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Abstract

Micropatterned structures have applications in microchips, circuit board designs, microfluidics,
evaporator/condenser coils, microelectronics, metasurfaces, and other functional devices. Conventional
microfabrication techniques include lithography, vapor deposition, and laser writing. However, these
methods have slow processing rates, complex requirements, or costly procedures. As a result, it is
challenging to fabricate micropatterned structures onto large-scale surfaces with high production rates
and resolution features. Thus, this study focuses on a non-conventional, mask-free micropatterning
technique that combines bottom-up 3D printing capable of processing multiple materials and top-down
wet etching for selective elimination of sacrificial material. The unique 3D printing, Multiphase Direct Ink
Writing (MDIW), utilizes various polymer and nanoparticle systems as feedstocks for depositing lamellar
structures containing sublayers of varying compositions (i.e., wet etchable sacrificial ink and ultraviolet-
curable patterning ink). The rapid phase transformation of photosensitive ink into solidified features
enables "micro-confinement” of the sacrificial ink. Subsequently, wet etching can locally and selectively
dissolve sacrificial polymers by solvent diffusion and polymer dissolution at the polymer-solvent
interface. The parameter control (i.e., ink rheology, polymer-polymer interdiffusion, layer multiplication,
phase transformation, and solvent-polymer interactions) can precisely tune the lamellar-groove transition,
thus forming desirable surfaces or internal microstructures. Our MDIW 3D printing and its facilitation in
surface micropatterning demonstrate the massive potential of distributing nanoparticles for dissipating
thermal energies. With production scalability, operation simplicity, and multi-material compatibility, our
3D-printed micropatterning shows broader applications in nanoparticle assembly, drug delivery, optical
lenses, intelligent microbots, and morphing objects.

1 Introduction

Surface patterned 2D or 3D microstructures (e.g., dots, lines, grooves, wells, sieves, pillars, and cellular
solids) have been of significant importance in numerous applications, such as microfluidics,
microelectronics, optoelectronics, photovoltaics, microreactors, and biomedical devices.[1-6]
Conventional techniques used to generate micropatterned surfaces include self-assembly (e.g., coffee
ring, flow field, electrical field, or magnetic field directed assembly), micromolding (e.g., roll-to-roll,
microcontact printing, replica molding, solvent-assisted micromolding), lithography (e.g., soft lithography,
electron beam lithography, nanoimprint lithography), and vapor deposition (i.e., physical vapor deposition
(PVD), chemical vapor deposition (CVD)).[7-12] Among these techniques, self-assembly has been
effective in nanomaterial organizations. However, the thermodynamically and kinetically controlled
procedure often appears in small-area or volume fabrications.[13] For example, block-copolymer (BCP)
crystals can be engineered with pre-designed surfaces that nanoparticles can form orientations or
periodicity with external field stimuli.[7, 14] In comparison, micromolding has acceptable scalability due
to its simple mechanism but only provides 2D surface features.[15] On the contrary, lithography-based
methods can design complex features but have tedious multistep processes (e.g., spin coating, masking,
baking, developing, and etching) with delicate parameter control.[16] Vapor deposition techniques can
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generate submicron to nanoscale featured resolutions; however, the high pressure and temperature-
controlled reactions are slow and chemically complex, with large footprint apparatuses in scalable
manufacturing.[10]

Etching for fabricating micro or nanoscale features is essential in semiconductor industries.[17] Dry
etching methods avoid chemical solvents and can provide high processing precisions, but they are
limited to a few costly techniques, e.g., reactive ion etching, plasma etching, and multiphoton lithography.
[18] Comparatively, wet etching is a cost-efficient and convenient technique for delicate structural design,
primarily via polymer-assisted patterning and selective elimination.[19] For example, in microlithography,
polymer dissolution plays a crucial role in fabricating positive and negative resist for the semiconductor
industry. Another example is inkjet-etching, which can fabricate concave surface microstructures, such as
microwells and microgrooves, by ejecting organic solvent droplets onto an insulator polymer film,
followed by polymer dissolution.[20, 21] However, the polymer dissolution strategy only generates as high
feature resolutions as hundreds of microns, with limited microfeature depth up to the sub-micrometer
range.[22] The universal etching rates from the solvent-polymer interactions also affect the patterning
regularity. Moreover, selective etching of uniform surfaces may need mask assistance, adding time and
technical challenges to patterning processing. Hence, it is still challenging to fabricate surface
micropatterning with controlled high-resolution or tunable morphology in a low-cost, large-area, highly
efficient, and flexible way.

As an alternative to conventional micropatterning approaches, 3D printing has played an essential role in
micropatterning. Via 3D printing, small molecules and nanoparticles can be assembled through an on-
demand manufacturing and maskless process. Different 3D printing approaches, such as
stereolithography (SLA),[23-25] digital light processing (DLP),[26] volumetric printing,[27] continuous
liquid interface production (CLIP),[6, 28] fused deposition modeling (FDM),[29] direct laser writing (DLW),
[30] direct ink writing (DIW),[31] electrohydrodynamic jetting (EHD),[32, 33] aerosol jet,[34] and inkjet,[20,
35] have been studied for regular or irregular patterns, hierarchies, or architectures via a layer-by-layer
additive strategy. Many of these 3D printing techniques have proven a high degree of design flexibility to
fabricate functional devices, such as origami structures, heat exchangers, circuit boards, batteries,
supercapacitors, sensors, actuators, microfluidic devices, and biomedical devices.[36, 37] However,
photosensitive monomer-based printing (e.g., SLA, DLP, CLIP, DLW) relies on a limited class of monomers
with residue on printed objects mandating the post-processability.[38] Current extrusion-based methods
(e.g., FDM, DIW) can print various topologies but also have difficulties printing multiple materials,
manipulating sub-printing line compositions, or designing submicron structures. Ink-based methods (e.g.,
EHD, aerosol, and inkjet) have been the mainstream in printed circuit boards due to their high-resolution
control at the micron or even nanoscale; however, the printing speed has been limited to the nozzle size
and ink quality, especially at the microscale.

This paper reports the facile and mask-free technique for fabricating micropatterns by combining bottom-
up 3D printing and top-down wet etching methods. A 3D printing platform, Multiphase Direct Ink Writing
(MDIW), has been developed for the first time with multi-material compatibility and wet etchability for
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micropattern fabrication. The MDIW 3D printing has two immiscible, solvent-free inks printed into
lamellar structures. These two inks consist of alternating sublayers of wet-etchable sacrificial ink (i.e,,
polyethyleneimine (PEI)) and UV-curable patterning ink (i.e., epoxy (E) and boron nitride nanoparticles
(BNs)). The 3D-printed multilayer structures show varying morphology and resolution that can be
manipulated via polymer-polymer phase separations, ink rheology, layer multiplications, and phase
transformation. The phase transformation of UV-curable ink forms patterning sublayers (PLs) with micro-
confined inks for the sacrificial sublayers (SLs). These SLs are removable during the selective polymer
dissolution process, leading to micropatterns (i.e,, arrays of microgrooves) tunable via polymer-solvent
interaction thermodynamics/kinetics. These micropatterns contain the anisotropic distribution of
thermally conductive BNs and confined coolants that form thermally conductive pathways to dissipate
heat. This layer additive essence via our MDIW also suggests the merits of processing scalability (= 7.35
cm?/hr) and material flexibility, creating functional morphologies or architectures more quickly and cost-
efficiently compared to conventional mask-assisted or vapor-deposited protocols.

2 Experimental Section
2.1 Materials

Polyethyleneimine with branched molecular structure (molecular weight M,, 25,000, density, 1.05 g/ml,
CAS number 25987-06-8) was purchased from Sigma-Aldrich, USA. The transparent acrylic epoxy (Loctite
AA3494, product number 235070) was purchased from Krayden, Inc., USA. Boron nitride (BN)
nanoparticles (500 nm) (99.5%, product number 1523DX) were purchased from Sky Spring
Nanomaterials Inc., USA. Ethanol (ACS reagent, 99.5%, CAS number, 64-17-5) and IPA (ACS reagents,
natural, = 98%, FG, CAS number, 67-63-0) were purchased from Sigma-Aldrich, USA.

2.2 3D Printing Ink Preparations

The BN nanoparticles were added to the 50 ml of epoxy at different concentrations (5-30 wt.%) to obtain
the composite ink as surface patterning (PL) compositions (Table 1). Next, the BNs were added to epoxy
while the mixture was mechanically stirred for 2 hr until uniform mixing was obtained. After that, the
prepared mixture was evacuated at room temperature for 24 hr to remove bubbles before 3D printing.
Lastly, 50 ml of PEI was heated at 50°C inside an oven (model of Lindberg Blue M from Thermo
Scientific) as SL material for printing.
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Table 1
Ink compositions and sample nomenclature.

Feedstocks Polymer BN Nomenclature
(wt.%)
UV-curable patterning layer (PL) material Epoxy 0 E
5 E-BN5
10 E-BN10
20 E-BN20
25 E-BN25*
30 E-BN30
Micropatterned surface with water as a coolant Epoxy 25 E-BN25C

trapped between microchannels for thermal
management demonstrations

Non-patterned/planar composite surface as the Epoxy 25 E-BN25P
contrast sample

Wet etchable sacrificial layer (SL) material to Polyethyleneimine 0 PEI
facilitate surface patterning formation

S?criﬁcial material heated at different temperatures Polyethyleneimine 0 PEI-X*

of X°C

*E-BN25, 25wt.% BN was selected as the optimized loading due to the printability; *PEI-50, sacrificial
material heated at a temperature of 50°C.

2.3 MDIW 3D Printing

3D printable inks form multilayered lamellar structures via a custom-made 3D printing platform. This 3D
printer, MDIW, was in-house developed, consisting of a spinneret, a reducer, a minimizer, and several layer
multipliers. The design principles detailed in Fig. Ta were modified from our previous publications.[39-
41] The printer components were fabricated via a metal 3D printer, Concept Laser M2 (GE additive), with
metallic powders of Inconel 718 to be mechanically robust and corrosion-resistant during printing. The E-
BN25 and PEI heated at a temperature of 50°C (PEI-T50, Table 1) for matching fluid dynamics were
loaded into separated stainless-steel syringes and dispensed using syringe pumps (KDS LEGATO 200) at
the same flow rate of 1.5 ml/min. Printing paths were guided by computer-aided design (CAD) before
being converted into G-code programs by commercial software to control the XYZ motion of the print
head. The multilayer structure of E-BN25 and PEI was printed on the glass substrate for all experiments
unless otherwise noted. The printed E-BN25 ink was in situ crosslinkable while printing on the glass
substrate under a UV lamp (i.e,, 395-405 nm wavelength). After 3D printing, the printed layered structures
were cured within a DYMAX ECE 5000 UV oven (e.g., 325-395 nm) for 30 sec for full solidification. The
complete crosslinking networks adhesive to the substrate were critical to avoid structural disruptions (as
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seen in Fig. S1) during subsequent wet etching. The generated G-code and syringe pump controlled other
printing parameters (e.g., print speeds, printing directions, print gap) for optimized patterning structures.

2.4 Wet Etching

The ethanol, water, and isopropyl alcohol (IPA), as good PEI solvents, were used as etchants. The 3D
printed samples were immersed in a bath full of an etchant at different etching temperatures of 25 and
35°C while the bath was magnetically stirred at 100 rpm for different durations of 1, 5, 10, 15, and 20 min.
When taken out from the etchant bath, these samples were thoroughly rinsed with the respective etchant
and dried on the hot plate (Thermo Scientific) at 50°C for 30 minutes before the subsequent etching
cycle. After the solvent evaporation, the weight of the sample was measured by Mettler Toledo
microbalance as a function of different etching durations, temperatures, cycles, and etchant types to
calculate the dissolution of PEI and estimate etching kinetics.

2.5 Material Characterizations

The rheology of E-BN25 and PEIl inks was performed using a Discovery HR2 rheometer (TA Instruments)
with a 40 mm 2° cone Peltier plate with a 100 ym truncation gap. The viscosity of the samples was
measured by flow sweep test from 0.001 to 5000 1/s shear rate. The viscoelastic properties (loss, elastic
modulus, and tan delta) were measured by amplitude sweep test from 0.1 to 10000 Pa shear stress at a
constant frequency step of 1 Hz. The test geometry temperate was kept at 25°C for E-BN25 ink while the
test temperature varied from 25 to 50°C for PEI. The photo-rheology of the sample was tested by
irradiating the surface with UV light for 10s, followed by amplitude sweep tests. Thixotropic viscosities
were measured at a low shear rate of 0.1 1/s and a high shear rate of 5,10, 25, and 50 1/s.

The scanning electron microscope (SEM) images, elemental distribution spectroscopy (EDS) mapping,
and line profile were taken by a field emission scanning electron microscope (FESEM), operated at 20kV
with Auriga SEM/FIB (Zeiss). Before imaging, the sample surface was sputter coated with a thin layer of
gold. X-ray diffraction (XRD) spectra were obtained from a PAN analytical X'Pert PRO powder
diffractometer in the range of 10 - 70° (26). The optical image, 3D surface imaging, and surface
roughness of the multilayer structures were taken from the Keyence VR-3200 3D optical scanning
microscope. The cross-sectional imaging of the multilayer structures was performed with the OLYMPUS
MX-50 optical microscope. The thermal characteristics of the inks were investigated with a
thermogravimetric analyzer (TGA) (TA instruments, TGA 550) and differential scanning calorimetry (DSC)
(TA instruments, DSC 250).

The thermal conductivity and thermal diffusivity of the samples was measured with the hot disk TPS-
2500S. The through-plane thermal properties were characterized to investigate the effect of composite
patterning on the thermal dissipation properties, especially the effects from selective distribution and
coolants. The samples with different < 32>, < 64>, and < 128 > layers having identical width (i.e, 10 mm),
length (i.e, 10 mm), and average thickness (i.e., 350 um) were heated from 20 to 100°C on dynamic
mechanical analyzer (DMA) Peltier plate (TA instruments). The surface temperature was recorded with
the KEITHLEY digital multimeter (DMM7510). Thermal images were captured via an infrared camera E8-
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XT (FLIR) with a 320x240-pixel resolution to analyze the thermal conduction and temperature mapping.
Also, to demonstrate the heat dissipation effect of the patterned E-BN25 surfaces depending on the
strong convection systems, the thermal images were recorded after heating the sample from 20 to 100°C
at a 10°C/min heating rate in the presence of air and trapped water, respectively, on < 32 > layered
samples.

3 Results And Discussion
3.1 Overview of the Micropatterning Mechanism

Figure 1 shows the micropatterning mechanism via the MDIW 3D printing and wet etching procedures.
The MDIW 3D printing platform was in-house developed (Fig. 1a) and synchronously connected with the
necessary systems, namely: (i) the transitional control over the printing path via G-codes, (ii) the
feedstock delivery system via separate syringes and syringe pumps, (iii) the patterning system via the
unique printhead, (iv) the in situ curing system via a platform-mounted UV source, and (v) the wet etching
system within a chemical-filled bath. Among these components, the most critical part was the design of
the printhead consisting of a spinneret, a minimizer, a series of multipliers, and a reducer. The MDIW 3D
printing was used for fabricating lamellar structures with alternating sublayers of two polymer inks
through a sequential layer multiplication process. Once the polymer inks entered different spinneret
channels, the minimizer would reduce the flow area for the potential benefits of increasing shear rates,
aligning polymer chains/nanoparticles, and maximizing the printing resolution.[31, 41-43] The initial two
polymer inks forming two-layer structures in the spinneret would flow through the several layer
multipliers, producing from tens to hundreds of individual sublayers within a single printing line. In each
layer multipliers, the polymer ink was cut horizontally into two parts, where one part flew and spread into
the top channel, and the other part flew and spread into a bottom channel, followed by stacking

(Fig. 1a4). Through this process of splitting, spreading, and stacking, the layer number was doubled by
each multiplier. As a result of 2 inks, one multiplier would produce 4 sublayers, 2 multipliers generate 8
sublayers, and n multipliers lead to 2" * 7 sublayers within one printing line exiting the reducer. The reducer
dimension (e.g., width, thickness) and shape (e.g., circular, rectangular, triangular, trapezium) were
programmable. In this study, the rectangular cross-section was to circumvent voids frequently seen in
FDM or DIW 3D printing methods.[44, 45] This research has demonstrated layer numbers <n >from <32 >
to < 128>, with a much higher printing speed of = 16 mm/s than the current state of the art in similar-
resolution DIW (Table S1). Note that our in-house MDIW has been first reported for printing composites as
structural supports and stimuli-responsive microbots.[39, 46] This study is the novel use of MDIW for
micropatterning with standard protocols of 3D printing lamellar structure, phase transformation, and
selective wet etching for heat dissipation applications, as demonstrated in Fig. 1.

Interdiffusion of inks is a critical issue in multilayer 3D printing because it can cause interfacial distortion,
nonuniform layer width, irregular interface, and nonuniform structural thickness. Therefore, to optimize
the layer structure, two immiscible inks with distinct chemical compositions and physical morphology
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were coextruded for multilayer 3D printing. The two feedstock inks (i.e., PEl as the wet etchable sacrificial
sublayers (SL) vs. epoxy-boron nitride (E-BN) composites as the UV-curable patterning sublayers (PL),
Table 1) were used mainly because of the following reasons. (i) The solvent-free inks (PL and SL)
provides flexibility of rheology control for 3D printing processibility and uniform layer formability without
interfacial diffusion (Fig. 1b); (ii) the rapid phase transformation of PL allows little time for interfacial
instabilities and facilitates fine-resolution lamellar structure formation (Fig. 1b,); (iii) the photo-
crosslinked PL forms strong adhesion to the substrate (e.g., metal, glass, or plastics), which is essential
to retain layers integrity while retaining the mechanical, thermal, and chemical properties when exposed
to harsh chemical after wet-etching; (iv) the poor adhesion of SL to the printing substrate guarantees
stable etching without damaging the multilayer structure (surface tension ~ 70 mN/m for PL and 31.1-
28.9 mN/m for SL) and avoids wetting from printing materials;[47-49] (v) the hydrophilic SL enables
increased etchability upon etchant exposure (e.g., isopropyl alcohol (IPA), ethanol, and water) that could
facilitate etching kinetics for precise patterning (Fig. 1b3);[50, 51] and (vi) highly loaded BNs in patterning
materials enhances heat dissipation for microelectronics applications (Fig. 1b,).[52, 53] The
understanding of the ink printability, etched surface morphologies, and thermal conductive properties
would establish the processing-structure-property relationships for 3D printed micropatterns.

The hybrid chemical and physical properties enable the creation of lamellar microstructure consisting of
sublayers of (i) crosslinkable, non-dissolvable PL and (ii) hydrophilic-dissolvable SL, which is a
prerequisite for the successful wet etching process. When the lamellar structure is introduced to a good
solvent for the SL (not for the PL due to its crosslinking characteristics), the distinct physio-chemical
properties would cause selective removal of SL, creating the micropatterns (i.e., microgrooves) after
etching. Theoretically, wet etching is a process of polymer dissolution into a solvent that involves a two-
step process consisting of (i) solvent diffusion to induce swelling of the polymer network, allowing
increased solute mobility, and (ii) chain disentanglement of swollen polymers for dissolution.[54, 55]
Fig. 1c shows the microstructural distribution at the polymer/solvent interface consisting of different
segments (i.e, interdiffusion, polymer swelling, and dissolution). The increased mobility of solute would
diffuse polymer chains into the surrounding solvent during the wet etching process.[55] The external
parameters, such as temperature and agitation, facilitate the polymer dissolution by diffusing etchant
molecules and desorbing polymer chains from the swollen polymer gel layer via microforces (i.e., van der
Waals, centrifugal, and gravitational).[55]

3.2 Ink Rheology and 3D Printing Processibility

3D printing of composite inks is significantly influenced by their rheological properties, such as viscosity,
fluid behavior, thixotropic, and viscoelastic properties.[56, 57] The expected goals for the MDIW 3D
printing of inks include (i) multilayer formation without any interfacial defects (for PL and SL), (ii)
reduction of sublayer width to achieve high printing resolution (for PL and SL), and (iii) rapid phase
transformation for patterning sublayer of lamellar microstructures after printing on the platform (for PL).
For MDIW 3D printing, the inks in the form of polymer solution and the liquid polymer were studied using
(i) 20 wt.% polyvinyl alcohol (PVA)/water (PVA20-W) and E, (ii) 22 wt.% cellulose acetate butyrate
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(CAB)/acetone (CAB22-A) and E, (iii) 30 wt.% halloysite/polyethylene glycol (PEG30-H) and E, and (iv) PEI
and E-BN ink. The summary of all samples reported here, along with their abbreviations, is given in

Table 1. The abbreviations are derived from ink material and ink processing conditions (e.g., filler
concentration, solvent, and temperatures). The PVA, CAB, PEG, and PEI were SL materials that displayed
good solubility in common solvents, and the PL was E/E-BN. However, polymer solutions, such as PVA20-
W/E and CAB22-A/E, revealed interfacial instability due to localized interlayer diffusion of solvents (i.e,
water and acetone) from higher (SL) to lower (PL) concentration region at the SL/PL interface (Fig. S1).
To avoid the solvent molecules' diffusion at SL/PL interface, liquid polymers (e.g., PEG and PEI) were
studied as SL compositions. However, the higher wettability of PEG than PEI on the glass substrate
caused the spreading of PEI during printing, which prevented the adhesion of the PL sublayer to the
substrate (Fig. S2). Therefore, the PEI/E-BN material system was studied and proven with satisfied
essential criteria, including material compatibility (during printing), phase separation capability (during
printing), and structural stability (after printing).

Figure 2a represents the apparent viscosity of E-BN composite inks with different concentrations of 5-30
wt.% BNs (concentrations confirmed from thermogravimetric analyzer (TGA) (Fig. S3) as a function of
shear stress. Generally, pure epoxy exhibits Newtonian flow, but adding fillers (i.e., BNs, as shown in Fig.
S4) can generate non-Newtonian properties.[58, 59] The composite inks showed an increase in zero shear
viscosity from 11 (E) to 76 Pa.s (E-BN 25) which is attributed to physical cross-linking between the epoxy
molecules and BNs. The magnitude of the shear-thinning behavior (i.e,, slope) near the 1/s shear rate
increased with the higher BNs loading up to 30 wt.%. A slight shear thickening was observed for the ink
10—30 wt.% at a shear rate of less than 0.1 1/s, which may result from the transient yielding of the
samples under shear.[60] When the shear rate increased from =~ 0.1 to 1/s, the viscosity of the composite
ink decreased, suggesting the aligned polymer chains and fillers along the shear direction and the
decreased molecular entanglement.[61] However, the viscosity stabilized and reached around =~ 20-30
Pa/s for a shear rate of 1-100 1/s, within the theoretical shear rate range experienced during the layer
formation process (Fig. S5).

The storage (G') and loss modulus (G") of the inks were investigated for E-BN and PEl inks at different
testing ranges of shear rate (0.1-8000 1/s). For both the inks, the loss modulus was higher than the
storage modulus, suggesting a dominant viscous behavior (Fig. S6). The dominance of loss modulus
(tan delta (G'/G’) > 1) was beneficial for the ink flowability and easy extrusion through the nozzle during
the layer multiplication and printing process (Fig. 2b).[31, 62] The E-BN composite inks containing low BN
concentration (< 20 wt.%) usually had low viscosity and high tan delta, causing the lateral spreading of
3D printed inks on the printing substrate. On the other hand, the composite ink containing high BN
concentration (>30 wt.%) caused clogging of the printing nozzle due to the formation of large aggregates
(Fig. S7). Hence, the intermediate range of BN concentration, i.e., epoxy-25wt.% BN (E-BN25) as PL
material provided optimal rheological properties and 3D printability via MDIW. Additionally, the inks
should possess thixotropic properties to quickly recover the initial viscosity and thicken to retain the
shape of the printed objects after the involvement of shear stress (Fig. S8).
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Multi-material 3D printing has various challenges, e.g., designing printable ink, interfacial instability, and
layerto-layer nonuniformity. The difference in the viscoelastic characteristics of the coextruding polymers
and the presence of organic solvents is a critical contributing factor to the interfacial defects.[63] The
weak secondary flow at the interface caused by viscoelastic effects (from the second normal stress
differences) has been demonstrated to produce layer nonuniformities during extrusion.[64] Thus, these
interfacial instabilities can be reduced or eliminated by matching the viscosity of the inks with the
addition of fillers or applying heat to polymers. Thus, to obtain similar viscoelastic properties for PEIl as
SL and E-BN25 as PL, the PEI was heated from room temperature (RT) to 50°C for proper flow behavior.
The apparent viscosity of the PEI gels measured at different temperatures showed that the gel's viscosity
decreased due to increased polymer chain movements at higher temperatures (Fig. 2c). The PEI-50 (= 17
Pa/s) and E-BN25 (=~ 20 Pa/s) have a suitable viscosity match at the theoretical shear rate range (i.e, 5—
25 1/s). This viscosity matching limited the unfavorable interlayer diffusion at the PEI-50/E-BN25
interface from the time feedstocks combined at the spinneret till the multilayer structure was formed
when exiting the MDIW 3D printing nozzle (Fig. $9-810).[42]

The extruded E-BN25 composite ink had phase transformation depending on the photo-viscoelastic
characteristics. The photopolymerization kinetics was evaluated with photo-rheology, monitoring the
evolution of the storage modules (G') during UV-light irradiation. The liquid-to-solid transition of the ink
after the photoirradiation was necessary for the storage modulus to exceed the loss modulus, i.e. when
the thermomechanical energy was stored elastically than dissipating viscously.[65] Fig. 2d shows the
high reactivity of acrylic-based epoxy over PEI, confirming their suitability for the MDIW 3D printing and
wet etching process. The maximum reactivity of acrylic bonds was attained at =~ 20 s, increasing storage
modulus by 4-fold, with the gel point (i.e, cross over of modulus (G' and G") obtained within 5 s of UV
exposure. Once the E-BN ink exited the nozzle, the rapid phase transformation limited the interlayer
diffusion in printed lamellar microstructures. On the other hand, the PEI-50 sublayer remaining unaffected
by the UV-curing process was favorable for the subsequent removal during the wet etching process.

3.3 Multiphase Sublayer Formability

The superior printability of multi-material polymeric inks can facilitate 3D printed structures with high
resolution, complex geometry, assembled nanostructure, and scalable micropatterning. To demonstrate
the multi-material printability, the E-BN25 and PEI-50 inks were coextruded into different sublayers
through the MDIW printhead, where a white sublayer was E-BN25 and a transparent sublayer was PEI
(Fig. 3a). The morphology of multilayers was programmable via the multiplier number and size. The
printed microstructures in Fig. 3a1-ag show alternating sublayers of E-BN25 and PEI-50 with different
layer numbers (e.g., < 32>, < 64>, and < 128>). The increase in < n > enabled thinner individual sublayers
with curved morphology. The favorable rheological properties of the E-BN25 and PEI-50 inks rendered
well-controlled fabrication of multilayer structures with high aspect ratios and fine micron resolutions.
The multilayer structures can be scalably printed into a large area of ~ 400 cm? with an average
thickness of =~ 350 pm within = 10 mins. The rapid phase transformation of the printed E-BN25 sublayer
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by photopolymerization reaction constrained the PEI-50 sublayer between neighboring E-BN25 sublayers,
with better regularity in higher < n > numbers (Fig. 3a4-ag).

The computational fluidic dynamic (CFD) simulations were used to understand the layer multiplication
and printability process of multimaterial inks at a constant flow rate. Figure 3b shows CFD simulation for
layer multiplication mechanism within each multiplier (#n) for the fabrication of <32 >layers (i.e,, green
sublayer as E-BN25 and blue sublayer as PEI-50). The ink with similar viscoelastic properties passed
through the #4 layer multiplier where < 16 >layers multiplied into < 32 > across the major axis, generating
lamellar microstructure with sublayers of E-BN25 and PEI-50 in stacking. The zoom-in for layers
formation mechanism within #3 and #4 is provided in the supporting figures (Fig. S11 and Table S2).
Similarly, increasing layer multiplier numbers to #5 and #6 would generate the < 64 >and < 128 > layers as
used during experimentation. Even though the volumetric flow rate of the inks was equal (1.5 ml/min), the
E-BN25/PEI-50 sublayers experienced nonuniform shear stress spanning from the center to the periphery
of the print head. This shearing inhomogeneity would cause a slight deviation in the width of individual
sublayers (Fig. 3¢c).[63] The average width of PEI-50 and E-BN25 sublayers for <128 >are 55 and 70 ym,
respectively. The orientation of BNs within the sublayers was explored by XRD patterns with displayed
(002), (100), and (004) peaks corresponding to the 27.1, 41.8, and 55.3° (Fig. 3d).[66] The intensity of the
(002) diffraction peak was much stronger than (100). Generally, a higher intensity ratio between (002)
and (100) diffraction peaks (lygo/1199) Means a higher orientation degree along the in-plane than plane-
normal direction.[67, 68] The increase in lygy/l1gg intensities ratios with higher layer number, <n>,

indicated the improved orientation of BNs due to higher shear stress undergoing between adjacent
sublayers.[69]

3.4 Etching Kinetics for Surface Micropatterning

A top-down wet etching process was combined with the bottom-up MDIW 3D printing to fabricate
micropatterns (i.e, microgrooves). A few suitable PEI solvents, including IPA (C3H,0H), ethanol (C,H50H),

and water (H,0), were selected as etchants for the E-BN25/PEI-50 multilayer structures to understand the

micropatterning kinetics (Fig. 4a-f). The hydrogen bonding between the PEI and these etchants was
critical for the selective PEI elimination that was not observed for non-hydrogen-bonding solvents, such
as acetone ((CH3),C0).[70] The polymer etching and microgroove formation mechanism was attributed

to the PEI dissolution at the polymer-etchant interface (Fig. 1c).[55]

During the etching process, the etchant dissolved the SL composition, and the material flowed from the
substrate to the liquid upon agitation. The PEI dissolution percentage (SL material released in the etchant
media in the unit of wt%) was measured via (W wy/w;)*100), where w; was the initial weight of the
sample before etching and wywas the final weight of the sample after etching. The <32 >layered
samples were first used as an example to study the etching kinetics (Fig. 4a). The PEI dissolution
increased as a function of time for all etchants, with the water dissolving PEI faster than ethanol and IPA.
Similarly, water behaved as the most interactive solvent with PEI sublayers in <64 >and <128 >layered
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structures (Fig. S12). The difference in PEI dissolution rates was correlated to (i) the etchant molecular
size (i.e,, water = 0.28 nm, ethanol = 0.44 nm, and IPA = 0.6 nm), i.e, the smaller the molecular size of the
solvent, the faster the diffusion and polymer swelling,[71, 72] and (ii) wettability, i.e, the better wettability
of the etchants with PEI than E-BN25 would generate a stronger affinity of etchant for faster diffusion
(Fig. S13).

As expected, the sublayer of E-BN25 exposed to UV curing showed no etching due to negligible
dissolution because of the densely crosslinked structure, consistent with Fig. 2d. However, with the
increase in soaking time, the E-BN25 layers were partially or entirely detached from the glass substrate for
water and ethanol etchants (Fig. S14). This printing layer detachment could be due to more severe water
or ethanol diffusion on substrate-layer interfaces, and thus, caused the mechanical failure (consistent
with the larger interaction parameter in water and ethanol in Fig. 4d). Comparatively, the IPA solvent
showed higher structural stability of E-BN25 micropatterns after etching (Fig. S14). Thus, the IPA was
chosen as a preferential etchant for studying etching kinetics.

The etching rate of SL was expected to depend on a combination of four factors: etchant type, etching
temperature, interaction time, and layer number. Therefore, we first investigated the effect of sublayer
numbers on the etching rates. The higher<n> (i.e, < 64 >and < 128>) samples showed slower PEI
dissolution than the lower < n> (i.e, < 32>), which was consistent at different etching periods and
temperatures (Fig. 4b). The slower etching with the increase of < n > could be attributed to higher
resistance to polymer removal due to more confined SL (i.e, by an average of 170, 125, and 55 pym for <
32>,< 64>, and < 128>, respectively, Fig. 3c). Moreover, the interfacial interaction area increases of the SL
sublayer from 5.25 (for < 128>) to 12.75 mm? (for < 32>) also improved the PEI dissolution rates, as
shown in Fig. 4b. Here, the interaction area is the top surface area of SL measured from multilayer film.
The removal of the PEI SL as a function of etching time led to the formation of the microgroove patterns
of different surface roughness values (Fig. S15). The material removal for higher sublayer numbers, <n>,
was selective, stable, and precise, eventually leading to high-resolution micro features (Fig. 4b-c). Polymer
dissolution is a thermodynamic phenomenon dependent on temperature. Thus, the etchant bath was
heated from 25 to 35°C to study the temperature effects (Fig. 4c). The higher etchant bath temperature
improved the polymer solubility. As a result, the etching rate consistently increased for samples of
different layers (i.e, < 32>, < 64>, and < 128>) that were independent of the etching bath type (Fig. 4d and
Fig. S16).

To theoretically understand the mechanism of the polymer etching that involved two transport processes,

namely, diffusion and dissolution, the diffusion kinetics relationship Q = kt” was first generated.[73] Here,
Qis the dissolution of SL in the etchant (%), k and n are constant, and tis time (min). Figure 4e shows the

fitting of diffusion kinetics for PEI/IPA with < 32>, < 64>, and < 128 > layers, i.e, Q. 3,.= 0.031%2 Q. ¢ .=

0.021%, and Q. ;,4-= 0.021°%”, respectively. The exponent (n) value was fitted as 0.62, 0.69, and 0.67 for
layers < 32>, < 64>, and < 128>, respectively, indicating the diffusion of PEl/etchant is a non-Fickian type
diffusion (Fig. S17-18).[54] During the non-Fickian diffusion, solvent molecules penetrated through the
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macro/microvoids formed at the polymer surface and bound to polymer molecules by hydrogen bonding,
which led to the expansion and dissolution of the polymer chains.[73, 74] Additionally, the Flory-Huggins
(FH) interaction parameters between polymer-etchant (X, oy mer/etchany) Were obtained as xpg/p4 = 0.56,
Xpeyethanol = 0-6, and Xpgwater = 1-3 (Fig. 4f derived using parameters in Table S3). This difference
suggested the favorable miscibility of PEI in all solvents (i.e., IPA, water, and ethanol) and higher swelling
in water and IPA than ethanol, matching experimental observations (Fig. 4a).

The morphology of the etched micropattern was studied as a function of the interaction between the PEI
sublayer and etchant. Figure 5a shows that as the etching time elapsed, the exposed channel width and
depth increased, which led to the evolution from narrower/shallower to wider/deeper microgroove
regions. For example, the microgroove width of the <128 >layered samples increased from = 80 to 110
pum with an etching time of 1 to 20 min at RT (Fig. 5a). At the same time, the groove depth increased from
~ 20 to 35 ym under the same condition (Fig. 5a). The etching efficiency depended on the
thermodynamic parameters (Fig. 4) and the confinement effects. Specifically, the PEI sublayer was
quickly exposed to the etchant in the < 32>. In contrast, the finer E-BN sublayers with curved topology
would confine PEI sublayers more robustly in the < 64 >and < 128>, slowing down the dissolution during
the etching process. To confirm the selective etching, the EDS in the multilayer samples showed well-
controlled removal of the PEI sublayer (Fig. 5b) after etching via IPA at RT. In addition, the EDS line profile
perpendicular to the sublayer texture direction showed a sharp and periodic drop in the boron chemical
composition spanning the etched locations (Fig. 5c). Figure 5d also represents the cross-sectional
morphology of the microgrooves fabricated via IPA (RT) etching for different < n >layers, demonstrating
the SL etching effectiveness along the in-plane and out-of-plane directions as a function of etching time.
The 3D surface topography of etched micropatterns also presented the consistent production of
microgrooves with tunable dimensions and surface roughness (Fig. 5e).

3.5 Thermal Dissipation Demonstration

Micropatterned structures are helpful for directional heat transfer and creating thermal dissipation
pathways, especially for high computing power electronics. Thus, our micropattern structures (e.g.,
channeled microfluidics) were used to demonstrate the heat dissipation efficiency with trapped air or
cooling liquids for comparison purposes (Fig. 6a). Including BNs in composite microchannels could
significantly increase the thermal properties by combining the effect of template design and the selective
distribution of NPs. For example, the thermal properties of the E-BN composites were measured, showing
a consistent increase in thermal conductivity (K;) and thermal diffusivity (D) with higher BNs
concentrations (Fig. 6b). The E-BN25 showed the highest thermal property improvement. The filler
fraction within the composite microchannels has been no higher than 25 wt.% primarily due to 3D
printing processability and to avoid nozzle clogging issues. Quantitatively, the thermal conductivity (K)
values of E-BN25 micropatterned surfaces were calculated by the parallel models as 0.30,0.18, and 0.24
W/mK for < 32>, < 64>, and < 128 > layers, respectively. However, the experimentally measured values were
0.19,0.19, and 0.20 W/mK, mainly due to the instrument precision limit and trapped air during the hot
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disk measurement (Fig. 6¢). As a result, the difference in K, was attributed to higher thermal resistance at
the substrate/air interface in testing, which would increase the probability of phonon scattering.[75]

Due to the higher surface area (i.e, 185, 164, and 141 mm? for < 32>, < 128>, and <64 > respectively), the
< 32 >samples were demonstrated to contain coolants as two-phase heat transfer that occurs in micro or
nano-sized passages, making these configurations increasingly essential to provide significant
enhancement in heat management capabilities. Several cooling liquids, such as water, oil, and liquid
metal (Ga-In-Sn), are commonly used in microelectronics packaging because of their higher heat
dissipation efficiency.[76] Theoretical simulations via the Finite Element Method (FEM) (see simulation
details in Sl section S3 and Table S4) predicted the average surface temperature and heat flux of E-BN25
< 32 >micropatterns (air-cooled vs. liquid-cooled). As a result, the fluids with higher heat transfer
coefficients showed increased heat transfer from a heated micropatterning surface to fluids, thus
lowering the average surface temperatures (i.e, air > oil > water > liquid metal, Fig. 6d). Therefore, the
water was used to demonstrate the cooling efficiency considering that coolants should be nonflammable,
nontoxic, noncorrosive, and inexpensive in the microelectronics industry or computing facility
management.

The electronics components have been designed to operate over a specified range, e.g., an upper limit of
up to 80°C for industrial applications.[77] Therefore, E-BN25 < 32 > composites with and without water
coolant were placed on the same hot stage at 80°C, with an infrared camera used to capture the IR
images every 5°C (Fig. 6€). A calibrated thermocouple was used to record the real-time sample surface
temperature. The surface temperature of the samples without coolant, E-BN25, increased much faster
than one with the entrapped coolant, E-BN25C. A temperature difference as significant as = 15°C
demonstrated the superior capability of the E-BN25C composite in heat dissipation (Fig. 6f). This
difference was also confirmed by simulations, where the average surface temperature of E-BN25
composites with different layer numbers was lowered to 61.32°C (< 32>), 60.75°C (< 64>), and 60.27°C (<
128>) from 75.92°C (< 32>), 76.04°C (< 64>), and 75.71°C (< 128>) (Table S5), demonstrating high-
performance micro cooling systems that can enable faster heat dissipation benefiting conventional heat
sink microstructures. The BN nanoparticles within micropatterns are preferentially aligned along the
printing direction and interconnected, forming thermal conductive pathways to adjacent coolant regions.
The nanoscale heat transfer within a substrate and micro heat exchange between two phases (i.e,
substrate and coolant) improved the heat dissipation in the plane direction, and lowered surface
temperature in the through-plane direction was observed. The FEM simulation contour mapping also
indicated heat accumulation and higher surface temperature for E-BN25 planar than micropattern
structures (Fig. 6g). By contrast, the trapped cooling agents in E-BN25C can significantly enhance the
heat transfer along the out-of-plane direction without much heat accumulation (Fig. 6g). Besides, E-BN25
micropattern structure exhibit superior electrically insulating property. Thus, a thermally conductive but
electrically insulating film is supposed to be an efficient thermal management structure to conduct the
heat from electronic components to the environment, improving the components' efficiency and lifespan.
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4. Conclusion

In summary, we have demonstrated a technique combining unique 3D printing (i.e., MDIW) and wet
etching to create micropatterns (i.e., an array of micro-grooves). The in-house developed MDIW was used
to fabricate the lamellar structure with alternating sublayers of UV-curable PL and wet-etchable SL. The
morphology (i.e., layer number and width) of multilayer 3D printed structures were fabricated by
controlling the polymer composition, particle loading, ink viscoelasticity, phase transformation, shear
stress, and extrusion rates. The rapid phase transformation of PL retained the printed microstructures
and enabled "micro-confinement" of SL for subsequent wet etching. As a result, the printed multilayer
structures had well-controlled sublayer dimensions, ranging from = 50 to 200 pm depending on the layer
multiplying procedures. The selective dissolution of SL formed the micropatterns due to polymer-solvent
interdiffusion during the wet-etching process. The etching kinetics (e.g., time, temperature, interaction
parameters), pattern microstructures, and etchant types significantly influenced the micropatterning
geometries and morphologies. Besides, the micropatterned surfaces with confined BNs-enabled thermally
conductive behaviors and micropattern-contained liquid coolant further increased heat dissipation
efficiency. The polymer-polymer and polymer-solvent interaction phenomena helped multilayer printability
and micropatterning via controlled polymer dissolution to establish the processing-structure-property
relationship. Our micropatterning technique opens a new pathway that enables the fabrication of
hierarchical structures through a printing-solvent-free, maskless, scalable, and cost-effective process
compared to conventional patterning protocols. MDIW 3D printing also shows high compatibility with
various polymeric and metallic inks, suggesting possibilities to design mechanical, thermal, electrical,
optical, and magnetic properties for broad applications.
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Figure 1

Fabrication strategy for micropatterns with MDIW 3D printing and wet etching. a) Multilayer 3D printing
with MDIW demonstrating a;) the sublayer formation mechanism enabled by printhead components
consisting of a spinneret, a minimizer, multipliers, and a reducer, b) the distinct microstructural change in
the patterning layer (PL) and sacrificial layer (SL) at different manufacturing stages, such as b;) 3D
printing, b,) UV curing, b3) wet etching followed by drying to form permanent patterns, b,) demonstrating
micropatterned surfaces for heat dissipation applications in semiconductor packaging, and c) selective
wet etching of SL upon exposure to etchant and its microstructural evolution as a function of time,
showing intermediate etching stages between the etchant solvent and SL polymer.
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Figure 2

Change in width (%)

Rheological properties of feedstock inks used for MDIW 3D printing. a) The apparent viscosity of the
epoxy ink with and without BNs fillers (Table 1) as a function of the shear rates, b) tan delta (d) and
dimensional change (i.e, the printing line width) of E-BN composite inks containing varying BNs

concentrations, ¢) the apparent viscosity of PEl measured at different temperatures, d) photo-rheology
measurements of the evolution of storage modulus (G') and loss modulus (G") during UV light irradiation

(light wavelength =365 nm and switched off after 10 sec) for both patterning layer (i.e., E-BN25) and
sacrificial layer (i.e., PEI-50) samples.
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Figure 3

Microstructure of the 3D printed multilayer structures. a;-a3) E-BN25 and PEI-50 with different layer
numbers <32>, <64>, and <128> (scale bar 1200 pm). a,-ag) Inset optical images show the cross-sectional

morphology of the printed microlayers (scale bar 500 pm), b) computational fluidic dynamic (CFD)
simulations of E-BN25 and PEI-50 inks for <32> as an example to show the layer multiplying mechanism
(i.e., green sublayer as E-BN25 and blue sublayer as PEI-50, see more details in Fig. S11 and modeling
information in Sl), ¢) dimensions of the E-BN25 and PEI sublayers exhibit consistent layer size evolutions
(i.e., width values decrease vs. higher layer numbers), and d) XRD patterns of the E-BN25 multilayer
composites with improved BNs orientations as layers multiply.
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Figure 4

Etching kinetics of E-BN25/PEI-50 multilayer structures. a) PEI sublayer dissolution (%) for <32> by
different etchants (i.e, IPA, ethanol, and water) as a function of etching time (min), PEI dissolution by IPA
etchant at b) room temperature (RT =25°C) and c¢) 35°C as a function of <n> (i.e, n=32, 64 and, 128), d)
etching rate (mg/s) of PEl sublayer as a function of <n> for different etchants (i.e, IPA, ethanol, and
water) and bath temperatures (at RT (=25°C) and 35°C, respectively), e) PEl sublayer diffusion kinetics
for the <32>, <64>, and <128> layers in IPA(RT) etchant, and f) Flory-Huggins interaction parameters
(Cpolymersetchant) fOr PEland E for IPA, ethanol, and water etchants.
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Microstructure evolution of MDIW micropatterns. a) Width and depth plot of micropatterns depending on
the etching time for different layer numbers, b) surface elemental distribution spectroscopy (EDS)
mapping of the <32> before and after etching (boron tracing), c) EDS line profile of boron across the
patterned surfaces before and after etching, d) optical and SEM images show the cross-sectional view of
micropatterns (i.e., microgrooves) fabricated via different multiplying/layering after IPA etching at RT
(scale bar 500 pm and 100 um for optical and SEM, respectively), and the corresponding 3D surface
topography of etched samples showing the formation of microgrooves after IPA etching at RT for e;)

<32>, e,) <64>,and e3) <128> layers.
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Figure 6

Thermal capability demonstrations. a) The schematic illustration of microgrooves as channeled
microfluidic cooling systems, b) measured thermal property (i.e., conductivity, diffusivity) values of the
composite as a function of BN concentrations, c) theoretical and experimental thermal conductivity
values of E-BN25 for as a function of measured surface area (i.e.,, <32> layer number exposed the highest
surface area due to the shape distortion, as shown in Fig. 5d), d) average surface temperature and
average heat flux of E-BN25 <32> with air (no coolant) and coolant liquids (i.e., oil, water, and liquid
metal) confined between microchannels (as shown in schematic 6a) for <32> samples, e) IR images of
composite microchannel surfaces for E-BN20, E-BN25, and E-BN25C (Table 1), f) comparison of the
surface temperature of E-BN25 and E-BN25C for <32>, and g) simulation results showing the temperature
distribution profile for E-BN25PF, E-BN25, and E-BN25C without/with the cooling liquids; also see the
modeling details and simulation results of the surface temperature of different layered microchannels in
Fig. S19 & Tables S4-S5.
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