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Abstract: In this work, three different coating techniques are compared and their applicability for
ultraviolet nanoimprint lithography (UV-NIL) is investigated. As UV-NIL is considered a suitable
volume manufacturing production solution for various emerging applications, it is mandatory to
consider environmental aspects such as operational energy use and material consumption as well
as waste management. In this paper, spin coating, spray coating, and inkjet coating are used to coat
both a high refractive index resin (n = 1.9) and a filler-free resin (n = 1.5), respectively. Variable Angle
Spectroscopy Ellipsometry (VASE) was used to analyze the influence of different process parameters
on the resin thickness as well as to compare the refractive index achieved from each coating technology.
Finally, the applicability of the different coating methods for UV-NIL was investigated by imprinting
the resin layers with different test structures. For the final imprints, the resolution, the surface
roughness, and the pattern fidelity over 25 imprints was assessed using AFM. Finally, a comparison
of the resin consumption and the process time was performed for each coating method.
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1. Introduction

In recent years, ultraviolet nanoimprint lithography (UV-NIL) has emerged as an at-
tractive patterning technique and is nowadays recommended as a suitable volume manufac-
turing production solution for applications in wafer level optics [1], augmented reality [2],
and biomedical diagnostics [3]. The continuous development of materials, equipment,
and process technology broadened the field of applications and confirmed UV-NIL as a
very flexible and efficient technology applicable to fabricate a large variety of 3D pattern
sizes with various shapes [4,5]. Nowadays, UV-NIL is the method of choice for various
emerging applications due to the maturity of this scalable technology and its compatibility
with standard semiconductor manufacturing environment [6].

For a high-volume suitable replication technique, it is mandatory to consider envi-
ronmental aspects such as operational energy use and material consumption as well as
waste management. Typically, UV-NIL imprints are already fully crosslinked after several
seconds when exposed using a 400 mW LED light source (365 nm), which is quite a low
power compared to the ones used by lithography techniques such as deep UV (DUV) and
extreme UV (EUV) [7]. More importantly, the impact of material consumption generated
by the coating technique can be considered as a major factor to reduce the costs and the
CO;, footprint of products fabricated with UV-NIL.

Spin coating, as shown in Figure 1a, is the most established method for depositing
a UV-NIL resin film on a substrate. The spin coating process starts with dispensing the
resin solution on the substrate surface. The wafer is spun subsequently at high speed to
homogenize the layers. The final film thickness is controlled by the spinning speed, the
surface tension, and the viscosity of the resin precursor [8]. However, the material use
efficiency of spin coating technique is very low: generally, about 95-98% of the material
is spun off and disposed of during the process, while only 2-5% of the material remains
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on the substrate for use after spin-off [8]. An alternative coating technique with reduced
resin consumption is shown in Figure 1b: spray coating is a promising technique for
depositing thin and homogenous layers on substrates with no limitation on shape, size,
and surface topography [9,10]. During the coating process, the wafer is held static while
an ultrasonic spray nozzle is moving with a defined speed profile across the substrate.
The film thickness is determined by the viscosity of the resin, the type, and the speed of
the spray nozzle as well as the dispense rate. Another static coating technique enabling
low resin consumption is the inkjet coating, shown in Figure 1c. Inkjet coating is utilizing
single drops of resist allowing for precise volume control and eliminates the typical resist
waste encountered with spin coating [11-13]. Droplets with defined volume of material
are placed on predefined positions, which enable the achievement of highly customized
coatings adjusted to the layout of a specific NIL stamp. The film thickness is defined by the
viscosity of the resin, the droplet size, and the placement density.
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Figure 1. Schematic process flows of various coating techniques suitable for UV-NIL.

This work aims to make a comparison of the different coating techniques and their
impact on the imprint results. Experimental results using augmented reality typical pattern
geometries and the assessment of the required resin consumption will be presented.

2. Materials and Methods

For the study of the spin- and spray-coating process, EVG 100® series coating equip-
ment was used as this system can accommodate both process flows. Inkjet coating tests
have been performed on a ImageXpert system equipped with a Xaar print head. In order
to allow for a high degree of freedom in terms of materials choice to address the desired
range in terms of viscosity and in refractive index, a syringe-based dispense method was
employed. A NIL resin without fillers (n = 1.5; EVG NIL UV /A) has been investigated
as well as a high refractive index resin containing TiO; nanoparticles (n = 1.9; INKRON).
Single-side polished, 200 mm-diameter, (100) orientation silicon wafers prepared with an
adhesion promoter (AP3000, Rohm and Haas Electronic Materials) were used as substrates
for all tests. Thin resin layers (typical for NIL in the range of 100-200 nm) were processed
in a single coating step using precise dispensing. When using spin coating to achieve a
specific resin layer thickness, the viscosity of the resin and the spinner speed are the most
important parameters. For spray coating, the solvent content of the resin, the speed of the
nozzle moving across the substrate, and the dispense rate define the final layer thickness.
The resin thickness of an inkjet-coated layer is, like spray coating, defined by the solvent
content, the dispense rate (drop size, number of droplets), and the speed profile of the
stage. In Figure 2, the process flow is illustrated, and in Table 1, the investigated parameters
are listed: for spin coating the spinner speed, for spray coating the dispense rate and for
inkjet coating the droplet size. After each coating, the solvent was removed by a soft bake
process performed on an EVG 105® hotplate. The soft bake temperature and duration
varied depending on the resin type and solvent content between 80 °C and 120 °C for either
60sor90s.
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Figure 2. Schematic illustration of the general process flow.

Table 1. Overview of investigated process parameters.

Coating Technology Constant Parameters Variable Parameters
Spin Dilution, acceleration, spin-off time Spinner speed
Spray Dilution, speed profile Dispense rate
Inkjet Dilution, speed profile Dispense rate

The resin layers have been characterized after coating with respect to layer thickness
and uniformity using Variable Angle Spectroscopic Ellipsometry (VASE). For this purpose,
a Woollam M-2000 Ellipsometer with rotating compensator was used, working in a wide
spectral range (190-1687 nm). The ellipsometry measurements were performed at three
different angles of incidence (60°, 65°, and 70°) in 49 sampling locations using an automated
stage and the data were modelled using the CompleteEASE software (Version 6.72). To
compare the effect of the coating techniques on the imprintability of the coated layer, an EVG
7200® imprint system was used to perform the SmartNIL™ process. The complete wafer
level SmartNIL™ process flow shown in Figure 3 consists of the fabrication of the working
stamp (steps 1—4) and the actual imprint process on the substrate (steps 5-8) [5,14,15].
Typically, the master stamp providing the actual topography of the desired structures for
the replication is prepared on silicon using e-beam lithography and subsequent etching.
The replication process (imprinting on the layer coated on the substrate) is using a working
stamp which is produced based on the master stamp. To ensure a defect-free working stamp
fabrication, the master stamp must be coated with an anti-sticking layer (ASL) to minimize
the surface energy and allow for good detachment at the end of the imprinting process.
The working stamp fabrication starts with dispensing the material by spin coating on the
master template and mounting a flexible backplane in the EVG 7200® system. Secondly, the
coated master stamp is contacted with the backplane, the working stamp material is cured
and thus the negative of the master stamp surface topography is replicated in the working
stamp polymer. Finally, the working stamp can be demolded after solidification and is then
used for the actual nanoimprint process. With respect to restriction under consideration
(ECHA), the materials used for all investigations did not contain Polyfluorinated Acrylate
(PFA) substances.

The evaluation of the imprint process was performed on test structures with a geome-
try typically used for waveguides (Figure 4; 400 nm line/space template) and a template
with different geometric layouts and resolution down to 50 nm (Figure 5). The comparison
of the imprintability of the differently coated resin layers has been assessed measuring the
imprinted structures using a Bruker Fast Scan Dimension Atomic Force Microscope (AFM),
equipped with FastScan C needles with 5 nm tip radius and working in scan assist mode
(similar to tapping mode). Typical scan fields were 10 x 10 um? or 1 x 5 um?.
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Figure 3. Schematic illustration of the process flow. Steps 1-4 show the typical manufacturing steps
for creating a transparent working stamp. Steps 5-8 illustrate the actual imprint process which can be
repeated multiple times using the same working stamp. (Reproduced with permission from Thanner,
C. and Eibelhuber, M. [5]).
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Figure 4. Illustrations of 400 nm line/space template: (a) mask layout, (b) AFM image of structures,
and (c) AFM height profile measurement of structures.

(d)

Figure 5. Schematic illustration of the different geometrical layouts used to investigate the filling
behavior of nanostructures: (a) crossbar, (b) checkerboard, (c) meanders, (d) line and space (L/S),
and (e) pillars. (Reproduced with permission from Thanner, C. and Eibelhuber, M. [5]).

3. Results
3.1. Coating Performance

For the imprint processes, the layer thickness and uniformity control is often crucial
to achieve the desired imprint quality. In particular, this is required if the residual layer
thickness has to be minimized in order to facilitate subsequent etching processes using
the imprinted features as an etching mask. If the imprint is already the final device,
typically functional resins like high refractive index materials are used, and a uniform layer
thickness is crucial for the functionality of an index matching waveguide. Therefore, the
resist thickness and uniformity dependence on the coating technique were investigated in
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detail for a standard refractive index resin (n = 1.5, application: etching mask) as well as for
a high refractive index resin (n = 1.9, application: permanent waveguide).

As shown in Figure 6, it is possible to achieve deposited resin films addressing a
waveguide typical layer thickness in the range of 100-200 nm with spin, spray, and inkjet
coating. For spin coating, the dispense volume is constant and the layer thickness is defined
by the rotation speed during spin-off, which is why the dispense volume does not change
depending on the layer thickness. For spray coating as well as for inkjet coating, the resin
consumption increases with higher film thicknesses.
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Figure 6. Graphs showing the relation between layer thickness and different coating parameters:
(a) layer thickness and dispense volume vs. spinner speed for the spin coat process; (b) layer thickness
vs. dispense rate for the spray coat process; (c) layer thickness vs. droplet size (DPD).

The layer thickness data in Figure 7 show the uniformity of the coated resin layers on
200 mm substrates measured using VASE. For the work presented here, the wafer-to-wafer
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non-uniformity was qualified at first by calculating the average thickness mean values
determined for each wafer. In the next step, the non-uniformity was calculated by using
the equation:
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Figure 7. Non-uniformity comparison of the different coating techniques for n = 1.5 and n = 1.9 resin,
obtained using VASE.

As expected, the spin coated layers show the best uniformity. The high refractive
index resin layer shows a low quality in terms of uniformity, which can be explained by
the presence of the TiO, nanoparticle fillers in the material. Although for spray coating the
drops created by vibration using an ultrasonic spray nozzle are rather uniform in size, there
are some variations when the drops reach the wafer surface as a fine mist. Additionally, the
movement of the nozzle in a x/y meander across the wafer introduces a wavy stitch error.
Both facts result in non-uniformity typically in the range of 10%, which can be seen in the
VASE data in Figure 7.

The nanoparticle fillers slightly increase the non-uniformity of the spray-coated high
index resin layer compared to the filler-free material. For the inkjet coating process, the
stage moves in a particular direction underneath the printhead to deposit the droplets
on the substrate. The droplets merge at the balance of spreading and shrinking, which
is influenced mainly by the surface tension of the material and the surface energy of
the substrate.

When measuring the refractive index using VASE at 632.8 nm wavelength, the values
show a low variation in the measured values for the filler-free resin and similar results for
the different coating techniques (see Table 2). For the high refractive index resin containing
nanoparticles, the VASE data show for spin coating and inkjet coating an expected result of
n = 1.9, with a low variation, whereas the spray-coated layer shows a reduced refractive
index and a rather high range: this is most probably a result of the non-uniform distribution
of the nanoparticles within the coated layer.
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Table 2. Refractive index comparison for wavelength 632.8 nm.
Refractive Index Spin Coating Spray Coating Inkjet Coating
=15 Average 1.49 Average 1.48 Average 1.50
n=t Range 1.491-1.492 Range 1.475-1.476 Range 1.502-1.503
=19 Average 1.90 Average 1.87 Average 1.90
n=t Range 1.903-1.905 Range 1.856-1.883 Range 1.903-1.906

In Figure 8, the refractive index over the wavelength range from 370 nm to 1680 nm
shows a very similar curve for spin coating and inkjet coating, whereas the refractive index
values for the spray-coated layer are lower.

Refactive Index for HRI Material

Refractive Index n
=
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Figure 8. Refractive index comparison over the full wavelength spectrum.

The uniformity evaluation across the 200 mm diameter wafer in Figure 9 confirms the
indication that spray coating is causing an un-even distribution of the nanoparticles in the
high refractive index resin which causes variation in the layer thickness and the refractive
index. The droplets produced by the piezo spray coat nozzle at high frequency may already
contain a different amount of nanoparticles. The distance between the nozzle and the
wafer surface is in the range of several cm, and it has to be assumed that differently loaded
droplets merge in the time of flight, and additionally, the exhaust during the spray process
can withdraw an uncontrolled number of nanoparticles. The variation in droplet size and
nanoparticle contingent when contacting the wafer as well as the exhaust effect could
explain the non-uniform distribution and the lower refractive index using spray coating.
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Figure 9. Refractive index uniformity comparison for resin n = 1.9 at 632.8 nm wavelength, obtained
using VASE.
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3.2. SmartNIL® Process Performance

Ensuring a reliable, stable pattern fidelity with a high number of imprints per working
stamp are the main criteria to fulfill for a successful application based on SmartNIL®
process. A 400 nm line/space grating template has been used to imprint 25 wafers for
each type of coating process (spin, spray, and inkjet coating). The grating height was
measured using AFM. Figure 10 shows a stable pattern height of 187 nm +3 nm over
25 imprints for all three coating techniques used. These data support the conclusion that
there is no influence of the coating technique when using the same working stamp with a
specific geometry.

Pattern Fidelity - Grating Height EVG NIL UV/A
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Figure 10. Pattern height stability over 25 imprinted wafers for resin n = 1.5.

The surface roughness has been evaluated on the top surface of the imprinted gratings
using AFM. The results confirm that there is no difference in the surface quality of the
imprinted gratings caused by the coating method (Table 3); the AFM data show similar
surface roughness with maximum Rpyax < 10 nm for both materials used, the filler-free
material and the one containing nanoparticles (the high refractive index material). This
shows that the surface roughness of an imprint is not related to the coating technology but
to the surface quality of the imprint mold.

Table 3. Surface roughness comparison—top surface of 400 nm imprinted gratings.

Refractive Index Spin Coating Spray Coating Inkjet Coating
n=15 Rmax: 9.4 nm Rpmax: 7.6 nm Rpmax: 9.8 nm
n=19 Rmax: 6.3 nm Rpmax: 7.2 nm Rmax: 8.9 nm

As the high refractive index resins contain nanoparticles which limit the fluidic proper-
ties of the material, increased attention was focused on imprint results with high-resolution
structures. The resolution template shown in Figure 5 was used to imprint the n = 1.9
resin, and the results were compared using AFM measurements. The AFM results show
the successful replication of 100 nm pillars, wells, and lines independent from the coating
technique (Table 4). These results prove that the solvent used for the dilution required for
the different coating techniques and the subsequent post-coating soft bake process do not
have a negative impact on the fluidic properties of the coated NIL resin and therefore on
the overall imprint result.
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Table 4. AFM images of 100 nm resolution imprints for resinn = 1.9.

100 nm Pillars 100 nm Wells 100 nm Lines

Spin coating n = 1.9

Spray coating n = 1.9

Inkjet coating n = 1.9

o 1 Hoight Sensor 504m 00 1: Hoight Sensor sopm

3.3. Volume Comparison

To compare the real resin consumption for achieving a 125 nm-thick layer on a 200 mm
diameter wafer, standard composition solutions have been used and diluted according to
the coating technology applied. For the filler-free resin, a 400 nm EVG NIL UV/A standard
solution was used and modified with different solvent ratios to achieve the target layer
thickness of 125 nm. As presented in Figure 11a, the filler-free resin consumption used for
the spin coating process is 15 times higher compared to spray coating and 22 times higher
compared to inkjet coating. This is an expected result as in the spin coating process most of
the material is spun-off from the surface due to the high centrifugal forces during spinning
process, whereas spray coating and inkjet coating are static coating processes. For the high
refractive index resin, 800 nm standard composition solutions were used. It was necessary
to dilute the standard solution for spin coating and for spray coating to achieve the target
layer thickness of 125 nm, whereas the inkjet standard composition solution could be used
without further modification. Figure 11b shows, similarly to the filler-free resin, a much
higher resin consumption based on the standard composition solution for spin coating
compared to spray and inkjet coating.

Dispense Volume 400nm Stock Solution [uL] Dispense Volume 800nm Stock Solution [pL]
for resin n=1.5 for resin n=1.9

spin 1071 spin
spray spray
inkjet H inkjet H

(a) (b)

Figure 11. Illustration of resin consumption referring to standard composition solutions: (a) resin
n=15,(b) resinn =1.9.

In addition to the resin consumption, the process time for coating is an important
factor for production. Assuming that the process times necessary for robot handling and
the final soft bake to remove the solvent are similar for all three coating techniques, inkjet
coating provides the fastest coating process time (Figure 12).
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Figure 12. Illustration of process time necessary to coat a 200 mm wafer.

4. Discussion

Spin coating is the most established coating technique in photonics and semiconductor
applications, but when considering the amount of the resin volume necessary to coat
a wafer compared to the amount of resin which is used to form the layer on the wafer,
it is economically very inefficient, particularly when the coating resins are expensive.
Additionally, a high amount of waste is created (e.g., containing nanofillers if dealing
with high refractive index resins or other materials difficult to dispose of). Although the
layer uniformity achieved with a spin coating process is excellent and typically within
1% variation across a 200 mm wafer, there is a disadvantage if only specific areas on the
surface need to be coated. To achieve such defined resist structures, additional steps like
photolithography or lift-off must be used, which require additional materials and energy
consumption with a negative impact on the costs and the sustainability of a product.

Compared to spin coating, spray coating reduces the resin consumption significantly.
The main disadvantage of spray coating processes for NIL resins is that this technique
is—compared to spin coating—less established, and therefore, the supply chain for spray
coating compatible NIL resins is not readily available, and topics like the distribution of
nanoparticles in the final layer are not yet fully understood. Another negative aspect is
the integration on product wafers as locally defined coating spots are difficult to realize
even by using a shadow mask. Shadow masks are limited regarding spot size and require
frequent cleaning procedures. A clear benefit of spray coating—in addition to the resin
savings—is the possibility to coat a conformal layer on topography by choosing a solvent
with a low boiling point [10,16].

Inkjet coating proved to be an interesting alternative to spin coating. While it shows
similar imprint results with a layer uniformity below 5%, it entails a significant reduction in
both the resin consumption and the amount of waste created. Even though the supply chain
is not yet the same as that for the well-established spin coating technology, the recently
emerging interest in this technology is driving resin suppliers to invest in developing inkjet
resins for different applications and refractive indices. Another advantage is the possibility
to adjust a layer thickness according to the layout of a device by dispensing drops on
demand. This enables the formation of a uniform residual layer of an imprint even when
the fill factor of the structures varies, which is crucial if the imprint is used as an etching
mask. Additionally, it is possible to coat on specifically defined spots using inkjet coating
which is beneficial for product integration.
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5. Conclusions

In this study, spin coating, spray coating, and inkjet coating were compared as coating
methods for the deposition of resins for UV-NIL. The thickness uniformity of the coated
layers as well as the pattern fidelity of the final imprints were investigated for both a high
refractive index material and a filler-free material. In addition, resin volume consumption
and process time were compared for all three techniques.

All three techniques were found to be suitable coating methods, with spin coating
and inkjet coating providing slightly better film quality and refractive index uniformity
than spray coating. For the high refractive index resin containing nanoparticles, further
investigation would be required to better understand the distribution of the nanoparticles
in the spray-coated layer, which influences the refractive index of the final layer.

Overall, inkjet proved to be a very promising coating method for the deposition of
UV-NIL resins, resulting a high layer quality similar to spin coating. Although the ability
to adjust control the film thickness to suit the layout and to coat only defined areas are
significant advantages over spin coating, there are still a number of challenges associated
with this technology. One major issue is understanding of fluid dynamics: Due to the local
deposition of single droplets, the interaction between the resin properties and the surface
wetting properties is crucial for the formation of uniform resin layers [12,13,17-19]. Further
research is therefore required to optimize and match resins, substrate surface properties,
and jetting processes in order to establish inkjet coating as an alternative to spin coating for
a wide number of applications.
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