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Abstract. A 3D printed shadow mask method is presented. The 3D printer prints ABS plastic directly on
the wafer, thus avoiding gaps between the wafer and the shadow mask, and deformation during the process.
The wafer together with the 3D printed shadow mask was sputtered with Ti and Au. The shadow mask
was released by immersion in acetone. The sputtered patches through the shadow mask were compared to
the opening of the 3D printed shadow mask and the design dimensions. The patterned Au patches were
larger than the printed apertures, however they were smaller than the design widths. The mask was printed
in 4 min, the cost is less than one euro cent, and the process is a low temperature process suitable for
temperature sensitive components.

1. Introduction
One of the most important steps during microfabrication is masking of the wafer. There exists different
masking techniques, the most common one is photolithography.

Photolithography can be done by writing the pattern into the photoresist with e.g. an e-beam or a laser
writer. Photolithography can also be done with a chrome mask placed between the photoresist covered
wafer and a UV light source.

When patterning metal, Lift-off is a method that avoids etching of the metal. This process masks a
negative photoresist pattern, which is then covered with the metal. The photoresist is then removed with
a solvent, together with the metal on top of the photoresist. One issue with photoresist masking is that
some photoresist development solvents can etch exposed metal surfaces on the wafer.

Another masking technique is when a shadow mask is used. The first shadow mask was presented in
1986 [1]]. A shadow mask is a mechanical mask that can be used for metal patterning [2, 3} 4] similar to
lift-off or as a hard mask during plasma etching [3]], and also for polymer spray coating [6]. They can
be active, that is that the aperture openings can be adjusted, or passive with fixed aperture sizes. Metal
shadow masks made by milling are suitable for larger aperture sizes, laser cutting can be used to create
smaller aperture sizes. However, when high resolution micro-aperture sizes are needed, microfabricated
shadow masks are used. Microfabricated shadow masks are often made out of Si [2| [3] 4, 5], where
a Si wafer is patterned with photolithography and the aperture is etched either by wet or dry etching.
These shadow masks are then clamped [2! 5] or taped with heat resistive tape. In [6] a different kind of
shadow mask made out of Ni with a novel magnetic clamping method was presented. However, all of the
presented shadow masks still needs a photolithography step and an etch step to create the shadow mask.

3D printing can produce shadow masks rapidly and at a low cost compared to standard shadow
masks, partly because no photolithography and etch step is needed, and mostly because the printing
time is within minutes and material cost is low. In [7, 8] 3D printed shadow masks are used. However
these shadow masks still needs to be attached to the substrate with either heat resistive tape or with
an alignment fixture. If the shadow mask is not in full contact with the substrate and there is an air gap
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between the shadow mask and the substrate, the transferred pattern can become much wider than wanted,
and deformed in the deposition chamber.

In this paper we present a 3D printed shadow lift-off mask, printed directly onto the Si wafer. This
way the shadow mask is in full contact with the wafer and there are no air gaps between the shadow
mask and the wafer. The ABS shadow mask is released with acetone which does not etch any metals.
The printing process is done at a low cost, low temperature and at a rapid pace.

2. Shadow mask design

The shadow mask design was done with google sketchup and then exported to the 3D printer. The
shadow mask has 4 x 6 apertures. The first row consist of six squares with the widths (from left to right)
2 mm,1.8 mm,1.6 mm,1.4 mm,1.2 mm and 1 mm, the second rows consists of circles with the same sized
dimensions, and these rows are then repeated once more see Fig.

Figure 1: The mask design in google sketchup.

3. Development of 3D shadow mask

The 3D printer used was a Fused Deposition Modelling (FDM) in house built Delta 3D printer. The FDM
3D printer uses hot liquefied thermoplastic that quickly cools down and solidifies, making it possible to
print the next layer on top of the previous one. The first layer can be printed on most types of materials
and the adhesive properties can be improved by heating up the material. The Si wafer can be placed on
the heated bed directly under the nozzle. 3D printing systems such as Selective Laser Sintering (SLS),
which are powder based, are expensive and the 3D print will not attach to the Si wafer. Direct light
processing (DLP) 3D printers have a limited amount of materials that can be used and the printing is
done by printing the layers under the previous cured layers in a liquid. This method is not suitable since
the Si wafer cannot be placed anywhere in the 3D printer.

With the in house built FDM 3D printer the x-y-z movements are smooth due to non-backlash
magnetic joints and 2.5 um step size on the stepper motors. What affects the resolution of the print
is mainly the nozzle size, the nozzle temperature, the feed rate of the polymer and the speed of the nozzle
head. A limitation with the FDM printer is that if the surface has high aspect ratio structures, the printer
nozzle might not be able to print evenly without maybe damaging the structures on the Si wafer.

The polymer used with the FDM 3D printer was Acrylonitrile Butadiene Styrene (ABS). Available
nozzle opening sizes range between 0.1 mm and 0.4 mm in diameter. The chosen nozzle opening was
0.4 mm in diameter. The smaller the nozzle, the thinner each printed layer would be, which will increase
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the printing time. The 3D printer was first calibrated without the Si wafer. Thereafter the Si wafer was
placed onto the printer bed, and the software was adjusted to start printing at a height of 500 um (the
height of the Si wafer). The wafer was then sprayed with hair spray that leaves a thin layer of water
soluble polymer Polyvinyl alcohol (PVA) on the wafer. The PVA polymer enhances adhesion of the
ABS to the wafer and also protects the apertures from ABS, since any ABS residues can be washed away
with water. The shadow mask thickness was 100 um and a total of 60 mg of ABS was used. The total
cost of the ABS plastic and the running time of the 3D printer was less than one euro cent. The printing
time was 4 min and the bed temperature was 70°C.

4. Masking with 3D shadow mask

The Si wafer with the 3D printed shadow mask were rinsed with IPA, followed by a water rinse. The
wafer was placed in the FHR MS 150 sputtering tool. A layer of 44 nm Ti and 200 nm Au were sputtered
on top (Fig. 2h and b). The wafer with the shadow mask was immersed in an acetone bath and agitated
for one hour. The ABS shadow mask was then released, Fig. 2.

Figure 2: a) The 3D printed shadow mask on the Si wafer after Ti/Au sputtering. b) A close-up of the
apertures in a). ¢) The Ti/Au patterns after the 3D printed shadow mask was released.

5. Evaluation of pattern transfer to the Si substrate

Fig. [3|shows the printed aperture before Ti/Au sputtering, and the Au patch generated from that aperture
after lift-off. The widths of the Au patches were measured and compared to the design widths and the
printed widths, see Tab. [T} The shadow mask aperture widths are overall smaller than the design, however
the Au patches are bigger than the shadow mask aperture widths. The biggest Au patches were between
—14% and +2% of the designed target width, and the smallest Au patches were between —32% and
—20% of the target width.

6. Discussion

The printed aperture widths were smaller than the design, probably due to smudging of the ABS during
printing. However, the Au patterns transferred to Si wafer were larger than the printed aperture widths
thus compensating partly this. The largest Au patch were between —14% and +2% of the target width.
The smallest Au patches were between —32% and —20% of the target width. The 3D printer prints
more accurate for the larger structures than the smaller structures. This however can be adjusted by



27th Micromechanics and Microsystems Europe Workshop IOP Publishing
Journal of Physics: Conference Series 757 (2016) 012021 doi:10.1088/1742-6596/757/1/012021

Table 1: The average widths and standard deviation measured on the printed mask and the patterned Au
are compared to the design width.

| Design width (mm) | 2.0 | 1.8 | 1.6 | 1.4 | 1.2 |1 |
| Printed width (mm) | 1.7940.15 | 1.61£0.16 | 1.37+0.17 | 1.1840.03 | 1.01£0.19 | 0.76+0.17 |
| Auwidth (mm) | 1.8740.15 | 1.66+£0.14 | 1.41+0.16 | 1.24£0.09 | 1.04£0.12 | 0.7440.06 |
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Figure 3: a) Printed aperture. b) Au patch produced from that aperture.

using a one of the smaller nozzle diameter. A smaller nozzle diameter will reduce the flow of ABS, thus
resulting in less smudging during printing. A smaller nozzle diameter will also give a better resolution
and thinner printing layers, which will also reduce smudging. A 0.25 mm nozzle diameter will print the
same structure in about 9 min. The deviation from the target width can also be compensated for in the
design.

7. Conclusion

A 3D printed ABS shadow mask prototype was printed directly on the Si wafer. The shadow mask
and Si wafer were sputtered with Ti and Au and the shadow mask was released from the Si wafer by
immersion into an acetone bath. The Au patches were closer to the target for the wider patches and more
off target for the smaller patches. However, this can be adjusted with a smaller nozzle and a compensated
design. The process is a low temperature process suitable for electronic structures not needing very high
resolutions, the printing time is fast and the cost of the shadow mask is less than one euro cent.
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