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We show that silver lines patterned on a substrate with multiphoton absorption can be rendered
electrically conductive using electroless enhancement with copper. We demonstrate that this technique
can be used to create metallic features on three-dimensional polymeric structures that have been fabricated
with multiphoton absorption polymerization. This method makes it possible to use multiphoton absorption
to create complete metal/polymer hybrid microstructures with a single fabrication setup.

l. Introduction In MAP an ultrafast laser is focused tightly into a prepolymer
resin through a high-numerical-aperture objective lens. At

developed into tremendously powerful tools for creating the fo_cgl_ point, MP.A Ie_ads to ele_ctrpmc excitation Of a
devices with features of scales down to tens of nanometers.phom'n't'ator' resulting in polymerization of a small point

However, conventional lithographic techniques are best within 'if:e :ﬁc?l V"l'“”"'_ei tT he s(;amplg Ic)anhbe mO}/edbytwth
suited for the creation of structures that are essentially two- respect to the focal point to produce 3-L snapes ot arbitrary

dimensional. While the lateral extent and complexity of geometry. Voxels with submicrometer dimensions h«_ave been
structures fabricated with conventional lithography can be reported, and complex structures have been fabricated on

substantial, creating complex features with significant vertical gje scaIeMXL mlcrto rr|1et3er§ ft‘; _hup dretdshof mlcr?mt?[ters.
dimensions is possible only through the sequential fabrication ecause 1 atidly o-4 tabrication technique, Stuctures
of many layers. As a result, there has been considerablew'th free-moving parts and high aspect ratios can be created.
interest in the development of nonconventional lithographic ~ The concept of direct laser writing of metal via MPA has
techniques that are better suited for the creation of truly three-2/S0 been successfully demonstrated by a number of
dimensional (3-D) devices. groupst®1¢ using one of two approaches. In the first

One promising class of techniques for 3-D lithography approach, the metal is deposited in three dimensions inside
makes use of multiphoton absorption (MPA). MPA is a of a matrix**>1®The matrix serves two purposes: to suspend
phenomenon wherein two or more photons, none of which the dissolved metal ions and to act as a support for the final
is energetic enough to cause an electronic excitation on itsStructure. However, the resultant 3-D metallic structures are
own, are absorbed simultaneously to cause such an excitation0t self-supporting if the matrix is remové#The second
One particularly important facet of MPA is that the absorp-
tion probability is proportional td", wherel is the laser o JCuI;npsEtonk,_B- HL.; ﬁnaﬂthaktvFl,AS.:.;Earlglvv, SS D'\XerLD. L.I; I\E(hrgch,
H H H . E.; ErsKine, L. L.; Helkal, A. A.; Kuepler, S. ., Lee, L.-Y. o5,
intensity andn is the number_ o_f photons absorb’eﬁihqs, McCord-Maughon, D.: Qin, J.: Rockel, H.. Rumi, M.; Wu, X.-L.
for a focused laser beam efficient MPA occurs only in the Marder, S. R.; Perry, J. WNature 1999 398 51—54.

focal spot, allowing photochemical or photophysical pro- () é%ﬁg;aég;k?gg“s”' H. B.; Tanaka, T.; Takada, ature 2001, 412

Over the past few decades, lithographic techniques have
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2%3?"\:’“";315 Laser Deposit: was 20um/s. To create v_vires, sgvergl para_llel lines, spa_ced 0.5
Dried 120°C 10 min. rm snPUnT. ;%-Jonrs wm apart, were d_raw_n to give _the final line a width qf approxmately
g~ 10um. After fabrication, the films were washed twice in 30 mL of
/—- \ ethanol and then once in deionized water. All chemicals were
N reagent grade and were used as obtained from Aldrich except for
Acrylate modified glass Cast Ag/PVP film

the PVP, which was purchased from City Chemical.
Electroless Enhancement of Silver LinesThe silver pattern
Electroless copper was enhanced electrolessly usin lutibB f CuSQ, 4
deposition for ~10 min. o/ EtOH wash 30 min., a anced electrolessly using a so go 49
H,0 wash 30 min. of NaOH, and 14 g of sodium potassium tartrate (Rochelle salt) in
- /‘_ / 100 mL of deionized water. After fully dissolving the salts, 10 mL
1 0,
Conductive copper Nonconductive silver pattern of an aqueous solution (_)f f_ormaldehyde (37_ wt %) was add_ed, and
enhanced pattern the solution was used within 30 miiCoverslips containing silver
Figure 1. Schematic diagram for the direct laser writing of conductive patterns were immersed in the solution without stirring for 7 min,
wires onto glass substrates. A film of AGQNBVP is cast onto an acrylate-  after which they were immersed in deionized water, dried, and
modified glass substrate that is then exposed to focused, ultrafast, nearinspected using two optical microscopes. A Zeiss Stemi DV4

infrared radiation. The laser photoreduces"Amto existing Ag nanopar- microscope (working distance-9 cm) was used for reflection
ticles to form a nonconducting pattern of polydisperse Ag nanoparticles. p 9

This pattern is then electrolessly enhanced with copper to render it imaging, and an American Optics 1000 microscope (working
electrically conductive. distance~500 um) was used for transmission imaging. Upon

sufficient copper growth, the transmission image is opaque in the
approach to multiphoton absorption metallization (MAM) metallized regions and the reflection image shows shiny, copper-
is to form two-dimensional patterns on a substtaté For colored lines. Samples that did not meet these criteria were placed
instance, we have previous'y reported a technique for the back into the e.nhancement. SQ'Ution for an addltlonal 3 min. All
direct laser writing of silver lines on glass from a poly- €nhancement times were within the range 6f13 min.
(vinylpyrrolidone) (PVP) thin filmi® These lines are depos- Characterization of Copper Enhanced Silver Lines on Glass.

ited by focusing an ultrafast laser onto a film containing silver To characterize the range of Conduc.t'v't'es of the enhanc'.ed wrres,
. . . . 28 samples were prepared as described above. A gold wire with a
nanoparticles, silver cations, and PVP. The lines are com-

diameter of 0.0005 in. (Sigmund Cohn) was glued to each lead in

posed of nanoparticle agglomerates in the range of tens Oeach four-point conductivity sample using Dupont 4929N silver

hundreds of nanometers in diameter and can be fabricatethaste. The gold microwires were connected to macroscopic wires
with a resolution of approximately Am. However, because  using alligator clips. Conductivity measurements were made by
the lines are composed of agglomerated nanoparticles, theyusing a Keithley 220 programmable current source to apply a current
are not electrically conductivé. ranging from—100 A to +100 uA through the sample via two

will require the ability to incorporate both metallic and measure the voltage across the sample via the other two leads, and

dielectric components in the same structure. While this task 1€ résistance of the sample was determined from the slope of the
. . . . . . ., resultant currentvoltage (—V) curve. The lateral dimensions of
is readily accomplished with conventional lithography, hybrid

lic/diel : inelv b dthe samples were measured using an Amray 1000A scanning
metallic/dielectric structures cannot yet routinely be created gq.crop, microscope and a Hitachi S-4700 field-emission scanning

with emerging 3-D lithographic techniques, although two  g|ectron microscope. The thickness of the lines was measured using
examples of techniques for creating hybrid structures have g pigital Instruments model MMAFM-2 atomic force microscope
been reported recently:'® Here we demonstrate that 3-D  in tapping mode.

polymeric structures with conductive metallic features can  The procedure for fabricating wires on polymeric microstructures
be created with a single fabrication setup using MPA-based is shown schematically in Figure 2 and consisted of the following
techniques. We accomplish this by fabricating 3-D polymeric steps:

structures with MAP, writing silver lines on the structures ~ Preparation of Microstructures. To promote adhesion of the
using MAM, and using electroless deposition to develop the structures, microscope slides were treated with (3-acroxylpropyl)-

metallic lines to render them electrically conductive. trimethoxysilane? A thin spacer with an open area in the center
was placed on a slide, and a drop of prepolymer resin was placed

in the resultant well. The formulation of the resin was 48 wt %
ethoxylated(6) trimethylolpropane triacrylate (Sartomer), 49 wt %
tris(2-hydroxyethyl)isocyanurate triacrylate (Sartomer), and 3 wt
% Lucirin-TPOL (BASF). After addition of the resin, a coverslip
was placed on top of the spacer and the entire assembly was placed
on the stage of an upright microscope. Fabrication was ac-
complished with a commercial Ti:sapphire laser, as has been
described previoushf.Once fabrication was complete, the assembly
was removed from the microscope stage, the coverslip was taken
off, and the unexposed resin was washed away with ethanol. The
structures fabricated for these experiments were bridges that were
designed to allow one wire to pass over another without making
electrical contact (Figure 2). The bridges wereis0 long, 25um

(17) Farrer, R. A; LaFratta, C. N.; Li, L.; Praino, J.; Naughton, M. J.; ||, and 10um wide and were supported by trusses that are sloped
Saleh, B. E. A;; Teich, M. C.; Fourkas, J. I..Am. Chem. So2006
128 (6), 1796-1797.

(18) Formanek, F.; Takeyasu, N.; Tanaka, T.; Chiyoda, K.; Ishikawa, A.; (19) Hidber, P. C.; Helbig, W.; Kim, E.; Whitesides, G. Mangmuir1996
Kawata, S.Opt. Expres2006 14 (2), 800-809. 12 (5), 1375-1380.

II. Experimental Section

The procedure for fabricating wires on glass substrates is shown
schematically in Figure 1 and consisted of the following steps:

Deposition of Silver Lines on GlassSilver nitrate/PVP (MW
40 000) films were prepared by spin-casting on (3-acroxylpropyl)-
trimethoxysilane-modified glass coverslips, as previously repétted.
Silver lines in a shape suitable for four-point conductivity measure-
ments were prepared using a>400.75-NA objective. The laser
wavelength was 790 nm, and the pulse length was on the order of
100 fs. The power at the sample was 4 mW, and the writing speed
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of the copper enhanced wires were measured via scanning

1.3 NA
-q Ethanol electron microscopy (SEM). The average length was 90.6
'EV rinse el + 1.0um, and the average width was 9%50.5m. Typical
/ 4 A attorming electron micrographs are shown in Figure 4a,b. The cross-
Mﬁmﬂ;ﬁc struc Completed: washed \ sectional area of the wires was measured using atomic force
L microscopy (AFM). As shown in Figure 4c,d, the wires are
approximately semicircular in cross section. In contrast,
before enhancement the silver structures are higher at the
Electroless copper e v i edges than in the middle, which we believe is related to
doposiion e deformation of the polymer film during silver deposition,
/ y 4 / as discussed previoustyThere is still evidence of residual
3-D Conductive Copper Wires  3-D nonconductive Ag wires ridges at the edges of the enhanced lines, but the fact that

Figure 2. Schematic diagram for the direct laser writing of conductive the center of the lines enhances more efficiently than the
wires onto polymeric microstructures. A microstructure is fabricated by edges suggests that there is less silver present in the ridges

MAP, using a tightly focused, ultrafast laser in the near-infrared. After the . .- . . .
structure is complete, the unexposed resin is rinsed away and a film of mlt'a”y' The average thickness of the enhanced wires is 575

AgNOy/PVP is spin-coated onto the sample. Silver wires are deposited on == 150 nm, and the average cross-sectional area as determined

the glass near the structure, after which a second AGRVZP film is drop- from analysis of 4tm lengths of wire from a dozen samples
cast onto the sample. A nonconductive Ag pattern is then generated on the.

- - - - - is 3.75+ 1 um>.
microstructure. After washing away the film, the silver pattern is made
electrically conductive by electroless enhancement with copper. The conductivityp of a wire is given by the equation
to facilitate patterning of wires from the substrate up to the top of L
the bridge. P= AR Q)

Patterning of Conductive Wires in 3-D. A film of AgNO/
PVP was spin coated over a substrate with a bridge, and lead wires

were patterned on the glass under the same conditions describe . . R
above. The film was too thin to allow deposition onto the bridge he resistanceOn the basis of our data, the conductivity is

itself, so after the lead wires were made a drop of the Ag/Pvp found to be 1.0k 0.7 x 107t m™* This value is within
solution was added and allowed to dry in an oven atl@or 10 a factor of 6 of the 5.96¢< 10" Q' m™* conductivity of

min. This drop-casting technique provides a thicker film than does Solid copper metal? The lower conductivity of our wires is
spin-casting. A 4&, 0.75-NA objective was used to create a silver in line with previous measurements of electrolessly deposited
pattern on the bridge with a laser power of 3 mW at the sample. coppetf* and is most likely due primarily to the porosity of
The silver was patterned on the bridge at a scan rate of about 1the copper layer. In addition, it is known that the underlying
um/s. The scan speed was much slower on the bridge than on thesjlver seed layer is not conductive, and the ridges are most
substrate as a lower laser power was used to pattern silver on thgjkely not conductive either. As a result, the conductive cross-
bridge, both because it was necessary to prevent damage on theg fiona| area is likely to be roughly a third smaller than we
bridge and because there was some uncertainty in determining thenave measured, suggesting that the conductivity of the

height of the surface of the bridge. After deposition of the silver, lectrolesslv d ited - ithi imatel
the sample was washed in ethanol and water as above. The sampl ectrolessly deposited copper 1S within approximately: a
actor of 4 of that of the bulk metal.

was processed in the copper solution as above, and the resistanc
of the wires above and below the bridge were measured by the The maximum current sustainable in these wires was
four-point method. approximately 100 mA. At high current, the wires exhibited
localized melting at bottleneck points. Such bottlenecks arise

Ill. Results and Discussion from local inhomogeneities in the film that may be due to
surface contaminants such as dust. Preparation and handling
of samples under clean room conditions would presumably
help to alleviate this problem.

hereA is the cross-sectional ardajs the length, andR is

We begin by discussing the characterization of the
enhanced silver lines written directly on glass. Shown in
Figure 3a is a reflection micrograph of a typical four-point . N
conductivity structure after copper enhancement and attach- conductive lines with widths as small as 1u% have been
ment of the gold leads. The deposited wires are shiny andfabricated with this technique. The resistance of these lines

metallic in appearance. Peel tests of the enhanced structure¥/@s on the order of 202, due to the considerably smaller
with Scotch tap¥ demonstrate complete adhesion. cross-sectional area in comparison with the lines discussed

A representativé—V curve for the enhanced structures ijs 2POVe- It may be possible to improve the conductivity by
shown in Figure 3b. The plot is linear, and the slope yields Performing additional electrodeposition of copper after

a resistance of 2.38 for the stretch of wire between the €lectroless deposition has been used to make the wires
four leads. In total, 28 silver four-point patterns were conductive, as electrodeposited wires tend to be less porous.
enhanced with copper, and the resistance data from these W€ now turn to the characterization of hybrid polymer/
samples are summarized in the histogram in Figure 3c. OnMetal structures, in particular a bridge structure that dem-
the basis of the data in the histogram, the average resistanc@nstrates the ability to pattern wires in three dimensions that
of the common stretch of wire is 24 1.5 Q.
To estimate the conductivity of the copper, it is necessary (20) gVeast, g- CCFFIeCtHamligggk of Chemistry and Physiésth ed.; CRC
H H H H : ress: boca Raton, .
to determine the dimensions of the regions of the wires over (21) Radoeva, M.: Radoev, B.. Stockelhuber, K. #Mater. Sci.2003

which the resistance was measured. The lateral dimensions = 38, (12), 2703-2707.
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Figure 3. (a) Optical micrograph of a copper-enhanced silver pattern for four-point conductivity measurements. (b) A typicat-calt@ge curve for the
stretch of wire between the four leads. The slope indicates a resistance & 2(8pHistogram of the resistances measured for 28 identical structures. The
average resistance for samples was2.4.5 Q.
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Figure 4. Characterization of the dimensions of the conductive lines using SEM and AFM. (a) Field emission SEM micrograph showing a wire that is 90
um in length and 9m wide; the scale bar is 50m. (b) Close-up of the wire from part a; the scale bar jgd (c) AFM topological map of a section of
the wire. (d) A typical cross-sectional profile of the sample from part c.

can cross one another without shorting. As alluded to above,that does not contain any film. This moat region, which
it is necessary to perform two separate silver deposition stepsextends for about Bm around the structure, makes formation
to create wires both on the substrate and across the bridgeof continuous silver lines emanating from the structure
If the AgNGs/PVP solution is spin-cast onto a polymer impossible. The reason for the formation of the moat is not
microstructure, a circular region forms around the structure entirely clear but probably has to do with the polymer
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bridge has a resistance of Z9. There was no observable
electrical cross talk between the two wires.

For both wires, the conductivity is less than was observed
for lines deposited on an open substrate. We did not attempt
to measure the cross sections of these particular wires
because they are not highly uniform, because the area under
the bridge is not accessible, and because accurate AFM
measurements cannot be made on top of the bridge. In the
case of the wire passing over the bridge, the decreased
conductivity is almost certainly due to the thinness of the
initial silver layer. For the wire passing under the bridge,
the decreased conductivity probably arises from the buckle
in the wire shown in the inset of Figure 5. We have observed
that thick films have a tendency to ablate if the focal point
Figure 5. Field emission SEM images of a polymeric bridge with 1S Positioned below the surface of the substrate. This effect
conducting copper wires patterned across and below it. The scale bar is 30likely stressed the silver pattern under the bridge causing it
um. The inset shows the buckling of the wire under the bridge. to buckle. It seems, therefore, that film thickness critically

affects ability to pattern the silver using MAM. Once again,
solution wetting the acrylic microstructures poorly compared it is likely that additional electrodeposition of copper could
to the glass surface, which leaves the structure and the are®€ used to improve the conductivity of the deposited wires.
immediately around it with little or no film. Thus, after initial IV. Conclusions
patterning of silver wires on the substrate, a second film
approximately 3um thick was made by drop-casting. This
film made deposition of silver possible on and under the

We have demonstrated the fabrication of conductive metal
wires using MAM followed by electroless deposition of
: . o . i copper. This technique was then combined with MAP to add
bridge, as well as in the moat r_eglon_lmr_ne(_j@tely adja_u_:ent conductive features to polymeric microstructures. These
to the structure. However, the thicker film inhibits deposition  oq,ts demonstrate that 3-D metal/dielectric hybrid structures
of lines of any significant length onto the glass, as the film .o pe created using MPA-based techniques for all of the
depth prevents the lines from making contact with the aprication steps. This technique expands the capabilities of
substrate. While the second film does enable deposition in pjpA-based fabrication by making it possible to add electrical
the moat region, the film atop the bridge is still quite thin. and/or optical functionality to 3-D polymeric microstructures.
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