
SHUKLA ET AL. VOL. 5 ’ NO. 3 ’ 1947–1957 ’ 2011 1947

www.acsnano.org

March 02, 2011

C 2011 American Chemical Society

Subwavelength Direct Laser Patterning
of Conductive Gold Nanostructures by
Simultaneous Photopolymerization
and Photoreduction
Shobha Shukla,†,^ Xavier Vidal,^ Edward P. Furlani,^ Mark T. Swihart,§,^ Kyoung-Tae Kim,† Yong-Kyu Yoon,†

Augustine Urbas, ) and Paras N. Prasad†,‡,^,*

†Department of Electrical Engineering, ‡Department of Chemistry, §Department of Chemical and Biological Engineering, and ^Institute for Lasers, Photonics and
Biophotonics, University at Buffalo, State University of New York, Buffalo, New York 14260, United States, and )Air Force Research Laboratory, Wright-Patterson
Air Force Base, Ohio 45433, United States

F
abrication of metallic nanostructures
within a dielectric host material allows
the optical response of the composite

material to be tailored, potentially achieving
responses not possible in a homogeneous
material.1-5 This capability is most notably
exploited in the rapidly advancing field of
optical metamaterials, a new class of nano-
structured materials that exhibit electro-
magnetic properties, such as a negative
refractive index, that are not observed in
naturally occurringmaterials.3,6-9 Theunique
properties of metamaterials arise from the
engineered electromagnetic response of the
constituent metallic nanostructures. Meta-
materials hold promise for numerous appli-
cations such as far-field subwavelength
imaging, invisibility cloaking, nanoscale opti-
cal trapping, ultracompact waveguides, and
optical power limiting.9-11 Most experimen-
tally realized negative index metamaterials
have been fabricated using “top-down” litho-
graphic techniques, usually either electron-
beam lithography (EBL) or focused-ion-beam
lithography (FIBL).1,3,8,12,13 Although these
approaches can provide resolution on the
scaleofa fewnanometers, theyare inherently
serial in nature and are limited to the fabrica-
tion of relatively small samples, typically with
high-cost and low-throughput. Amore recent
approach to metamaterials involves direct
laserwriting in apolymeric structure followed
by metal evaporation over the fabricated
surface.3 While this method is promising, full
metal coverage is challenging. A need exists
for new fabrication methods that overcome
the aforementioned limitations.
In this paper we discuss, demonstrate,

and analyze a novel bottom-up approach

for the fabrication of conductive metal
nano- and microstructures that is based on

two-photon absorption-induced photo-

chemistry.14 This approach can significantly

simplify the fabrication of metallic nanos-

tructures in a polymeric host and can po-

tentially enable fabrication of true three-

dimensional metamaterials with low-cost

and high-throughput. Although earlier

studies have demonstrated the use of two-

photon lithography to fabricate metallic

micro- and nanostructures, most of this

work has involved silver nanostructures,

and very few prior studies investigated the

use of gold.15,16 The ability to write gold

nanostructures in a polymeric host is not

only useful for metamaterials but also has

broader potential to enable disruptive ad-

vances in emerging fields such as flexible
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ABSTRACT This article presents a new method for fabricating highly conductive gold

nanostructures within a polymeric matrix with subwavelength resolution. The nanostructures are

directly written in a gold precursor-doped photoresist using a femtosecond pulsed laser. The laser

energy is absorbed by a two-photon dye, which induces simultaneous reduction of gold in the

precursor and polymerization of the negative photoresist. This results in gold nanoparticle-doped

polymeric lines that exhibit both plasmonic effects, due to the constituent gold nanoparticles, and

relatively high conductivity (within an order of magnitude of the bulk metal), due to the high density

of particles within these lines. Line widths from 150 to 1000 nm have been achieved with this

method. Various optically functional structures have been prepared, and their structural and optical

properties have been characterized. The influence of laser intensity and scan speed on feature size

have been studied and found to be in agreement with predictions of a mathematical model of the

process.

KEYWORDS: nanocomposites . two-photon lithography . metamaterials . gold
nanostructures . nanofabrication
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electronics, nanophotonics, and plasmonics.3,17-22

Metallic structures can be directly written using the
photoreduction of metal ions. Tanaka et al.16 demon-
strated the production of silver microstructures in an
aqueous solution, but the reduced silver structures had
non-uniform density due to diffusion and mixing
effects that are driven by the femtosecond pulsed
irradiation in the liquid. Baldacchini et al.23 applied
photoreduction of silver nitrate in a thin polymer
(polyvinylpyrrolidone) film to produce metallic silver,
and Maruo and Saeki24 have adapted this process to
write structures. However, this produced relatively low-
quality metal structures due to discontinuities be-
tween aggregated nanoparticles. As noted above,
there have been few reports on two-photon-assisted
in situ photoreduction of gold ions.15,16 Moreover, the
methods reported so far not only suffer from diffusion
and aggregation problems but also have been unable
to achieve submicrometer feature sizes due to local
heating during the writing process.
The two-photon-initiated direct laser writing meth-

od demonstrated and analyzed here is well-suited for
the fabrication of micro- and nanoscale features be-
cause it is based on the initiation of a photochemical
process within a small (subwavelength) focal volume
that is limited in all three spatial dimensions.1,14,25,26

Furthermore, simultaneous metal reduction and pho-
topolymerization reduces diffusion-related broaden-
ing of features and nanoparticle aggregation because
the matrix surrounding newly formed gold nanoparti-
cles is cross-linked at the same time that the particles
are formed. Thus, the metallic structures are simulta-
neously formed and immobilized. We demonstrate
the use of this process for producing uniform gold
nanoparticles within continuous gold nanoparticle-
doped polymeric structures with line widths of 150 to

1000 nm. We also demonstrate production of optically
functional structures and characterize these with re-
spect to their structural, optical, and electrical proper-
ties (i.e., conductivity). Our initial study suggests that
even smaller line widths can be achieved using opti-
mized combinations of laser and optics.

RESULTS AND DISCUSSION

The writing process is illustrated schematically in
Figure 1 and described in greater detail in theMaterials
and Methods section. Typical directly written and
developed metallic structures embedded in the poly-
mer are shown in Figure 2. The SEM image (Figure 2a)
illustrates the topography of the gold/polymer com-
posite line, while the backscattered SEM in the lower
right inset more clearly demonstrates the presence of
gold nanoparticles within the polymer, based on the
large atomic-number-based contrast difference be-
tween gold and the polymer. When the distance
between two fabricated lines was small, some even
smaller “bridging” structures were produced connect-
ing the lines. This is similar to the effect observed by
Tan et al.27 and is attributed to the overlap of the low-
intensity portion of the beam between the lines. Lines
thus formed are a few hundred nanometers in width.
By changing the laser power, we were able to tune the
linewidth from 1 μm to as small as 150 nm, as shown in
Figure 2b. SEM imaging of structures written at low
laser power confirmed the production of polymeric
lines as narrow as 150 nm, with gold nanoparticles
(e50 nm diameter) embedded within them.
Cross-linked polymer lines containing gold nanopar-

ticles can only be formed in the laser-exposed regions
where the amount of photoacid generated is sufficient
to both initiate polymerization of the SU8 monomer
and reduce enough of the gold precursor to induce

Figure 1. Schematic of the experimental setup.
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particle nucleation. Normally, additional photoinitiator
decomposition can occur by a free-radical driven cycle
(vide infra). However, the gold precursor appears to
competewith these reactions, decreasing the extent of
photoinitiator decomposition. Thus, a relatively large
amount of photoacid generator is required in this
process. At low writing power (Figure 2b), the gold
nanoparticles are concentrated near the center of the
line, where the laser intensity is highest, while at an
increased power of 50 mW, gold nanoparticles could be
found throughout the fabricated structure (Figure 2a).
As laser intensity increases, for a given exposure time,
the width of the gold nanoparticle-rich region increases
more than the width of the polymer line, showing that
the photoreduction and photopolymerization have
different threshold photon doses. Extinction spectra
show a broad band centered at 570 nm (Figure 2c) that
is attributed to excitation of localized surface plasmon
resonances (LSPR) of the gold nanoparticles and that is
not present in the unexposed film. Extinction spectra
were recorded using a halogen lamp as a white light
source and subtracting absorbance of the bare glass
slide. The LSPR peak of gold nanoparticles can appear
from 525 to 600 nm, depending on the size and shape
of the nanoparticles and the coupling between them.
In this sample, we have a distribution of nanoparticle
sizes, and the particles are sufficiently close to one

another to achieve overall conductivity. This broadens
and red shifts the LSPR peak relative to that expected
for small, monodispersed particles suspended in a solvent.
Energy-dispersive X-ray spectroscopy (EDS) was also
performed to check the composition of the fabricated
structures (Figure 2d). The only elements detected
were gold and the constituents of the glass substrate
(e.g., K, Zn, and Ti). The large peak fromSi in the substrate
is outside the energy range shown in the inset of
Figure 2d. Notably, no chlorine is detected by EDS.
This suggests that all gold in the lines is fully reduced,
as one would expect that any ionic gold would be
accompanied by chlorine counterions. For TEM imag-
ing of gold nanoparticles produced within the poly-
meric matrix, the gold nanostructures were suspended
in ethanol by scratching the fabricated polymeric gold
composite structure with a diamond cutter tip and
sonicating for 30 min. It is evident from TEM images,
such as those shown in Figure 3, that the extracted
gold nanoparticles are not aggregated and are highly
crystalline. Figure 3a shows the crystallinity of indivi-
dual nanoparticles, while Figure 3b-d shows gold
nanoparticles still embedded in polymer. Of course,
the sample of gold particles imaged in TEM is biased
toward those that could be extracted from the film
along with residual polymer. Perhaps these are parti-
cles near the edge of a line where both the density of

Figure 2. (a) Secondary electron emission image of the gold nanoparticle-doped polymeric structure produced at 50 mW
laser powerby two-photon-initiatedphotoreduction/polymerization (top inset, bridging structures formedwhen the spacing
between the two lines was 4 μm; bottom inset, backscattered image showing gold nanoparticles). (b) Secondary emission
SEM image of the structure fabricated at 20mW laser power (inset: backscattered image). (c) Absorbance spectra of film with
embedded gold nanostructures. (d) EDS spectra of the metallic structures.
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gold and degree of SU8 cross-linking are lowest. None-
theless, if the particles that can be extracted and imaged
are fully reduced, crystalline gold, then any larger or
partially sinteredparticles that remain in regionsofhigher
photon dose should also be crystalline.
Laser-initiated photopolymerization of the SU8 oli-

gomer with a photoacid generator is quite well under-
stood, and metal photoreduction mechanisms have
also been investigated recently.27-32 The simulta-
neous photopolymerization and metal reduction has
not been investigated, and specific mechanisms are
unclear even in the case of laser-assisted metal reduc-
tion in a polymer matrix.15,16,33 Nonetheless, we are
able to infer a basic sequence of steps that must be
involved. Hypothesizing such a series of steps for this
complex process is a first step toward understanding it
better. Thus we propose here a general mechanism for
the simultaneousmetal nanoparticle formation and pho-
topolymerization. The precise mechanism may prove
somewhat different, but full mechanistic understanding

would require detection of intermediate species, which is
beyond the scope of the present work. Mechanisms of
energy transfer from a dye to other species, and of initi-
ation of cationic polymerization in photolithography, can
be found elsewhere.13,24 Briefly, the two-photon dye
absorbs energy at 800 nm and transfers energy to the
photoacid generator. The excited photoacid generator
decomposes, producing a strong acid, HSbF6, which
initiates cationic polymerization of SU8. We suggest that
the photoinitiator (PC2506, a diaryliodonium salt photo-
acid generator, Ar2I

þSbF6
-), present in the SU8 film

containing gold ions, is responsible for gold reduction
as well as for cationic polymerization (cross-linking) of
SU8.29 When the photoinitiator oxidizes the SU8 mono-
mer, either the (oxidized) SU8 monomer itself could
reduce the gold ions, or organic free radical byproducts
of photoacid generation could reduce the gold ion. The
combined AF380-sensitized SU8 cross-linking and gold
reduction are thus hypothesized to occur by a mecha-
nism like that shown in Scheme 1.

Figure 3. (a) High-resolution and (b-d) lower-resolution TEM images of gold nanoparticles extracted from fabricated
structures.
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When photoacid, HSbF6, is produced from the
photoinitiator, aryl radicals and other radicals are
produced as byproducts (Scheme 1, steps 3 and 4).30

These can abstract hydrogen from the monomer or
polymer to produce radicals by processes like that
shown in step 7. In the absence of gold precursors,
these radicals can react with the photoinitiator (step 8),
leading to the cycle of free-radical-induced initiator
decomposition shown in steps 7, 8, and 9 of
Scheme 1.30 In the presence of gold precursor, the
radicals generated in step 7 may instead reduce the
gold precursor as shown in step 10. The resulting
AuCl3

- contains gold in the unstable Au2þ oxidation
state. This undergoes disproportionation reactions like
those illustrated in steps 11 and 12, ultimately produ-
cing one fully reduced Au0 atom for every three AuCl3

-

ions generated by step 10 and regenerating two
precursor ions (AuCl4

-).34-37 The Au0 atoms are ex-
pected to form gold nanoparticles by diffusion-limited
aggregation. However, as they are produced, their

mobility is also decreasing due to simultaneous
cross-linking of SU8 in which they are formed. Of
course, many minor variations of the above mecha-
nism are conceivable, but a sequence of events like
those listed here is consistent with the observed
behavior of simultaneous photopolymerization and
gold reduction and with known mechanisms of pho-
topolymerization and gold reduction alone.
We have studied the effects of laser power and total

photon dose on feature size by varying the scanning
speed (Figure 4a) and the laser power. We were not
able to use SEM imaging to compare line widths
written at extremely low power, as these were easily
washed off from the substrate during sample devel-
opment. SEM imaging requires removal of the un-
exposed photoresist within which the lines are em-
bedded. However, without the film for support, narrow
lines often did not adhere to the substrate. Figure 2b
shows a case where the polymerized line has remained
on the substrate. However, in most other cases, the

Scheme 1. Proposed mechanism of simultaneous photoreduction and photopolymerization.
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lines were simply washed away, and a systematic study
of the line width by SEM was not practical. Thus, for
results shown in Figures 4 and 5, line widths were
measured from confocal transmission images. With
this approach, the apparent line width reflects both
the writing resolution and the imaging resolution. This
means that the apparent constant line width at low
laser power may, in fact, reflect limitations of the line
width measurement, which might be different for
gold-containing lines versus gold-free lines because
of the higher contrast between gold-containing lines
and the surrounding matrix. In confocal fluorescence
imaging, structures written at slower scan speeds
showed brighter fluorescence but did not appear to
be wider than those written at faster scan speeds
(Figure 4a). However, this scan speed variation was
only done with a relatively low power (∼10 mW); at
higher power, slow scan speeds led to ablation of the
film. Formation of more pronounced features of the
same apparent size at slower scan speeds could result
from both a greater extent of gold reduction
(producing more metallic gold which may increase
dye emission via plasmonic field enhancement) and
a higher degree of cross-linking (which would better

trap the dye during postexposure washing). However,
no detailed explanation can be confirmed at this time.
In addition, we studied the influence of the gold
precursor on the width of the feature size (Figure 4b).
The minimum power required for producing a detect-
able polymeric feature, 10-15 mW, did not differ
appreciably between SU8 alone and with the gold
precursor added, but at higher power, this difference
was more significant. The apparent width of the struc-
ture written at low power was ∼750 nm for the gold-
doped polymer sample and about 1000 nm for the
undoped SU8. Confocal fluorescence images of the
gold-doped polymer and undoped polymer at 40 mW
are shown in Figure 4b, demonstrating a clear decrease
in the apparent line width with the addition of gold
precursor. In both cases, the observed feature width
was independent of the laser power up to some
threshold value (∼30 mW for polymer alone and ∼50
mWwithgoldprecursor). Above that value, the linewidth
increased with increasing laser power, as shown in
Figure 5. We attribute the decrease in the line width
and increase in the threshold for growth of line width to
coupling between the photoinitiation of cationic poly-
merization and the gold reduction process.

Figure 4. (a) Confocal transmission (left) and fluorescence (right) images of structures produced at scanning speeds of
50 μms-1 (top) or 5 μms-1 (bottom) at 10mW. (b) Confocal images of gold precursor-doped polymeric feature and undoped
polymeric feature at the same power (40 mW) and scan speed (50 μm s-1).

Figure 5. Polymerization line width vs laser power: comparison of model with experimental data.
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We have developed a first-order analytical model to
predict the linewidthw for ourwritingprocess. Following
similar studies in the literature, we assume that SU8 is
polymerized at positions where the total photoacid
generated F(x,y,z,t) exceeds a threshold value Fth. The
equation governing the behavior of F is as follows

DF
Dt

¼ (F0 -F)σ2, effN
2 (1)

where σ2,eff = σ2η is the “effective” two-photon cross
section, which is the product of the two-photon ab-
sorption coefficient, σ2 (cm4/s), of the dye used to
sensitize the writing process (AF380) and the efficiency
η< 1 of the initiation process. This efficiency represents
the probability that excitation of the dye leads to
energy transfer to the photoacid generator and pro-
duction of the acid (HSbF6 in this system). To the extent
that the gold precursor (AuCl4

-) can also participate in
energy transfer from the dye and can react with
(consume) the acid and free-radical byproducts of
photoacid decomposition, this efficiency is expected
to decrease with increasing concentration of the gold
precursor. N(x,y,z,t) is the photon flux. The laser output
is defined by thewavelength λ of the incident light, the
pulse repetition rate ν, the duration of the laser pulse τL
during each repetition, and an average power P. We
assume thatN has a Gaussian spatial distribution at the
focal plane (z = 0) and thus the photon flux at an
observation point (xobs,yobs) in this plane is

N(x, y, z ¼ 0, t)

¼ N0(t)exp - 2
(xb - xobs)

2 þ (yb - yobs)
2

r20

" #

(2)

where (xb,yb) is the position of the center of the beam.
We further assume that the photon flux is constant
N0(t) = N0 during each pulse of duration τL. To deter-
mine the polymerized line width, we must account for
the motion of the media during the writing process. To
simplify the analysis, we choose a reference frame at
rest with respect to the media and consider the laser
beam to be moving along the y-axis with a constant
velocity. The position of the center of the beam at time
t is (xb = 0, yb = vbt). We evaluate the polymerization at
an observation point along the x-axis (xobs,yobs - 0).
Note that the beam will be over this point at t = 0 (i.e.,
yb = yobs). We analyze an infinite scan line and integrate
eq 1 as followsZ Fa

0

dF
(F0 -F)

¼ σ2, effντLN
2
0

Z þ¥

-¥
exp - 4

x2obs þ (vbt)
2

r20

 !2
4

3
5dt (3)

where Fa is the density of activated photoacid gen-
erator. Note that to obtain eq 3 we have used the fact

that the integrand is slowly varying during a laser pulse
and that it decays exponentially with distance from the
observation point. We set Fa = Fth and solve eq 3 for
xobs to determine the distance 0 < x < xth over which
the film is polymerized. The polymerized line width
w = 2xth is given by

w ¼ r0 ln

ffiffiffi
π

p
σ2, effντLr0N2

0

2vbC

 !2
4

3
5
1=2

(4)

where C = ln(F0/(F0 - Fth)). In order to evaluate w we
relate photon flux to the average laser power

N0 ¼ 2
πr20ντL

TP

pωL
(5)

where T is the fraction of light transmitted through the
objective. Finally, this leads to an overall expression for
the line width:

w ¼ r0 ln
σ2η

TP

pωL

� �2

π3=2vbντLr30ln
F0

F0 -Fth

 !
0
BBBBB@

1
CCCCCA

2
666664

3
777775

1=2

(6)

All of the quantities in this expression are known or
are readily measurable in separate experiments except
for Fth and η. These can be fit to line width data. If the
threshold photoacid concentration Fth is much smaller
than the initial concentration F0, then

C ¼ ln
F0

F0 -Fth

 !

¼ Fth
F0

þ 1
2

Fth
F0

 !2

þ 1
3

Fth
F0

 !3

þ ::: � Fth
F0

(7)

In this case, the expression for line width reduces to

w ¼ r0 ln
σ2

ηF0
Fth

� �
TP

pωL

� �2

π3=2vbντLr30

0
BBBB@

1
CCCCA

2
66664

3
77775
1=2

(8)

Under these conditions, the effects of Fth and η on
the line width are indistinguishable. The effects could
only be separated in experiments where the initial
photoacid generator concentration, F0, is not dramati-
cally larger than the threshold photoacid concentra-
tion, Fth.
We apply eq 8 to our experimental results andmodel

line width w as a function of laser power P for the two-
photon-induced polymerization process, with and
without the presence of the gold precursor. Results
are shown in Figure 5. Our known experimental param-
eters are as follows: λ = 800 nm, vb = 50 μm s-1, τL =
120 fs, and ν = 76 MHz. The two-photon absorption
cross section of the AF380 dye is σ2 = 3� 10-49 cm4

3 s.
We fit eq 8 to our measured data, as shown in Figure 5,
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using the following parameters: r0 = 940 nm, T = 30%,
and ηF0/Fth = 0.0028 and 0.01 for polymerization with
andwithout the gold precursor, respectively. The lower
polymerization efficiency η in the presence of the gold

precursor is due to the fact that it consumes products
of photoacid decomposition, reducing the amount
available for initiating cationic polymerization of SU8.
These fits used only the data in the regime where line

Figure 6. SEM image of (a) nanocauliflower; (b) nanoblocks (insets in a and b show the close-up view of the single element);
(c) confocal fluorescence image of the SRR grating structure; (d) confocal transmission image of the fishnet structure; various
structures made with femtosecond laser lithography: (e-g) fishnet structures, (h) plasmonic cauliflower, (i,j) plasmonic
donuts; (k,l) chiral “y” structure.
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width was observed to change with the laser power,
which is where the line widths measured by confocal
transmission microscopy are expected to be accurate.
It is worth noting that extrapolating the polymer-only
fit to a line width of zero gives a minimum laser power
of 15 mW to produce any polymerization. This is
consistent with the observed minimum energy re-
quired to produce an observable line. However, this
experimental minimum energy for writing was not
increased in the presence of gold precursor, in contrast
to the prediction of this first-order model in which the
gold precursor reduces the efficiency of photoacid
generation independently of laser power. This sug-
gests that the interaction between gold reduction and
SU8 polymerization may be more complex than has
been accounted for in this simple first-order model.
Nonetheless, the model captures the experimental
results with sufficient accuracy to serve as a useful
guide to experiment. It should be noted that while we
easily achieved subwavelength line width resolution
with the gold precursor at low power, our optical
systemwas not optimized tominimize thewriting spot
size. Therefore, a substantially finer writing resolution
should be possible using the same process andmateri-
als with optimized optics and optomechanical compo-
nents. As mentioned previously, periodically arranged
metal nanostructures produce pronounced localized
surface plasmon resonances, which result in an intense
electromagnetic field that extends beyond their phy-
sical dimensions.1,2,38-42 The nanostructures can sup-
port electric and magnetic resonances that give rise to
resonant behavior of the effective bulk permittivity and

permeability, respectively.43,44 Figure 6a shows an
electronmicrograph of a gold “nano cauliflower” array.
The diameter of the gold cauliflower element is 1 μm,
and the periodicity is 2 μm. These structures were
prepared using a high gold precursor loading (>30
wt %). The exact mechanism governing the formation
of the structures is not presently understood and is a
subject of our ongoing research. Metal nanoblocks
made at comparatively higher power are shown in
Figure 6b. The length to width ratio of these structures
is 2.5 μm/1.5 μm, and the distance between two
elements is approximately 4 μm. Split ring resonator
(SRR) structures have also been prepared, as shown in
Figure 6c. In these, the spacing between elements was
4 μm with an element height of 6 μm. The distance
between the two ends of the split ring was kept at
2 μm. Themost common approach to obtain a practical
negative-index medium is through incorporation of
nonmagneticmetallic resonators such as the split rings
or various mesh (fishnet) structures. Figure 6d shows a
gold wire mesh structure with a spacing of 5 μm
between the neighboring wires. Several other struc-
tures prepared by two-photon lithography are shown
in Figure 6e-l. In our preliminary report on this meth-
od, we also demonstrated production of chiral struc-
tures like those in Figure 6k,l, which calculations show
can rotate the polarization of incoming light (also see
Supporting Information S1).10

Last, we characterized the conductivity of the writ-
ten lines. This is important because the level of con-
ductivity of the fabricated structures will determine the
range of utility of the writing process, especially as it

Figure 7. Electrical characterization of gold nanoparticle-doped line structure: (a) geometry of four-point probe measure-
ment system; (b) four-point probe system; (c) current vs applied voltage.
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pertains to applications requiring functional electronic
materials. We use a four-point probe approach to
measure conductivity of individual lines, as illustrated
in Figure 7a,b. The probe electrodes were deposited on
prefabricated written structure on a glass substrate as
shown in Figure 7b. The dimensions of the system are
shown in Figure 7a. The conductivity measurement
was performed using a digital source meter (Keithley
2400). Figure 7c shows the current versus applied
voltage for a structure that was prepared with 30 wt %
gold precursor loading. The fabricated gold lines were
800 nm wide and 300 μm long, and their conductivity
ranged from 1 to 2.5 � 107 mho/m in various repeated
experiments. Significantly, this is approximately 1/4 that
of bulk gold, which is 4.1 � 107 mho/m. The relatively
high conductivity of these structures is due to the high
loading fraction of gold precursor and the photoreduc-
tion of the precursor into relatively small, densely
packed gold nanoparticles. The ability to write sub-
wavelength conductive structures that exhibit plasmo-
nic effects is a significant and advantageous feature of

the writing process and holds potential for numerous
applications.

CONCLUSIONS

We have described, demonstrated, and analyzed a
new laser-based direct writing method for producing
subwavelength plasmonic and conductive patterned
structures within a polymeric host. The method involves
simultaneous two-photon-initiated photoreduction of a
gold precursor and polymerization of a negative photo-
resist (SU8). Features with line widths as small as 150 nm
have been produced using this approach. Several func-
tional structures have been written including optically
active planar chiral structures and plasmonic nanostruc-
tures, which are used in the development of composite
metamaterials. We have studied various process para-
meters and have characterized their impact on the
properties of fabricated structures. We expect this novel
approach of in situ fabrication of plasmonic and conduc-
tive structures will enable efficient fabrication of novel
three-dimensional optically functional composite media.

METHODS AND MATERIALS
The experimental arrangement for direct two-photon writing

of gold nanostructures is shown schematically in Figure 1. SU8
(Microchem Inc.) served as the matrix within which gold
structures were written by reduction of gold ions from HAuCl4
incorporated within the unexposed SU8 film. SU8 includes a
photoacid generator (PC2506, a diaryliodonium salt photoacid
generator, Ar2I

þSbF6
-) as purchased. A two-photon dye, AF380

(provided by the US Air Force Research Laboratory, OH), was
added to sensitize the mixture to two-photon absorption of
infrared laser light. Composite films, typically containing 10 wt
% gold precursor (HAuCl4 3 3H2O, from Sigma Aldrich) and 1 wt
% AF380 in the SU8 photoresist after solvent evaporation, were
produced by spin-coating on glass coverslips. Cyclopentanone
was used as a solvent for preparing the films because SU8,
AF380, and HAuCl4 are all highly soluble in it. The mixture was
vortexed for 15 min and then ultrasonicated for 15 min to
ensure complete dissolution and mixing.
Patterns were written within these films by irradiation with a

mode-locked femtosecond pulsed laser (Ti:sapphire laser with
an operating wavelength of 800 nm, a pulse width of <120 fs,
and a repetition rate of 76 MHz). The laser light was introduced
into an inverted microscope and focused with an air objective
lens (60�, NA0.85). The laser power was controlled by a graded
neutral density filter. The laser power was measured at the
entrance of the microscope; typical power loss from microscope
entrance to the sample was approximately 25%. Unless other-
wise indicated, a writing speed of 50 μm per second was used in
the experiments reported here. After writing structures in the film,
the unexposed portion could be removed by dipping the film in
cyclopentanone and then allowing it to air-dry. No post-baking
was performed; two-photon-initiated photopolymerization of SU8
can be done without post-baking because the temperature rise
due to laser exposure at the focal region is sufficient to effectively
anneal the focal volume.45 Samples were studied using a confocal
microscope (TCS SP2, Leica Microsystems Semiconductor GmbH)
with an HXC PL APO CS 63.0 � 1.40 oil immersion objective. The
samples were illuminated with a pulsed diode laser at 457 nm for
fluorescence imaging of the patterned structure using the en-
capsulated dye. A photomultiplier tube (PMT) was used for
detection, with a 480-580 nm band-pass filter for fluorescence

and transmission imaging. For linewidth comparisonexperiments,
the sample was post-baked for 2 min at 95 �C, developed with
PGMEA, and washed with isopropyl alcohol (IPA) to make it
photoinsensitive. With the inclusion of the gold precursor, the
compositefilm cannot be fullywashedwith PGMEAand IPA as this
will alter the patterned structure. Absorbance spectra of the
fabricated structures were recorded with a UV-vis spectropho-
tometer (Ocean Optics Inc.). Energy-dispersive X-ray spectroscopy
and scanning electronmicroscopywereperformedusing aHitachi
S-4000 field-emission SEM.
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