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Abstract
Nanoimprint lithography (NIL) has matured over three decades into a high-resolution patterning technique with applications spanning
semiconductor manufacturing, photonics, biomedical patterning and microfluidic fabrication. Recent reviews describe NIL molds, resist
chemistries and demolding physics in considerable detail. This Perspective examines the interaction between these components rather than
treating them as independent design variables. Three recurring interaction patterns are distinguished: rheology-compliance coupling during
fill, curing-interface coupling during photochemical cure, and mechanical-energetic coupling during release. Across the cited literature,
characteristic defects such as incomplete filling, feature deformation, adhesion, tearing and demolding damage depend on combinations of
geometry, material state and process conditions rather than on a single material threshold. During fill, resist rheology and mold compliance
act together; during cure, conversion, polymerization shrinkage and interface chemistry influence the state from which release begins;
during demolding, stored stress, interfacial adhesion and friction, feature geometry and release conditions determine whether separation is
clean or damaging. Demolding is therefore treated here as a practical observability point at which the accumulated consequences of fill and
cure become evident. The synthesis maps documented interaction patterns and their implications for material development. It does not
propose a quantitative ranking, a predictive model, a unified material-design framework or a roadmap for NIL.
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interfacial chemistry; anti-stick coatings; microfabrication

1. Introduction
Nanoimprint lithography emerged in the mid-1990s as a mechanical patterning technique capable of nanometre-scale replication without
relying on optical diffraction for pattern definition [1]. Subsequent development produced thermal and ultraviolet implementations, rigid
and compliant molds, anti-adhesion surface treatments, roll-to-roll configurations and application-specific resist systems [3-6]. NIL is now
established across semiconductor and photonic manufacturing research, with additional use in biomedical and microfluidic patterning
[5,6,16,17].
NIL is often analysed through three component categories that operate within an imprint cycle: the mold, which carries the relief pattern
and contacts the resist; the resist, which fills the mold and retains the replicated geometry; and the process conditions, which determine
filling, cure and release. Reviews have treated mold design, resist chemistry and demolding interactions in depth [3,6,7,15].
Component-level descriptions are essential, but they do not by themselves explain why nominally acceptable materials can fail when
combined under a different geometry or release condition.
This Perspective therefore examines NIL through the interaction between those components. Reported failure modes such as incomplete
filling, pattern deformation, sticking, tearing and release damage arise from combinations of resist rheology with mold compliance,
cure-induced material state with interface chemistry, and stored mechanical stress with interfacial adhesion and friction [7,8,13,14,18]. The
central proposition is deliberately limited: for many documented NIL failure modes, the relevant experimental unit is the
mold-resist-process combination rather than an isolated material property.
The Perspective does not propose a universal NIL design framework, a quantitative ranking of configurations or a predictive failure
criterion. It organises documented observations into three interaction patterns and considers what follows for material development when
those interactions are made explicit.

2. Mold materials and intrinsic limits
Rigid molds used in NIL are commonly fabricated from silicon, quartz or fused silica. Their high stiffness supports dimensional stability
and high-resolution replication, and transparent quartz or fused-silica molds are compatible with exposure through the mold in UV-NIL.
The same rigidity reduces conformability to substrate non-uniformity and makes hard molds more sensitive to particles and local stress
concentrations during contact and release [3,4,15]. Anti-adhesion surface treatment is therefore particularly important because increasing
patterned surface area increases mold-resist interaction during release [9].
Compliant molds, most prominently polydimethylsiloxane (PDMS), trade dimensional stiffness for conformal contact. Standard PDMS
has a Young’s modulus on the order of a few MPa and low surface energy, properties that facilitate contact over non-planar surfaces and
reduce the risk of catastrophic damage from isolated particles [15]. Its low modulus, however, can permit buckling, lateral collapse or
feature merging in dense and high-aspect-ratio patterns. PDMS can also absorb organic molecules and swell in contact with compatible
solvents or monomers, which can compromise dimensional fidelity and reproducibility [15]. These limitations are geometry- and
chemistry-dependent rather than defined by a single aspect-ratio threshold.
UV-curable polymer molds and hybrid molds occupy intermediate mechanical regimes. Their properties can be adjusted through polymer
chemistry, crosslink density and the use of a compliant patterned layer on a more rigid backing [4,15]. Such molds can improve handling
and conformability while retaining greater pattern stiffness than conventional PDMS. Their release behaviour nevertheless remains
surface-chemistry dependent. On silicon- and silica-based mold surfaces, fluorinated silanes can be covalently attached to reduce surface
energy; the deposition procedure and surface condition influence the performance of the resulting anti-adhesion layer [9-11]. The same
chemistry cannot be assumed to bond equivalently to every polymeric mold surface.
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Mold classes therefore define different operating envelopes rather than a simple soft-to-hard ranking. A compliant mold can reduce
particle sensitivity while becoming more susceptible to pattern deformation; a rigid mold can preserve nanoscale geometry while
transferring larger local stresses during contact and release. The practical consequence is that mold stiffness must be interpreted together
with feature geometry, resist rheology and demolding conditions.

3. Resist materials and intrinsic limits
Thermoplastic resists used in thermal NIL include amorphous polymers such as poly(methyl methacrylate) and related materials selected
for their glass-transition and flow behaviour. During imprinting, the polymer is heated above its glass transition or into a sufficiently
mobile regime, driven into the mold cavities, and cooled before separation. Filling therefore depends strongly on temperature, viscosity,
pressure, feature geometry and hold time. Cooling introduces an additional mechanical dimension because thermal contraction and
mismatch between mold, resist and substrate can generate stress that affects demolding and pattern integrity [3,7,13,14].
UV-curable NIL resists are typically based on photocurable acrylate, epoxy or vinyl-ether systems selected for low pre-cure viscosity,
rapid conversion and adequate post-cure mechanical properties [2,6]. Their limitations differ from those of thermoplastics. Radical
formulations can be affected by dissolved oxygen or oxygen entering exposed regions, polymerization causes volumetric shrinkage, and
the cured resist must separate from a mold surface with finite adhesion and friction [6,7,18]. Shrinkage is not only a dimensional issue:
measurements on UV-NIL resists have shown that cure-induced shrinkage stress can act on mold sidewalls and contribute to the
mechanical state present at demolding [18].
Recent resist development extends beyond simple thermoplastic-versus-UV-curable categories. Functional and hybrid organic-inorganic
formulations are used to obtain application-specific optical, mechanical, chemical or biological properties [6]. These systems broaden the
available material space, but they also increase the number of properties that must remain compatible with filling and release. Low
viscosity before cure, sufficient conversion, limited shrinkage, adequate cohesive strength and controlled interaction with the mold surface
remain coupled requirements.
Resist performance is therefore conditional on the imprint configuration. A formulation that fills a low-aspect-ratio pattern readily may not
reproduce a denser or deeper geometry under the same pressure and time. Likewise, a UV-curable resist that reaches adequate bulk
conversion can still produce release defects if shrinkage stress and mold-resist adhesion are unfavourable. These observations motivate the
interaction-based reading developed in the next section.

4. Three interaction patterns
The literature supports three recurring interaction patterns that connect mold properties, resist state and process conditions. They are
presented here as an organisational synthesis, not as independent equations or a complete taxonomy of NIL failure.
The first pattern concerns the fill stage. Resist viscosity, mold stiffness and feature geometry act simultaneously. Lower viscosity generally
favours cavity filling, whereas greater mold compliance increases the possibility that the mold relief itself deforms under pressure.
Numerical and experimental studies of polymer deformation show strong geometry dependence during filling, while reviews of soft molds
document collapse and merging of high-density or high-aspect-ratio elastomeric features [14,15]. The relevant outcome is therefore not
determined by viscosity or modulus alone, but by their combination with pattern geometry and loading conditions.
The second pattern concerns curing and the interface. In UV-NIL, the resist changes from a low-viscosity liquid or prepolymer to a
crosslinked solid while confined by the mold. Degree of conversion, cure rate, oxygen inhibition where applicable, polymerization
shrinkage and mold-resist surface chemistry develop on overlapping timescales [6,7,18]. Cure-induced shrinkage can increase lateral
contact forces on mold sidewalls, while insufficient conversion can reduce the cohesive strength required for clean separation [7,18]. The
resulting cured state is therefore coupled to the interface from which demolding subsequently occurs.
The third pattern concerns release. Demolding forces arise from adhesion and friction at the mold-resist interface together with mechanical
stresses stored in the patterned resist and, for compliant molds, in the mold itself [7]. Feature geometry influences stress concentration and
sidewall contact, and numerical studies show that high-aspect-ratio structures are particularly susceptible to damage during deformation
and release [13,14]. Release direction, temperature for thermal NIL, and other demolding conditions further alter the balance [7,13]. A
single scalar threshold for clean demolding is therefore not supported by the literature across different NIL systems.
Anti-adhesion treatments illustrate the same coupling. Fluorinated self-assembled monolayers can reduce mold surface energy and
improve release on suitable silicon, silica and related surfaces [9-12]. Their performance depends on deposition method, substrate surface
chemistry, resist chemistry and repeated use. More recent approaches such as low-surface-energy composite molds likewise reduce
adhesion and friction by changing the mold-resist interface rather than by eliminating the underlying mechanical constraints [8].
Across these three patterns, the term coupling is used descriptively. It denotes the experimentally relevant interaction of variables during a
common process stage. It does not imply that the relative contribution of each variable has been quantitatively decomposed or that the
three patterns form a validated predictive model.
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Figure 1. Interaction patterns governing nanoimprint lithography outcomes. (A) Rheology-compliance interaction during filling. Resist viscosity
(η), mold modulus (E_stamp) and aspect ratio (AR) are shown as representative variables governing the balance between cavity filling and mold
deformation. (B) Curing-interface interaction during photocure. Cure rate (R_cure), interfacial adhesion (W_adh) and local oxygen availability
[O2], where relevant to radical polymerization, are representative variables affecting the cure state and release interface. The shaded profile is
schematic and does not represent a measured concentration or conversion profile. (C) Mechanical-energetic interaction during release. Stored
stress or elastic energy (U_elastic), interfacial fracture or adhesion resistance (G_c) and release conditions such as demolding velocity (v_release)
are representative descriptors of the separation event. The lower matrix lists representative failure modes and contexts. The figure is illustrative,
not to scale, and does not define a quantitative fracture criterion, rank the interactions or propose a predictive framework.

5. Demolding as a critical observability point
Demolding is a practical point at which the consequences of filling and cure become visible as process outcome. Incomplete cavity filling
can appear as missing or distorted features; insufficient cohesive strength can appear as tearing; excessive mold-resist interaction can
appear as sticking, fracture or residual contamination. Reviews of NIL demolding identify adhesion, friction, thermal mismatch and cure
shrinkage as important contributors to these outcomes [7].
The mechanical state at release depends in part on the history of the imprint. In thermal NIL, cooling can create stress through
thermal-contraction mismatch [7,13]. In UV-NIL, polymerization shrinkage generates stress while the resist is geometrically confined by
the mold; experimental work has quantified shrinkage stress acting on mold sidewalls [18]. High-aspect-ratio and dense features increase
sidewall contact and can concentrate stress during separation, which increases sensitivity to mold-resist adhesion and friction [7,13,14].
Surface treatment modifies this balance. Fluorinated silanes have long been used to reduce the surface energy of silicon- and silica-based
NIL molds [9-12]. Beck and colleagues showed that fluorosilane deposition conditions influence anti-adhesion performance on nanoscale
stamps [9], while Schift and colleagues demonstrated controlled vapour-phase silane deposition for reproducible anti-adhesive coatings
[10]. Wu and colleagues compared self-assembled monolayers including FDTS and OTS and demonstrated repeated imprinting with
reduced polymer residue [11]. Garidel and colleagues likewise addressed release in step-and-repeat UV-NIL by modifying the mold-resist
interface [12].
Release layers are not infinitely durable. Contamination, incomplete surface coverage and degradation of weakly bound surface species
can reduce anti-sticking performance over repeated cycles, and recent mold engineering has therefore explored alternatives that integrate
low-surface-energy constituents directly into the mold, including Ni-PTFE nanocomposite molds [8]. These approaches extend the process
window, but they do not remove the dependence of release on feature geometry, resist mechanical state and contact conditions.
For this reason, demolding should not be interpreted as an isolated final step. It is a diagnostic event in which the prior fill and cure history
becomes mechanically consequential. This interpretation does not make demolding a universal predictor of upstream process quality, but it
explains why apparently similar release defects can originate from different combinations of filling, conversion, shrinkage and interface
conditions.
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6. Implications for material development
The interaction-based reading has a direct implication for how NIL material performance is interpreted. Material specifications remain
necessary, but the literature does not support treating low viscosity, high mold modulus, low surface energy or high cured strength as
universally sufficient properties in isolation. Each becomes useful only within the geometry and process conditions in which it is applied
[4,6,7,15].
For filling, resist rheology and mold mechanics must be considered together. Lowering viscosity can improve cavity filling, but the
advantage can be offset if a highly compliant mold deforms under the same loading conditions. Conversely, increasing mold stiffness can
preserve feature geometry while reducing tolerance to substrate non-uniformity and particles. Studies of mold classes and polymer
deformation therefore support reporting material properties together with feature geometry and imprint conditions rather than treating them
as transferable performance constants [14,15].
For UV-curable resists, cure and interface properties are similarly connected. Formulation strategies documented in recent reviews include
control of resin and crosslinker chemistry, photopolymerization response, organic-inorganic content and application-specific functional
components [6]. Demolding literature adds the need to control cure shrinkage, cohesive strength and mold-resist interaction [7,18]. The
relevant formulation target is thus not maximum conversion or minimum shrinkage independently, but a cured state that provides
sufficient pattern integrity while remaining compatible with the intended release interface.
For release, mold surface chemistry and resist chemistry should be evaluated as a pair. Fluorinated SAMs, vapour-deposited release layers
and low-surface-energy composite molds all act by modifying the same mold-resist interaction [8-12]. Their benefit depends on the
underlying mold surface, pattern density, resist chemistry and repeated-use conditions. This is consistent with recent defect-control work
in which the mold material itself is engineered to reduce adhesion and friction rather than relying exclusively on a sacrificial surface
treatment [8].
Application requirements then determine which part of this coupled space receives the strongest emphasis. Photonic NIL, for example,
places stringent demands on pattern fidelity and large-area replication, while recent metasurface manufacturing reviews discuss additional
constraints arising from high-index or particle-containing resist systems [16,17]. Functional NIL resists for biomedical and other
applications similarly introduce chemical or biological requirements that must coexist with filling, cure and demolding constraints [6]. The
same imprint architecture can therefore require different material balances when the target application changes.
These observations support a mechanism-matched interpretation of NIL material development without implying a universal formulation
strategy. The central point is that a resist and a mold are evaluated through a shared process event. Material development becomes more
interpretable when the relevant fill, cure and release conditions are stated alongside the material properties being optimised.

7. Limits of the synthesis
This Perspective is centred on thermal NIL and UV-NIL where they illuminate the same fill, cure and release interactions, with particular
emphasis on photocurable resists and their demolding behaviour. Pattern transfer after imprinting, master fabrication, overlay control,
inspection and metrology are outside the present scope.
The evidence base is heterogeneous. Some references are broad reviews, whereas others examine a specific mold, resist, feature geometry
or imprint configuration. The relative contribution of rheology, compliance, cure state, interface chemistry, stored stress and release
conditions has not been established by a common factorial experiment across NIL architectures. The three interaction patterns should
therefore be understood as a synthesis of recurring observations, not as quantitatively validated latent variables.
The available literature is also uneven across application domains. Semiconductor-oriented NIL and general process physics have a deep
historical literature [3-5,7], while recent photonic applications are increasingly well documented [16,17]. Functional-resist development in
biomedical and other application areas is growing but remains more diverse in materials and process conditions [6]. Cross-application
numerical comparison would therefore require harmonised measurements that are not available in the studies reviewed here.
The material-development considerations discussed in the preceding section are consequently descriptive rather than normative. They do
not constitute a calibration procedure, a measurement protocol, a unified material-design framework or a prediction tool for NIL resists,
molds or process conditions.
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