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Route to Three-Dimensional Metallized
Microstructures Using Cross-Linkable Epoxide
SU-8

robust, chemically resistant, and optically transpafent.
Consequently, SU-8 is increasingly used for microdevice
fabrication’ Here, we report a method for creating high-

quality silvered polymeric 3D microstructures, like those
shown in Figure 1, based on multiphoton DLW using SU-8
followed by surface functionalization and electroless metal
deposition.

Polymeric microstructures were created by multiphoton
DLW in ~50 um thick slabs of SU-8 pre-polymer spin-
coated onto glass or silicon substra€s’ Metallized
structures were created by (1) functionalizing the surface of
an SU-8 microstructure with alkylamino groups, (2) binding
gold nanoparticles (Au-NPs) at the aminated sites, and (3)

Versatile approaches for three-dimensional (3D) sub- depositing Ag onto the primed polymeric scaffold using
micrometer fabrication are needed to advance the emergingelectroless metallization chemis§.? bis-Amino-terminated
technologies of micro- and nanoscale fluidics, photonics, and n-alkanes were chosen for functionalizing the polymeric
electromechanical systems (MEMS). Patterning 3D metallic surface, reasoning that one amino group could bind co-
and conductive structures is of particular interest for prepar- valently via nucleophilic attack at unreacted epoxide moe-
ing functional devices having electronic, optical, and me- ities, leaving the second amino group available for coordi-
chanical functiort. Multiphoton direct laser writing (DLW)  nating Au-NPs. Au-NPs were bound to the aminated surface
is a flexible technique for creating micrometer-scale poly- by treating the sample with a colloidal suspension of citrate-
meric structures having virtually any 3D sh&jéhas been capped Au-NP$ or by synthesizing Au-NPs directly at the
shown that metallized 3D micro-structures can be createdsurface via hydride reduction of coordinated Au(lll). Ag was
by fabricating a polymeric scaffold using multiphoton DLW  deposited by immersing a Au-NP-functionalized structure
and then depositing metal onto the structure by surface-for varying periods into an aqueous buffered bath containing
catalyzed electroless depositidiThus far, processes have silver lactate (5.6 mM or 33 mM), hydroquinone, and in some
only been reported for metallizing acrylate-based micro- cases gum arabic. Additional information concerning the
structures. Yet, acrylates are comparatively poor materialsformulations and processing conditions is available in the
for microfabrication because they shrink substantially upon Supporting Information.
polymerization, compromising structural form, integrity, and  The silvered SU-8 microstructure shown in Figure 1 was
adhesion to a supporting surfatelhe multifunctional  produced by immersing a Au-NP functionalized sample in
epoxide SU-8 is better suited for microfabrication because a [Agt] = 33 mM bath containing gum arabic for 14 min.
it shrinks little upon polymerization{10%); the monomer  Figure 1A-C contains scanning electron microscopy (SEM)
is a solid, and the cross-linked material is mechanically images that illustrate that high-quality microporous structures
can be created by this approach. The structure consists of
layers of parallel logs, each having a total length of 62.4
um and spaced within a layer ky= 2.6 um. The layers
are separated vertically bg/4 = 1.0 um. Logs in im-
mediately adjacent layers are oriented perpendicularly. Logs
are thus parallel in alternate layers but offset laterally by
a/2. The resulting structure has face-centered-tetragonal
(FCT) symmetry with a basis consisting of two crossed
logs!! The unit cell has base length and width'2 = 3.7
um and height = 4.0 um. The overall structure has base
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Figure 2. SEM images illustrating that the process deposits Ag conformally
onto SU-8 microstructures, even for higly microporous lattices. (A) FCT
microstructure prior to silvering. (B) FCT microstructure following Ag
deposition. (C) Cross-sectional image (left) produced by ion-milling the
silvered microstructure shown in Figure 2B normal to the long axis of the
stacked logs. The schematic at right illustrates the cut-out produced by ion
milling, the view direction, and how milling the FCT lattice produces the
cross-sectional image shown at left.

The process conformally metallizes the entire polymeric
surface, even deep within a microporous structure, without
occluding internal voids. Images A and B in Figure 2 are
SEM images of a structure prior and subsequent to silvering,

8 Iﬂaw:‘vivm:vo as -. : .-‘
Figure 1. Silvered polymeric “stack-of-logs” microstructure supported on
a glass coverslip substrate.{£) SEM images of the metallized structure.

(D) Optical reflection microscopy image showing that the silvered structure
is highly reflective. (E) Energy-dispersive X-ray spectrum of the structure.

The dominant peak at 3.0 keV proves that the structure is coated with Ag
metal. (F) High-magnification SEM image of the structure showing that

Ag deposits as rice-shaped NPs when the silvering medium contairi$ [Ag

respectively, which illustrate that the overall form of the

lattice is retained upon metallization. Parallel logs in the
interior of the structure are easily seen upon close inspection
of Figures 1B and 2B, and one can also see completely

=33 mM. through the lattice along the structure’s edge in Figure 1B.

Conformal deposition is further confirmed from the cross-
) 3 > i .. sectional SEM images of Figure 2C. The cross-section was
Infrared optical properties specific to this structure-type will obtained by ion milling into the interior of a silvered
be reported elsewhere. structure. The regions of cross-linked polymer appear dark,
Energy dispersive X-ray analysis of the surface (Figure \yhereas the silvered layer appears bright. The bright cor-
1E) yielded a dominant peak near 3.0 keV, which confirms rygated strips result from the cross-section of Ag-covered
that the exterior is coated with metallic Ag. Control experi- logs oriented parallel to the view direction. The rice-shaped

ments show that Ag is only deposited when the epoxide ag particles visible between the corrugated strips are actually

functionalization, which is consistent with the surface-bound \jiew direction and whose center lies behind the image plane.
Au-NPs catalyzing initial metal depositidAAs aresult, the  The interior of the corrugated Ag path appears denser than
epoxide structure is initially transparent at visible wave- the rice-shaped particles on the surface, but this is likely the
lengths, but upon silvering it becomes highly reflective resyit of thermal annealing occurring during ion milling.
(Figure 1D). In contrast, the substrate remains dull becausepearing in mind that the metal layer thickness may be altered
the amination chemistry does not functionalize the glass by milling-induced annealing, we estimate the metal layer
substrate. The method provides a means then for selectivelythickness from the image to be approximately 2600 nm.
silvering SU-8 microstructures while leaving the surrounding These values are consistent with separate measurements
chemically inactive materials unaltered. The optical reflec- optained by surface profilometry of acid-etched, silvered thin
tivity of silvered SU-8 at visible and infrared wavelengths fijims.3c Thicker metal layers can be obtained by simply
was measured using uniform thin films and found to exceed lengthening the time for which samples are immersed in the
90% for Ag layers ofca. 100 nm or thicker. Imaging the silvering bath.

surface at higher magnification (Figure 1F) reveals that Ag  The nanoscale morphology of deposited Ag was found to
deposits under these conditions in the form of rice-shapedpe controllable through concentration of A the bath and
crystallites that average 150 nm in length and 50 nm in width. he presence or absence of gum arabic. Figure 3 presents
SEM images of Ag deposited onto two SU-8 films that were
spin-coated, cured, and then metallized using silvering baths
containing gum arabic and [A§ = 33 mM or 5.6 mM. High

Ag*t concentration generated the rice-shaped morphology

area of (62.4/m)? and height just over 24m (6 unit cells).
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morphologies are independent of whether nucleation sites
are created by reducing bound Au(lll) or directly attaching
Au-NPs. AFM surface profilometry shows that the photo-
patterning and amination conditions used here generate a
dense surface coverage of Au-NPs. Thus, the different
morphologies do not appear to result from a surface-/seed-
particle-directed effect, but rather from an inherent change
. _ ' S : in crystal plane growth kinetics.

oty depamet o o e st e o g e Pysical and chernical propertes are now well-nown 1o
(33 mM) favors formation of rice-shaped particles (see also Figures 1F depend sensitively on nanoscale size and shape. To note just
and 2C), whereas (B) low [Ag] (5.6 mM) favors formation of spheroidal ~ one example, rod-shaped noble metal NPs exhibit long-
crystallites. wavelength longitudinal plasmon resonances at visible
wavelengths that are not produced by spherical particles of
comparable diametéf Given this, the process described here
may also provide a route to new materials and devices whose
ensemble properties can be tailored by changes in structure
on both the microscale (determined by DLW) and nanoscale
(determined by morphology of the deposited silver). Because
. o ) the process selectively deposits conducting metal conformally
quickly, but selectivity toward deposition on the polymer onto the polymeric surface without altering the substrate, it

Wtis' po(;Jrle;r and _otnly tSe rice-shaped tmorp?_olog& ;N:S provides a flexible means for creating 3D microstructures
3 amﬁi d OLéI’-pOIn p;(ihe measm:jr_r;men_s con dlrmtivea 9 with metallic electrical or optical function based on scaffolds
eposited under any ot these conditions 1s conductive, created with the high-performance polymer SU-8, that would

1 Q1 cmL. The highest conductivityg = 4 x 10* Q1 be diffi . i X
e difficult or impossible to create by other patterin
cm™! (~6% that of bulk Ag), was obtained when Ag was methods P y P 9

deposited in the absence of gum arabic.
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seen in Figure 3A (and Figures 1F and 2C). In contrast, lower
Ag" concentration produced Ag grains having a nearly
spheroidal morphology, as in Figure 3B, with grain diameter
varying between 25 and 100 nm. The morphology appears
to transition between these two extremes at{Agr 17

mM. In the absence of gum arabic, Ag deposited more




