after
stripping of the masking ink (right). The pictograms indicate the wafer with on
the backside the dielectric layers SiNx, SiOx or AI203. The masking ink is
shown in yellow, covering the dielectric layers.

Discussion and conclusion

Inkjet printing has great potential to reduce the cost per watt
peak of solar cells due to the low-cost non-contact deposition and
the possibility of creating small feature sizes. Many applications
for solar cell efficiency improvement have been shown on lab
scale, however the transition from lab scale to mass production has
been hampered by the availability of suitable high volume inkjet
printing systems and skepticism on the reliability of inkjet
printing. In 2011 OTB Solar started the development of the
PiXDRO JETx, a high volume inkjet printing system for the solar
cell industry. Self-diagnosing print heads with redundant printing
strategies minimizes the amount of misprints. By carefully
optimizing the print head angle, printing resolutions and
application specific parameters the throughput can be maximized
without any loss in quality.

Combining the self-diagnosing print heads from Océ
Technologies with the automation and system integration from
OTB Solar targets to demonstrate an inkjet printing system with
high reliability and industrial throughput capable of printing
structures, e.g. front-grid H-patterns or rear-side patterning for
iPERC, with a drop placement accuracy of 7.5um 3sigma. A
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variety of solar cell applications with a masking ink is being
investigated, but also inks from other ink suppliers are being tested
in the CrystalPoint print head.

The PiXDRO JETx not only offers PV manufacturers a great
opportunity to adopt inkjet as a production technology, but it also
offers a platform for future new applications in the industrial
printing field.
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