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We investigate the connections between two field-enhanced phenomena of gold nanoparticles: multiphoton-
absorption-induced luminescence (MAIL) and metal-enhanced multiphoton absorption polymerization
(MEMAP). We observe a strong correlation between the nanoparticles and aggregates that have high efficiency
for each process. The results of our studies indicate that for this system, MEMAP is driven not by field-
enhanced two-photon absorption of the photoinitiator but rather by single-photon excitation of the photoinitiator
by the MAIL emission.

I. Introduction

Interest in the field-enhanced phenomena of noble-metal
nanostructures has experienced explosive growth in recent
years.1,2 For instance, surface-enhanced Raman scattering
(SERS)3-5 has become a powerful analytical technique that is
even capable of detecting signals from single molecules.6-11

Similarly, surface-enhanced infrared absorption (SEIRA) can
lead to increases in the absorption cross section of vibrations
of up to 3 orders of magnitude.12-16 Field enhancement has also
proven to be a powerful means of increasing the signal in
coherent anti-Stokes Raman spectroscopy,17-20 among other
optical techniques.

Despite the wealth of experimental studies on field-enhanced
phenomena of noble-metal nanostructures, theory has yet to
explain the extreme enhancements of signals that, for instance,
make possible the detection of single molecules via SERS. It is
clear that aggregates of nanoparticles can provide considerably
larger field enhancements than do individual particles, but even
the multiparticle structures that have been examined theoretically
do not appear capable of generating the enhancements required
to explain many of the phenomena that have been observed.11,21,22

An important experimental tool for understanding field
enhancement is the correlation of different field-enhanced
phenomena with one another and with nanostructure geometry.
This type of strategy, for example, led to the realization that
aggregates of particles can have considerably larger SERS
signals than do single particles.11,23,24 Here we apply such an
approach to two other phenomena involving field enhancement:
multiphoton-absorption-induced luminescence (MAIL) and metal-
enhanced multiphoton absorption polymerization (MEMAP).

MAIL from noble-metal surfaces was first reported in 1986.25

Flat metal surfaces were found to be only weakly luminescent.
However, significant enhancement of MAIL was observed on
roughened surfaces.25 More recently, MAIL has been observed
from nanoparticles,26-29 nanorods,30 and other nanostructures31-35

composed of noble metals. In the case of gold, MAIL has been

observed to be a two-photon process for 800 nm excitation in
most studies.27,30,34,35 However, some gold nanoparticles have
been found to have extremely large MAIL signals, and in this
case MAIL is a three-photon process with 800 nm excitation.26

On the other hand, MAIL from silver nanoparticles is a two-
photon process with 800 nm excitation.29 We have proposed
that the efficient luminescence following three-photon excitation
at 800 nm arises from nanoparticles that have shapes that lead
to particularly large electric field enhancements.29

In multiphoton absorption polymerization (MAP),36-38 the
absorption of two or more photons of light is used to excite
photoinitiator molecules that drive polymerization in a prepoly-
mer resin. The photons are of too long of a wavelength to be
absorbed individually, and so must be absorbed simultaneously.
As a result, the absorption probability scales as the light intensity
to the power of the number of photons required for excitation.
Excitation, and therefore polymerization, can thus be constrained
to occur within the focal volume of a tightly focused laser beam.
By using an ultrafast laser, which produces short, intense pulses
with a low duty cycle, MAP can be accomplished at low average
laser power.

Because multiphoton absorption is a nonlinear optical process,
its probability can be increased substantially by field enhance-
ment. The idea behind MEMAP is to take advantage of this
field enhancement to perform MAP at laser intensities that would
normally be below the threshold for causing polymerization.
MEMAP has been reported on gold nanostructures created by
shadow-sphere lithography,39 in the controlled gaps of nanoscale
gold structures,34,40 and at a metal-coated AFM tip.41 MEMAP
has also been observed in arrays of gold nanostructures excited
with incoherent light.40

Here we present the results of studies in which MAIL and
MEMAP were performed on the same set of gold nanoparticles
on glass substrates. The particles were also imaged with
scanning electron microscopy (SEM) to correlate optical proper-
ties with structure. We find that both MAIL and MEMAP are
most efficient in small clusters of nanoparticles, and that there
is a strong correlation between the two phenomena. Wavelength-
dependent studies indicate that the dominant mechanism for
MEMAP in our systems is not field-enhanced two-photon
absorption, but rather that polymerization is driven by the
luminescence generated by MAIL.
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II. Experimental Section

Nanoparticle Synthesis. The preparation of gold nanopar-
ticles was carried out through the citrate-reduction method.42-44

As an initial step, 0.139 g of HAuCl4 was dissolved in 250 mL
of distilled water. The solution was brought to a boil, and then
20 mL of a 1 wt % sodium citrate solution was added under
rapid stirring. To induce further reduction, boiling was continued
for about 20 min. The size of the synthesized gold nanoparticles
(26 nm) was measured by both UV/visible absorption and
transmission electron microscopy.

Gold nanoparticles were coated with silica shells following
literature methods.45,46 A 500 µL sample of an aqueous solution
of 1 mM (3-aminopropyl)trimethoxysilane (APTS) was added
slowly to 100 mL of an Au nanoparticle solution under vigorous
stirring and allowed to react for 15 min. Next 1 g of sodium
silicate solution was diluted to 50 mL with distilled water. The
pH of the sodium silicate solution was adjusted to 10 by addition
of a cation exchange resin. Four milliliters of the active silica
solution was added to the APTS/gold nanoparticle suspension
under vigorous stirring. Further polymerization of active silica
in the solution (at pH ∼8.5) was allowed to proceed for one
day. The resulting silica shells on the gold nanoparticles were
imaged by transmission electron microscopy, and had an average
thickness of 2 nm.

Sample Preparation. To disperse the nanoparticles for
experiments, a 3 µL sample of gold nanoparticle solution was
placed on a coverslip that had been treated with (3-acrylox-
ypropyl)trimethoxysilane to improve adhesion of the final
polymeric structures.47 The sample was then placed in an oven
at 110 °C for 3 min to evaporate the solvent.

The acrylic resin used was composed of 54 wt % dipen-
taerythritol pentaacrylate esters (Sartomer), 43 wt % tris(2-
hydroxyethyl) isocyanurate triacrylate (Sartomer), and 3 wt %
Lucirin TPO-L (BASF). After thorough mixing, one drop of
the resin was placed on the nanoparticle-coated substrate. A
layer of Scotch tape was placed on the coverslip as a spacer,
and then a second coverslip was placed on top of the tape. The
sandwiched sample was mounted on a computer-controlled, 3D,
piezoelectric nanostage (Physik Instrumente).

Imaging and Fabrication. A tunable Ti:sapphire laser
(Coherent Mira 900-F) produced pulses of 150 fs duration at a
repetition rate of 76 MHz. The beam was introduced into an
inverted microscope (Zeiss Axiovert 100) through the reflected
light-source port and was directed to the objective by a dichroic
mirror. A 1.45 NA, 100×, oil-immersion objective (Zeiss R
Plan-FLUAR) was used for MAIL imaging and multiphoton
fabrication. Scanning was performed with the piezoelectric
sample stage or with a set of galvanometric mirrors. The
luminescence signal was collected by a single-photon-counting
avalanche photodiode (EG&G) and the signal was transferred
to a computer with use of a data acquisition board (National
Instruments). Data collection and image construction were
performed with software written in LabView (National Instru-
ments).

For MAIL imaging, typically an area of 30 µm2 was scanned
with 140 × 140 pixel resolution in ∼10 s. Filters that cut off
the excitation light were placed before the detector. MEMAP
was performed under similar conditions or simultaneously with
MAIL imaging. MAP was used to create markers on the
substrate so that the same sample region could be located
reproducibly. For SEM imaging, samples were sputter-coated
with approximately 10 nm of Pt/Pd. Shown in Figure 1 are a
typical gold MAIL spectrum26 along with the one-photon

absorption and two-photon polymerization action spectra of
Lucirin TPO-L.47

III. Results

Our initial experiments focused on correlating MAIL ef-
ficiency with nanoparticle morphology. Gold nanoparticles were
coated on a glass coverslip and MAIL experiments were
performed with 800 nm excitation. The excitation intensity was
less than 2 mW at the sample. Typical MAIL data are shown
as 3D and contour plots in panels a and b of Figure 2,
respectively. The luminescent regions span a broad range of
intensities, as has been observed previously.26

A scanning electron micrograph of the same region of the
gold nanoparticle sample is shown in Figure 2c. It is apparent
from this image that there are significant aggregates of nano-
particles on the substrate. In general, the regions of brightest
luminescence correspond with the positions of aggregates. To
explore this correspondence in more detail, in Figure 3 we show
an overlay of the matching regions of the MAIL image and the
electron micrograph. The aggregate of three nanoparticles
marked A has only modest MAIL intensity, whereas the larger
aggregates B and C both exhibit considerably brighter lumi-
nescence. The luminescence intensity does not appear to be
linear in the number of particles in an aggregate, however, but
rather depends upon the aggregate structure as well. This
enhancement of emission due to aggregation is reminiscent of
the effects that have been seen in SERS, in which aggregates
can have considerably larger field enhancements than do single
nanoparticles.11,24

To investigate the origin of MAIL further, we studied particles
with a 2 nm coating of silica. As we observed previously,26 the
silica coating does not lead to any significant change in MAIL
behavior. SEM studies of samples of silica-coated particles
indicated the presence of aggregates similar to those observed
for uncoated nanoparticles. As also was the case for the uncoated
nanoparticles, we found a strong correlation between aggregation
and luminescence intensity in the coated particles. The aggregate
shape again plays an important role in determining the lumi-
nescence intensity of the silica-coated nanoparticles.

We also examined the effect that the 10-nm coating of Pt/Pd
that was applied to the samples for SEM imaging had on MAIL.
Pt/Pd films on glass do not exhibit MAIL, and gold nanoparticles
that are encapsulated completely in Pt/Pd would not be expected
to luminesce. However, the majority of particles that luminesced
before coating the substrate with Pt/Pd also luminesced after-
ward, albeit with a somewhat diminished intensity. Thus, coating
particles and aggregates on one side with another metal does
not have a substantial influence on MAIL efficiency. There was

Figure 1. One-photon absorption spectrum (black) and two-photon
polymerization action spectrum (blue) of Lucirin TPO-L and a typical
MAIL emission spectrum for gold nanoparticles (red).
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no obvious correlation of particle shape or aggregation with
the areas in which the MAIL did disappear upon Pt/Pd coating.

Our previous studies have demonstrated that MAIL from gold
nanoparticles involves a three-photon excitation process at 800
nm.26 Similar results were obtained for 900 nm excitation.26 This
observation is surprising, since other studies have shown MAIL
from different gold structures to arise from two-photon excitation
at 800 nm.27,31,33,34 Furthermore, neither 800 nor 400 nm light
is within the plasmon band of the gold nanoparticles employed
here, so plasmonic enhancements would not be expected to be
significant. We believe that the implication of these results is
that our experimental protocol selects for particles or aggregates
of particles that have a particularly large three-photon-absorption
cross-section.29 It is additionally possible that the aggregates
that exhibit strong MAIL with 800 nm light have collective
plasmon bands that are red-shifted enough to have significant
absorption at this wavelength.

If the efficiency of MAIL depends upon shifted plasmon
bands in aggregates, then the MAIL efficiency of different

aggregates would be expected to be a function of excitation
wavelength. To explore this issue, we performed MAIL experi-
ments on the same region of a sample with 725, 800, and 890
nm excitation. Representative MAIL images from one such
study are shown in Figure 4. For 725 and 800 nm light, the
excitation power was less than 2 mW at the sample, whereas
for 890 nm light the excitation power was on the order of 10
mW at the sample. The images for 725 and 800 nm excitation
are similar. With 890 nm excitation, the most prominent MAIL
emission arises from regions that do not luminesce as strongly
with shorter wavelength excitation. Comparison with an SEM
image of the same region did not reveal a clear correlation
between structure and the wavelength dependence of the MAIL
efficiency, but our results suggest that at least for long-
wavelength excitation aggregates with significantly red-shifted
plasmon bands may be involved.

We next turn to MEMAP and its correlation with MAIL. The
radical photoinitiator used for these studies, Lucirin TPO-L, has
a two-photon polymerization action spectrum that has a peak
at 725 nm (Figure 1). The polymerization action spectrum is
negligibly small at wavelengths longer than 850 nm.47 We first
performed experiments at 800 nm, a wavelength at which MAP
can easily be performed with this photoinitiator.47 Prepolymer

Figure 2. (a) 3D and (b) contour plots of MAIL from gold nanoparticles deposited on a glass substrate and excited with 800 nm light. The
intensity scale is the same for both images. (c) A scanning electron micrograph of the same region of the sample.

Figure 3. An overlay of the MAIL and SEM images from Figure 2
(top) and close-up electron micrographs of selected emitting aggregates
(bottom). The magnifications of the close-ups vary.

Figure 4. Contour plots of MAIL from gold nanoparticles on the same
region of a glass substrate excited with (a) 725, (b) 800, and (c) 890
nm light.
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resin was placed on top of a substrate that had been coated with
gold nanoparticles. The laser beam was scanned over the sample
at an intensity too low to lead to polymerization in the pure
prepolymer resin but high enough to obtain high-quality MAIL
images. A MAIL image from a representative sample is shown
in 3D form in Figure 5a and as a contour plot in Figure 5b.

An SEM image of the same sample area (Figure 5c)
demonstrates the presence of both individual nanoparticles and
aggregates. Overlapping the MAIL and SEM images reveals
that once again the brightest emission arises from regions that
contain aggregates of particles (Figure 6). Nanoparticles that
do not show strong MAIL emission, such as particle A in Figure
6, do not exhibit any polymerization. However, particles or
aggregates that do exhibit MAIL such as B and C in Figure 6,
also have a polymer coating. Similar results were obtained with
excitation at 725 nm.

If the prepolymer resin is prepared without any photoinitiator,
MAIL emission is observed but polymerization does not occur

even at high laser intensity. We can therefore conclude the
photoinitiator is essential for MEMAP. This result implies that
multiphoton excitation does not lead to ejection of electrons
from the gold nanoparticles, at least in quantitites sufficient to
cause polymerization.

Our results indicate that there is a direct correspondence
between MAIL and MEMAP. This conclusion is consistent with
the results of previous studies in indicating that field enhance-
ment can lead to being able to perform MAP at lower intensities
than is possible in the absence of noble-metal structures.34,39-41

However, we must still establish the role played by field
enhancement in MEMAP. One possibility is that field enhance-
ment increases the effective two-photon absorption cross section
of nearby photoinitiator molecules. This mechanism has been
assumed to be the source of MEMAP in previous reports.34,39-41

However, MAIL from gold occurs across the visible spectrum,26

and so it is also possible that the emitted light causes
polymerization directly by exciting the photoinitiator molecules.
Indeed, it is due to this second potential mechanism that we
call the effect metal-enhanced MAP rather than field-enhanced
MAP.

Our observations offer a number of clues into the mechanism
of MEMAP in gold nanoparticles and aggregates. First, field
enhancement is expected to occur in localized hot spots in
nanoparticle aggregates. Because polymerization takes place in
a solvent-free resin in our system, radicals do not diffuse over
a significant distance before reacting. Thus, field-enhanced two-
photon absorption would be expected to lead to asymmetric
polymerized regions around aggregates with hot spots. However,
the polymerized region is generally spread uniformly about the
aggregates for which MEMAP occurs. Second, the pattern of
field enhancement is expected to be dependent upon the
polarization of the light. We have observed no preference for
the polymerized pattern to be stretched or otherwise affected
along the polarization axis of the excitation light. Third, silica
coating of the nanoparticles does not have any appreciable effect
on the efficiency of MEMAP. Taken together, these factors
suggest that MEMAP in this system does not arise from field-
enhanced two-photon absorption of the photoinitiator.

To seek more definitive evidence for the origin of MEMAP,
we performed experiments using 890 nm excitation. Because
the two-photon absorption cross section of Lucirin TPO-L is
vanishingly small at this wavelength, in the absence of gold
nanoparticles we were not able to observe MAP in the
prepolymer resin even at very high laser powers (∼100 mW)
of 890 nm light.

Shown in panels a and b of Figure 7 are 3D and contour
plots, respectively, of MAIL from gold particles in the pre-
polymer resin excited by 890 light with approximately 6 mW

Figure 5. (a) 3D and (b) contour plots of MAIL from gold nanoparticles deposited on a glass substrate, immersed in prepolymer resin, and excited
with 800 nm light. The intensity scale is the same for both images. (c) A scanning electron micrograph of the same region of the sample.

Figure 6. An overlay of the MAIL and SEM images from Figure 5
(top) and close-up electron micrographs of selected particles and
aggregates without a polymer shell (bottom left) and with a polymer
shell (bottom center and bottom right). The magnifications of the close-
ups vary.
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of excitation power at the sample. The corresponding SEM
image of this region of the sample is shown in Figure 7c. The
overlap of the MAIL and SEM images (Figure 8) shows once
again that larger aggregates tend to have higher emission
intensities.

Also shown in Figure 8 are close-up SEM images of different
particles and aggregates. Aggregates A, B, and C all show strong
MAIL emission and have polymerized shells around them.
However, the particles and aggregates D, E, and F do not exhibit
detectable MAIL emission at this excitation intensity and do

not have polymerized shells about them. Once again there is a
direct correspondence between MAIL emission and MEMAP.

IV. Discussion

The results presented here clarify a number of issues regarding
field-enhanced phenomena of gold nanoparticles. While our
studies have focused on MAIL and MEMAP, what we have
learned may have implications for other processes that depend
on field enhancement as well.

Our first important observation is that efficient MAIL
generally arises from aggregates rather than from single
particles. This result is consistent with previous observations
that aggregates of nanoparticles give considerably stronger SERS
enhancements than do single particles.11,23 Not all aggregates
of the same size lead to MAIL emission, indicating that shape
plays an important role in this process as well. For instance,
we rarely observe strong MAIL signals from linear aggregates,
even when they contain four or more particles. Additionally,
the emission efficiency for different aggregates depends upon
the excitation wavelength. Thus, high MAIL efficiency may in
part result from having a plasmon band that is sufficiently red-
shifted to overlap well with the excitation wavelength. However,
our results suggest that the plasmon band is not the only
important factor in MAIL.

The second important observation is that there is a strong
correspondence between the particles and aggregates that exhibit
strong MAIL and those that exhibit strong MEMAP. We can
conclude from this result that MAIL and MEMAP both depend
on field enhancement. However, as discussed above a number
of facets of our results with 800 nm excitation call into question
whether MEMAP occurs through field enhancement of the two-
photon absorption of the photoinitiator molecules.

The third key observation is that MEMAP occurs with 890
nm laser pulses, even though two-photon excitation of the
photoinitiator is not possible at this wavelength. The most likely
explanation for this phenomenon is that three-photon excitation
of the nanoparticles leads to MAIL emission that in turn excites
the photoinitiator. Thus, in our system MEMAP is likely to be
a consequence of MAIL rather than a direct effect of field
enhancement. It remains possible that field enhancement
promotes three-photon excitation of the photoinitiator, but we
view this explanation as unlikely for a number of reasons. First,
even at very high excitation powers (on the order of 100 mW)
it is not possible to excite the photoinitor directly with three
890 nm photons. Second, as discussed above, the MEMAP
process creates a polymer shell that extends over the entire
nanoparticle or aggregate, and does not show any elongation

Figure 7. (a) 3D and (b) contour plots of MAIL from gold nanoparticles deposited on a glass substrate, immersed in prepolymer resin, and excited
with 890 nm light. The intensity scale is the same for both images. (c) A scanning electron micrograph of the same region of the sample.

Figure 8. An overlay of the MAIL and SEM images from Figure 7
(top) and close-up electron micrographs of selected particles and
aggregates with a polymer shell (middle) and without a polymer shell
(bottom). The magnifications of the close-ups vary.
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along the direction of the laser polarization. A field-enhancement
hot spot may drive emission anywhere within an aggregate, but
is likely to have a considerably more localized effect on
polymerization. MAIL emission is expected to be relatively
isotropic, and so would lead to uniform polymer shells around
luminescent regions of nanostructures. The bandwidth of our
laser pulses is small enough (∼10 nm) that we can also rule
out two-photon excitation of the photoinitiator from photons at
the blue tail of the laser spectrum when the center wavelength
of the pulses is 890 nm.

As the results of our MEMAP experiments are similar for
excitation wavelengths ranging from 725 to 890 nm, it appears
likely that the mechanism is the same over this entire tuning
range. It remains possible that enhanced two-photon absorption
and excitation via MAIL emission both play a role in MEMAP
at the shorter wavelengths, but as the qualitative features of
MEMAP are independent of wavelength over the range studied,
we believe that the latter mechanism dominates in all of our
experiments.

It is natural to ask whether the mechanism that is responsible
for MEMAP in our system was also operative in previous reports
of this effect.34,39-41 It is not possible to give a definitive answer
for this question at present, as different nanostructures, photo-
initiators, and polymer systems were used in the previous
studies. MAIL emission was observed in gold nanobowties, and
was strongest in the region in which MEMAP occurred.34

However, MAIL in the bowtie system arose from two-photon
absorption, and so the essential physics may be different from
that of our nanoparticles and aggregates. It will be interesting
to employ wavelength-dependent studies to investigate the
mechanism for MEMAP in these other systems.

Finally, we should also consider whether MAIL plays a role
in other field-enhanced effects of noble-metal nanostructures.
For instance, SERS is known to be most efficient in dimers or
other aggregates of nanoparticles.11,23 However, calculations of
the field enhancements available from such aggregates cannot
account for the highest observed enhancements of Raman
scattering. In a full quantum treatment of spontaneous Raman
scattering, a vacuum field at the scattered frequency is in-
volved.48 Any process that increases the field at the scattered
frequency above the vacuum level will act to increase the
efficiency of the SERS process, and so it is possible that MAIL
plays a role in this technique under some circumstances.

The studies reported here were performed with ultrafast lasers,
and SERS is generally performed with CW lasers. MAIL with
CW lasers would be expected to be a weak effect, but we should
note that MEMAP has been reported with an incoherent light
source.40 Even a weak MAIL effect may have the potential to
increase the efficiency of SERS measurably.

V. Conclusions

In this paper we have explored the connection between two
field-enhanced phenomena of noble-metal nanostructures, MAIL
and MEMAP. Aggregation of nanoparticles increases the
efficiency of both of these phenomena. We have found a strong
correlation between particles and aggregates that exhibit MAIL
and MEMAP. On the basis of wavelength-dependent studies,
we believe that the predominant mechanism for MEMAP in
the systems studied here is MAIL-mediated excitation of the
photoinitiator rather than field-enhanced two-photon absorption.
This mechanism may be relevant for other field-enhanced
phenomena of noble metal nanoparticles as well.
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