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Abstract

Nanoimprint lithography is a technique that promises a low-cost, high-throughput, and high-
resolution method for fabricating nanostructures, which may be used in communications, sensing,
and emerging technologies such as augmented reality glasses. We present a comprehensive analysis
of an ultraviolet nanoimprint lithography protocol using a resin-stamp platform, introduced by
OpTool AB, for the production of 1D and 2D guided mode resonance grating structures. We assess
their performance optically, a method rarely reported, to investigate the device functionality and
make practical comparisons to electron-beam lithography. We achieve a representative resolution
of 30 nm, which leads to good optical resonances, but we also note issues with inconsistent pat-
terning over large areas ( > 1 mm?) and short shelf-lives of the chemicals involved. We conclude
that, while Nanoimprint lithography can fabricate structures on a par with electron beam litho-
graphy, it also presents some challenges in producing functional devices at lower throughputs, a
key consideration for small research laboratories.

1. Introduction

Nanometre-scale optical structures underpin many applications and fuel much related research effort,
e.g. in quantum photonics, optical communications, photonic sensing and augmented reality glasses, to
name but a few areas. The natural choice for the fabrication of such structures is electron beam litho-
graphy (EBL), as it offers optimal precision and has become a mature technology. Nevertheless, EBL is
slow, expensive and not necessarily accessible for a small research laboratory [1-3].

Nanoimprint lithography (NIL) promises a low-cost, high-throughput, high-resolution alternative,
whereby imprint stamps are used to mechanically mould photoresist into nanostructure patterns, which,
in principle, is independent of the size of the patterned area. Here, we examine a method of performing
NIL with ultraviolet (UV) exposure (UV-NIL), as it is preferred over thermally cured NIL methods for
achieving high-resolution patterning [4—7]. We assess the method by fabricating guided mode resonance
(GMR) grating structures and validate the quality of the structures via their optical performance.

Such structures typically exhibit moderate resonance quality factors (Q-factors) of order Q
~ le* — 1¢’, and they require high structural consistency due to the extended nature of the resonant
mode. The measured Q-factor and consistency of patterning over a large area are therefore key criteria
for assessing the quality of the method, and we compare our results with the typical performance of
structures made by electron-beam lithography, to determine if low throughput laboratories can benefit
from the improved throughput of NIL when fabricating functional devices.

© 2026 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic of the UV-NIL process outlining the production of the resin stamp, through application of GMN-PS380 and
carrier foil, UV-exposure, the moulding and UV-exposure of the imprint photoresist material layer, and the final pattern transfer
into the substrate through reactive-ion etching.

2. Materials and protocols

Our UV-NIL process is conducted on a CNI v3.0 NIL tool with a suite of chemicals from OpTool AB
(Sweden) and Micro Resist Technology GmbH (Germany). The recently developed carrier foil, together
with the GMN-PS380 stamp photoresist (OpTool AB), achieves enhancements in speed and simplicity
for the creation of imprint stamps compared to the industry standard [8—10]. The new imprint stamps
do not require thermal or anti-sticking treatment, and have been reported to achieve a feature size of
30nm [5].

The following nomenclature will be used throughout this description: (1) Master: the initial pat-
terned surface generated by EBL, (2) Carrier Foil: the flexible carrier component of the resin stamp,
coated in OP-APEX adhesion promoter, (3) Resin Stamp: the cured GMN-PS380, used to copy the mas-
ter, adhered to the carrier foil, (4) Substrate: the material to be patterned, and (5) Transfer: the resulting
lithographically patterned sample. The process is summarized in figure 1.

2.1. Resin stamp protocol

We begin by cleaning the Master in a 3:1 sulfuric acid and hydrogen peroxide (Piranha) solution for

10 min. The Master is then spin-coated with the GMN-PS380 photoresist at 2000 rpm for 30s. The car-
rier foil, which is pre-coated with an adhesion promoter (OpTool OP-APMEX) by the manufacturer, is
then gently applied by hand, dropping from just above the photoresist layer, ensuring that the foil is lar-
ger than the sample to aid removal.

Next, we create the resin stamp by applying 1.2 bar to this sandwich for 65, using the CNI v3.0 NIL
tool. This pressure ensures penetration of the resin stamp into the master’s surface morphology. Without
removal from the patterning tool, we then perform a UV exposure for 1 min to cure the polymer mater-
ial, with an intensity of 50 mWcm™2. Post-exposure, the resin stamp is removed from the Master using
tweezers, delaminating the stamp in a direction parallel to the gratings.

This protocol produces large-area, high-fidelity resin stamps, with a spatial resolution of 30 nm as
shown in figure 2, which is comparable to the resolution values quoted by others [5].

2.2. Imprint protocol

Substrates were cleaned using acetone and isopropanol, followed by oxygen plasma ashing to improve
the surface adhesion. A further adhesion-promoting primer (Micro Resist mr-ADPROM) was applied
via spin coating at 5000 rpm for 30 s and baked at 80 °C for 3 min. We used the imprint photoresist mr-
NIL213FC (Micro Resist) and applied it via spin coating at 4000 rpm for 30s, then baked it at 90 °C for
3 min. The resin stamp was applied to this substrate by hand, and the pattern transfer was completed in
the CNI v3.0 NIL tool using 2 bar pressure for 1 min, followed by a 50 mW cm ™2 UV exposure for 1 min
when using silicon substrates. The exposure intensity was adjusted to 37.5mW cm 2 when using silicon
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Figure 2. Scanning electron micrographs showing (a) a silicon master and (b) its negative copy as a resin stamp, demonstrating
the high-fidelity inverse master replication. The scale bars represent 1 ;zm, and circular features are 215 nm in diameter.
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Figure 3. Scanning electron micrographs of a successful high-resolution transfer of a (a) one-dimensional and (b) two-
dimensional grating, and (c) successful removal of the residual layer by reactive ion etching.

nitride substrates, accounting for its differing UV absorption. The resin stamp was finally removed, sim-
ilarly to the stamp protocol. We optimized the complete parameter space to confirm this protocol, and
identify transfer pressure as the most sensitive to achieve successful patterning.

Nanoimprinting typically leaves a residual layer, which forms a pedestal of unstructured resin. Using
the process above, we typically observe a residual layer of approximately 120 nm thickness. This layer
can be removed by dry etching, whereby the issue is to etch sufficiently long to fully remove the pedes-
tal and clear the ridges, but not too long to remove the pattern altogether. We achieved this task using
two separate methods: (1) plasma ashing in an oxygen environment for 40's, with a chamber pressure of
0.2mbar and a DC power of 200 W, (2) RIE in an oxygen environment for 40 s, with a chamber pressure
of 0.13 mbar and a DC power of 42 W. We note that both plasma ashing and RIE are acceptable tech-
niques for the removal of the residual layer (figure 3(c)).

We successfully fabricated both one- and two-dimensional GMR gratings. Note the high resolution,
which is evidenced by the clear presence of the original e-beam pattern, designed as an array of octa-
gonal holes (figure 3(b)). The success of the residual layer removal and clearing of the ridges is shown
using reactive ion etching (figure 3(c)). Similar results were achieved with plasma ashing, where process
control is easier to achieve as it is less aggressive.

To further test the NIL resolution, we reduced the period and feature size of structures; the results
are shown in figure 4. We were successful in replicating features down to 100 nm, with spacings as small
as 30 nm, which exceeds the requirements for typical GMR gratings. At this point, it is obvious that we
are approaching the resolution limit; the structural quality is beginning to suffer, and circular features
start to vary in shape and size. The resolution is comparable to that achieved with thick ( > 100 nm)
photoresist using EBL. In the case if EBL, the resolution is limited by electron scattering within the layer,
which is required to achieve necessary etch depth; hence we did not attempt using patterns with higher
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Figure 4. Scanning electron micrographs of (a)(b) one-dimensional and (c)(d) two-dimensional grating structures, highlight-
ing feature size and spacing resolution limits achievable with the OpTool/Micro Resist NIL platform. The scale bars in all four
micrographs represent 100 nm.

resolution. We note both NIL and EBL can indeed achieve higher resolution structures on thin resists,
which however was not the purpose of our study as it does not afford the fabrication of functional grat-
ing structures.

2.3. Optical performance

So far, we have shown results that are commensurate with the literature, where researchers typically
present high-quality structures with a focus on feature size. The added value we provide here is to high-
light performance issues that are not apparent from the high-magnification SEM micrographs often
presented, such as figures 2 and 3. In particular, we characterize the protocol and the fidelity of the pro-
duced pattern using the optical performance of the nanostructure, a method that is sensitive not only to
the quality of the grating unit cell, but also to its larger-area uniformity.

We assessed a one-dimensional GMR grating, fabricated in a silicon nitride-coated borosilicate sub-
strate, using a simple reflection setup illuminated using the collimated output of a halogen source.
Comparison to the idealized performance simulated using rigorous coupled-wave analysis is also made.
The results are shown in figure 5.

The performance of our grating is in broad agreement with the simulation. We adjusted the fill-
factor and layer thickness within tolerances of the fabrication process to align the peak wavelength of the
simulation to the measured value. The reduced amplitude in simulation (an ideal grating should have a
resonance amplitude of unity) is explained by the asymmetry caused by the slight over etching (~ 10—
20nm) of the grating structure into the borosilicate substrate. The additional reduction in amplitude
and Q-factor of the measured verses simulated resonance is most likely caused by roughness scattering;
we typically observe a reduction in Q-factor between simulation and measurement by a factor of 1.5
2 for this reason, even in EBL-fabricated gratings, which suggests that the quality of the NIL grating is
sufficient to support a good resonance.
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Figure 5. Experimentally measured resonance data, normalized to an aluminum mirror, in comparison to simulation. The data is
taken for a 1D grating of 571 nm period and 75% fill factor, normalized to background, and fitting was completed using a Fano
resonance. We observe a simulated Q-factor of Qg = 160, and an experimental Q-factor Qexp = 95.

3. Protocol suitability

Having demonstrated the performance achievable with the OpTool-Micro Resist-NILT system, we will
now consider some of the more practical aspects that are rarely mentioned in research papers. In partic-
ular, we consider patterning consistency over large areas as well as the limitations of the shelf-life of the
relevant chemicals.

3.1. Large area consistency

Even though the nanoimprint process is, in principle, independent of area, we rarely managed to replic-
ate patterns of millimetre size or larger, despite consistently applying the stamp and transfer protocols.
We note that many papers in the literature highlight the ability to produce impressive high-resolution
structures [5, 11-15]. However, functional devices often require larger area coverage, a requirement that
we found difficult to replicate with this platform.

Peeling of the imprint photoresist (figure 6(a)) and incomplete patterning (figures 6(b)—(d) were
consistent failures we encountered during patterning. It is difficult to quantify the average transferred
area, though this consideration is immaterial as any value below 100% may render the device dysfunc-
tional for a given application. Where patterns are replicated, they are replicated with high fidelity. While
the small-area capability is clearly shown, such failings render the resonant structures less useful for
practical applications. For example, only 1 in 15 samples was sufficiently complete to allow an optical
measurement, as the one shown in figure 5, to be conducted. In contrast, large-area consistency is read-
ily achieved by EBL with few/no errors, as demonstrated by our master fabrication and in the relevant
literature [16—19].

We note that the imprint lithography process is adopted successfully in high-volume manufactur-
ing processes, which use more expensive tools that achieve higher precision, as well as achieving much
higher throughput, so the conclusions we present here do not apply.

3.2. Chemical lifetime
Assessment of the pattern fidelity as a function of chemical shelf life is critical when considering the
requirements of a low throughput laboratory, as operating cost, namely consumables as these can be
most directly compared, quickly accumulate where product is not exhausted before expiry.

We repeated the same experiments over a one-year timespan, and noticed a significant deterioration
in replication quality after several months (M). The mr-ADPROM adhesion layers and mr-NIL-213FC
imprint photoresist were delivered in February 2024 (MO0), and the GMN-PS380 stamp photoresist was
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Figure 6. Scanning electron micrographs of large area pattern transfer, with inset regions of corresponding higher magnification
micrographs. Such a comparison highlights the deception inherent in using small-area images to imply successful device fabrica-
tion. The white frames outline the regions where gratings were originally patterned but were only replicated in part.

delivered in M1, with respective expiries of M3, M5, and M7. Of these three chemicals, we realised that
the adhesion layer was the critical chemistry, and Transfer using the old adhesive product failed irre-
spective of the freshness of the other chemistries; the Transfer quality recovered when using a new batch
of mr-ADPROM. As it is difficult to quantify the pattern degradation as a function of shelf-life with any
statistical relevance, we decided to highlight the phenomenon qualitatively and illustrate it in figure 7, in
which Transfer quality post mr-ADPROM expiry (figure 7(c)) shows a severe decline.

In contrast, we note that the EBL photoresist we use (AR-P 6200.13 and AR-PC 5090 (Allresist)) can
be used well beyond their official shelf-life. For example, we have been able to make the same high-
quality structures with no apparent difference using the newly delivered resist, and 18 months post-
delivery, 12 months after its expiry date. We note that a bottle of EBL resist costs approximately the same
as the relevant NIL chemicals; in the same time as one EBL resist, one would need to buy approximately
5 bottles of mr-ADPROM adhesion layers, 2 bottles of mr-NIL-213FC imprint photoresist and 2 bottles
of GMN-PS380 stamp photoresist, which yields a ratio of 9:1 in favor of EBL.
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Figure 7. Scanning electron micrographs of structures fabricated as a function of time: (a) MO, (b) M2, (c) M4, and (d) M5.
Significant deterioration in replication is visible from the expiry of the adhesion chemistry.

4. Conclusion

This work assesses the practical utility of UV-NIL, determining efficacy against its desirable criteria:
low-cost, high-resolution, and high-fidelity substrate patterning. We used a new resin-stamp platform
introduced by OpTool AB, and fabricated stamp patterns and GMR grating structures with comparable
quality as reported in the literature. In addition, we evaluated pattern fidelity through optical character-
isation, a method scarcely reported otherwise, yet essential for assessing the practical utility of the pro-
cess in producing functional devices. We found that the resonance data agrees well with the simulation
and that the ratio between simulated and experimental Q-factor is similar as observed for e-beam writ-
ten gratings. On the other hand, we found that it was difficult to replicate large areas reliably i.e. much
more difficult that what we typically experience with EBL. We also noted that some of the chemicals
required for the NIL process had a very short shelf life, which severely limits their viability for a small-
scale research laboratory, again, unlike our experience with EBL. Overall, while the OpTool NIL process
is clearly capable of producing very high-quality structures, it does present some challenges for its use.
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