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ABSTRACT: The spontaneous phase separation of two or more polymers is a
thermodynamic process that can take place in both biological and synthetic
materials and which results in the structuring of the matter from the micro- to
the nanoscale. For photonic applications, it allows forming quasi-periodic or
disordered assemblies of light scatterers at high throughput and low cost. The
wet process methods currently used to fabricate phase-separated nanostruc-
tures (PSNs) limit the design possibilities, which in turn hinders the
deployment of PSNs in commercialized products. To tackle this shortcoming,
we introduce a versatile and industrially scalable deposition method based on
the inkjet printing of a polymer blend, leading to PSNs with a feature size that
is tuned from a few micrometers down to sub-100 nm. Consequently, PSNs can
be rapidly processed into the desired macroscopic design. We demonstrate that
these printed PSNs can improve light management in manifold photonic
applications, exempli ed here by exploiting them as a light extraction layer and a metasurface for light-emitting devices and
point-of-care biosensors, respectively.

KEYWORDS: phase-separated nanostructures, inkjet printing, light management, biosensing, printed electronics, printed biosensors
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P hase separation is a process whereby a single-phase Table 1. Examples of Phase-Separated Nanostructures
distinct phases.” Our everyday experience with water

and oil droplets illustrates such a spontaneous liquid liquid _ app“cétlon/ogtlcjEatenal feaure sze (om)
phase separation. In living cells, it can result in the formation of magnetic recording fjg\gce ' <50

a variety of cytoplasmic structures like networks, sheets, eld e ect transistor ’18 <30
cylinders, spheres, tubules, and laments.® In some bird and phase change memory™ " <20
arthropod species, structural colors are thus generated when nanocrystal memory device 20
light is scattered by phase-separated nanostructures (PSNs) in laser diodes ” 20
biological tissues.*> At the same time, there have been MOS capacitor 20
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applied science communities to exploit phase-separation antire ective coating™ ™~ <100
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sites.’ These synthetic PSNs nd applications in many research ig'fé;ii': 238 ‘15880
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and medicinal science, optics, and electronics. In particular, the
attractiveness of phase-separation processes for optics and _
electronics (highlighted in Table 1) results from their capacity Received:  January 20, 2021
to generate ne patterns (e.g., with a feature size <100 nm) at Accepted: April 7, 2021
high throughput and low cost.*>** The successful transfer of Published:  April 12, 2021
PSNs from lab-scale demonstrators into real-world products

will depend on the possibility to easily form these micro-/
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Figure 1. IJP enables the direct writing of PSNs in complex designs and over diverse substrates. Schematic illustration of the key steps
involved in 1JP of the PS/PMMA = 30:70 ink: (a) inkjet printing of an ink based on (b) cyclohexanone and Tetralin, (c) only cyclohexanone.

(b) and (c) schematics depict the resulting

Ims after the solvent evaporation at room temperature. The PSN are formed during solvent

evaporation for (b), and for (c) only after thermal annealing as depicted in the schematics. (d) Photograph of an IJP 25 mm x 25 mm glass
substrate illuminated by a white LED from the edge. The PSNs formed viathe route shown in (c) e ciently scatter out the in-coupled light,
revealing the bee logo. (e) Photograph of the same IJP bee logo on a exible plastic foil made of polyethylene terephthalate. (f)
Representative SEM top-view image of the disordered and uniformly distributed nanoholes (NHs) in a PMMA matrix, fabricated on a glass
substrate after selective development of the phase-separated PS domains.

nanostructures over a prede ned macroscopic design without
the need for additional masks and patterning steps. In addition,
the ability to control the precise placement of PSNs on a
substrate will provide a means to replicate the physicochemical
functions of biological surfaces.** The previously reported
deposition methods (used for the applications gathered in
Table 1) restricted the incorporation of PSNs into uniform

Ims and hence only o ered a limited control over the
location, size, or geometry of the patterned areas. Only recently
were 1D lamellar photonic crystals successfully printed using
the self-assembly of bottlebrush block copolymers.*®

In the present study, we introduce a versatile deposition
method to fabricate 2D planar PSNs via the inkjet printing
(1JP) of homopolymer blend inks, whose formulation can be
easily adjusted to ne-tune the phase-separated nanodomains.
IJP is particularly attractive for industrial manufacturing owing
to its exibility in the 2D designs to be printed, its high
scalability, and its cost-e ectiveness.*® Its bene ts are therefore
aligned with those provided by a phase-separation process. In
what follows, we use a binary blend ink and investigate
comprehensively the factors that determine the resulting
morphology of the PSNs. We further demonstrate how printed
PSNs improve light management in photonic devices, by using
them either as light extraction layers for organic light-emitting
diodes (OLEDs) or in plasmonic metasurface assays for
multiplexed biosensors.
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RESULTS AND DISCUSSION

Direct Writing of PSNs Enabled by 1JP. The working
principle of 1P for the writing of customizable 2D designs
incorporating PSNs is schematized in Figure la c. To
illustrate how an ink can be formulated for that purpose, we
investigated the phase morphology of 1JP polymer blend layers
based on polystyrene (PS) and poly(methyl methacrylate)
(PMMA). After the PS/PMMA blend ink is lled into the IJP
nozzle, a waveform applied to a piezoelectric transducer
controls the ejection of individual ink droplets in drop-on-
demand manner onto the printing substrate to produce the
computer de ned layout incorporating the PSNSs, without
template or mask. The rheological properties of the ink,
namely its viscosity () and its surface tension (), were
tailored before printing to fall into the desired processing
window (1< <25mPasand 20 < <90 mN-m %).*" This
was achieved by properly selecting the solvent and the
molecular weight of the polymers to reach a stable drop-on-
demand printing process. Compared to the well-established
spin-coated polymer blend inks,®® 1JP inks are commonly
prepared with solvents possessing a boiling point over 150 °C.
This helps keep the nozzles wet, therefore avoiding detrimental
clogging e ects. In this study, inks based on cyclohexanone
with or without the cosolvent 1,2,3 4-tetrahydronaphthalene
(hereafter referred to by its trade name “Tetralin) were
formulated. In addition, we employed small molecular weight
(MW) PS (MW = 19 kg:-mol 1) and PMMA (MW = 15 kg-
mol 1) polymers with a concentration of 50 mg-mL ! to
maintain a stable jetting process. The IJP polymer blend inks
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Figure 2. In uence of the printed pixel scales and thickness on the nanoscale morphology of the phase-separated polymer Ims. (a) Light
microscopic images of printed pixels with the same thickness but with di erent lateral scales. The inset AFM images show the corresponding
surface morphology. The scale bar in the main and the inset image represents 0.5 mm and 1 m, respectively. (b) Schematic illustration of

Im thickness and dpi. (c) Photograph of pixels printed at an increasing resolution and including NHs in a PMMA matrix after selective
development of the PS phase (ink based on PS/PMMA (30:70)). The scale bar represents 1 cm. Cross-sectional SEM of pixels printed with a
resolution of (d) 600 dpi, (e¢) 800 dpi, and (f) 1000 dpi. The scale bar represents 0.5 m.

used are homogeneous at a macroscopic level (see
Supplementary Figure S1) and a single phase exists, while at
high concentration of the polymers in the blend the phase-
separation might start prior to 1JP as reported in other studies
based on drop and spin-casting.*® “° The phase-separation in
thin polymer Ims, however, is fairly di erent from that in the
ink. In thin Ims, phase-separation is complicated by the
presence of the substrate/ Im and Im/air interfaces, giving
rise to complex structures.®®*

For inks with a weight ratio of PS/PMMA (30:70) in a
cosolvent mixture (i.e., cyclohexanone and tetralin in 90:10
volume ratio), PSNs are directly formed and visible after
printing upon solvent evaporation at room temperature (see
Figure 1b). A photograph of such a printed Im together with
its corresponding atomic force microscopy (AFM) image of
the PSNs are given as an illustration in Supplementary Figures
S2 and S3. The resulting Ims are nonuniform as schematized
in Figure 1b because of the drying time di erence between the
printed lines in the direction orthogonal to the printer head
movement. This a ected the wetting of the ink within the Im
area. Consequently, they cannot be directly used for most of
the applications highlighted in Table 1. One way to improve
the Im uniformity while preserving the same ink formulation
is to increase the number of nozzles used, which was limited to
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16 in the present case. Alternatively, one can adapt the ink
formulation. Thus, by excluding tetralin as a cosolvent for the
PS/PMMA blend, a much better Im uniformity was achieved
as shown in the photograph of the printed lines forming the
bee logo layout (see Figure 1d,e). The homogeneous hues over
the printed bee layout con rm that the printed PSNs are
uniformly distributed over a few cm?2 The corresponding SEM
(Figure 1f) image shows that the PSNs do not feature local
clustering of the phase-separated nanodomains. For this ink
formulation, phase separation was assisted by a rapid thermal
annealing process after printing (see Supplementary Figure
S4). Initially, the PS/PMMA blend phase forms interface layers
at the air polymer and substrate (wetting layer). In polymer
blends, the air polymer interfacial region is normally enriched
in the polymer of lowest surface energy in order to minimize
the interfacial free energy.*"*” Here, despite similar surface
energies of PS and PMMA,**? cross-sectional SEM images of
focused-ion-beam (FIB) cut PS/PMMA Ims have demon-
strated the tendency of PMMA to form the wetting layer (see
Figure 2). Hence, the only possible reason for the preferential
surface enrichment is the in uence of the substrate used. The
more polar PMMA is strongly attracted to the argon plasma
treated substrate, which is hydrophilic. Hence, a wetting layer
is formed. After solvent evaporation, the Im is annealed on a

https://doi.org/10.1021/acsnano.1c00552
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Figure 3. De ning the PSN’s morphology at the inkjet printing step. (a) Photograph of chameleon logo layout printed with di erent
resolutions and including NHs in a PMMA matrix after selective development of the PS phase (ink based on PS/PMMA (30:70)). The scale
bar represents 1 cm. The inset 3D AFM image shows the NHs fabricated with 1200 dpi. (b d) Corresponding AFM images from selected
pixels showing an increase of the mean NH diameter together with the printing resolution. The scale bar represents 2 m. (e) Measured
di use re ectance from pixels printed with di erent dpi over the visible spectrum (under close to normal incidence). (f) Thickness of
printed square Ims (area of 4 mm?) measured using contact pro lometer before annealing as a function of the printing resolution and
average depth of NHs in the PMMA matrix from AFM measurements. Dependence of the PSNs structural parameters as a function of the
printing resolution: (g) E ective period of the NH array calculated using a pair correlation function and average diameter of the NHs in the

PMMA matrix.

hot plate for 5 min at 150 °C, a temperature higher than the
glass transition temperature of both polymers (105 °C for PS
and 115 °C for PMMA) under normal atmosphere. Then the
phase separation takes place and is either based on nucleation
and growth or spinodal decomposition mechanism as
schematized in the Supplementary Figure S5.*° Spinodal
decomposition is favored when a homogeneous phase becomes
thermodynamically unstable, while for metastable systems the
mechanism of nucleation and growth is expected to govern the
process.***® Herein, nucleation gives rise to a dispersion of PS
rich phase of the minor component as round droplets in the
major component PMMA matrix (see Figure 1f). In contrast,
spinodal decomposition leads to disordered bicontinuous
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network (tortuous channels); for more details, see the section
titled “Temperature and ink composition dependence of the
PSN’s morphology”. Afterward, one of the two phases is
selectively developed as described in the Experimental Section.
Although demonstrated with a PS/PMMA blend, our approach
can be extended to other binary polymer blends and is
applicable to a variety of substrates, be it a rigid glass substrate
(Figure 1d), silicon wafer (Supplementary Figure S6), or even
a exible plastic foil (Figure 1e).

In this study, we investigated the dependence of the surface
morphology on the printed pixels area. Figure 2a show
examples of pixels printed over a microscopic or a macroscopic
scale, including the smallest possible side dimension of 100
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