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I
n recent years, there has been increas-
ing interest in the unique physical and
chemical properties of metal nanostruc-

tures because of their fundamental and

technological applications. For example,

metal nanoparticles (NPs) are attractive for

their surface plasmon resonance (SPR)

properties. The strong interactions of metal-

lic NPs with incident light (i.e., with the os-

cillating electric field) originate from the ex-

citation of collective oscillations of

conduction electrons within these par-

ticles.1 The SPR frequencies of metal NPs

can be tuned through variations in their

size,2 shape,3 structure,4,5 aggregate mor-

phology,6 and surface chemistry7 and of the

refractive index of the surrounding

medium.8

Moreover, hollow gold NPs (HGNs) are

attractive materials because of their unique

structural and optical properties, including

high surface areas, low densities, and tun-

able SPR features. In particular, HGNs ex-

hibit a red shift of their SPR signals relative

to those of solid Au colloids. The SPR wave-

length depends on the ratio of the shell

thickness to its diameter.9 In addition, the

SPR wavelengths of HGNs are readily tuned

into the near-infrared (NIR) region, typically

from 650 to 1000 nm.10,11 This new class of

metal nanostructures has a number of uses,

including applications in surface-enhanced

Raman scattering (SERS),12 optical imag-

ing,13 and chemical sensors.14

Generally, physiological media (blood,

water, tissue) are relatively transparent in

the NIR region, allowing tissue penetration

depths of up to 10 cm.15 Because HGNs

have strong SPR absorbance across the NIR

window, femtosecond or nanosecond

pulsed-laser irradiation can heat these
HGNs sufficiently to melt and ablate the
HGNs into smaller NPs, which makes them
suitable for biomedical applications (e.g.,
photothermal destruction of cancer or bac-
terial cells).16�18 Much experimental and
theoretical research has been performed re-
cently to examine the pulsed-laser irradia-
tion on HGNs.19�24 The photophysical pro-
cesses involved in this phenomenon
include the laser excitation of electrons
and their thermal heating due to
electron�electron thermalization, the lat-
tice heating resulting from electron�

phonon relaxation, particle melting, and
heat release to the surrounding
medium.20,22,23 The time scale for the heat
dissipation to the embedding environ-
ment is generally on the order of hun-
dreds of picoseconds.25 When the width
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ABSTRACT In this paper, we report a new optical data storage method: photomodification of hollow gold

nanoparticle (HGN) monolayers induced by one-shot deep-ultraviolet (DUV) KrF laser recording. As far as we are

aware, this study is the first to apply HGNs in optical data storage and also the first to use a recording light source

for the metal nanoparticles (NPs) that is not a surface plasmon resonance (SPR) wavelength. The short wavelength

of the recording DUV laser improved the optical resolution dramatically. We prepared HGNs exhibiting two

absorbance regions: an SPR peak in the near-infrared (NIR) region and an intrinsic material extinction in the DUV

region. A single pulse from a KrF laser heated the HGNs and transformed them from hollow structures to smaller

solid spheres. This change in morphology for the HGNs was accompanied by a significant blue shift of the SPR peak.

Employing this approach, we demonstrated its patterning ability with a resolving power of a half-micrometer

(using a phase mask) and developed a readout method (using a blue-ray laser microscope). Moreover, we prepared

large-area, uniform patterns of monolayer HGNs on various substrates (glass slides, silicon wafers, flexible plates).

If this spectral recording technique could be applied onto thin flexible tapes, the recorded data density would

increase significantly relative to that of current rigid discs (e.g., compact discs).

KEYWORDS: hollow gold nanoparticles · laser-induced photomodification · surface
plasmon resonance · optical data storage · KrF laser
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of the excitation pulse is shorter than this duration,
it is possible to preferentially heat the metal lattice
while maintaining the temperature of the surround-
ing medium. Conversely, NPs heated by continuous-
wave laser irradiation transfer the absorbed energy
into the surrounding medium without observable in-
creases in NP temperature.26,27 To our best knowl-
edge, however, no studies of the pulsed-laser irradia-
tion of metal NPs have been performed using
wavelengths in non-SPR absorbance regions, espe-
cially the deep-ultraviolet (DUV) region (� � 300
nm).

SPR techniques are now used routinely in a wide va-
riety of optical data storage systems.28�34 Aussenegg
et al. used the shape dependence of the SPR shift of
metal NPs for optical data storage through spectral cod-
ing.28 Tsai et al. used the localized electric field enhance-
ment by Ag NPs to develop near-field optical disks.29,30

Kawata et al. and Gu et al. both combined femtosecond
lasers with metal NPs as spectral coding techniques. Ka-
wata et al. hybridized organic dyes and Au3� ions in
polymethylmethacrylate as a recording material; be-
cause the emitted fluorescence intensity of the dye
could be enhanced by the Au NPs, they used femtosec-
ond laser-irradiation-induced reduction of Au3� ions to
Au NPs as a writing and reading system.31 Gu et al. dem-
onstrated multicolor spectral encoding using three
sizes of Au nanorods doped in a SiO2 sol�gel
matrix.32�34 Femtosecond laser irradiation causes metal
nanorods to undergo shape transformations via melt-
ing or fragmentation processes, resulting in significant
shifts in the SPR peak; because Gu et al. used three sizes
of Au nanorods exhibiting different SPR peaks (700,
840, and 980 nm), the data density could increase to
up to 32 times that of the current limit.32�34 No previ-
ous studies have been performed, however, on the ap-
plication of the HGNs to optical data storage. Further-
more, the resolution of an optical imaging system is
generally given by the well-known Rayleigh
criterion:35,36

CD ) 0.6 × λ/NA

where CD is the critical dimension or the smallest re-
solvable linear dimension, � is the optical wavelength,
and NA is the numerical aperture of the optical system.
Obviously, a decrease in the laser wavelength causes
the resolution to decrease, resulting in a significant en-
hancement in data density. The central wavelengths of
the common femtosecond pulsed lasers used in previ-
ous studies32�34 have, however, been generally located
in the NIR region (� � 700�1000 nm); that is, they are
longer than the recording wavelengths used in contem-
porary optical storage systems, such as compact discs
(CDs; � � 780 nm), digital video discs (DVDs; � � 650
nm), and Blu-ray DVDs (� � 405 nm). Therefore, a con-
ventional femtosecond laser having a wavelength in

the NIR region would not be the best choice for high-
density optical data storage. In this study, we used a KrF
laser having a wavelength located in the DUV region
(� � 248 nm) as a recording system to significantly im-
prove the optical resolution. The International Technol-
ogy Roadmap for Semiconductors (ITRS) suggested
that KrF laser-based optical lithography might yield op-
tical resolution down to 130 nm on the photoresist.35

Polymers are expected to play important roles in op-
tical communications, optical data processing, photo-
voltaics, panel displays, and thermo-optic switching
devices.35�44 They possess several advantageous fea-
tures, including the potential for cheap processing on
large areas, high transparency, mechanical flexibility,
and are lightweight. Polymer substrates having good
luminous transmittance (ca. 90%) and high mechanical
strength might be profitably used as rigid supporting
materials for convectional CDs, DVDs, and Blu-ray DVDs.
On the other hand, however, thin substrates possess-
ing good flexibility44 can be applied to so-called Roll-to-
Roll (R2R) processing for rapid and massive-scale
production.43

In this paper, we describe the one-shot KrF pulsed-
laser-induced photomodification of self-assembled
monolayer HGNs immobilized on both rigid and flex-
ible substrates as a means for optical data storage
through spectral recoding. We prepared hollow metal
NPs through galvanic replacement reactions between
Ag NPs and HAuCl4. We employed a variety of methods,
including UV�vis�NIR spectroscopy, scanning elec-
tron microscopy (SEM), and transmission electron mi-
croscopy (TEM), to investigate the changes in the opti-
cal properties and morphologies of the HGNs induced
by irradiation of the KrF pulsed laser. Herein, we discuss
the effects of these HGNs after one shot of pulsed-
laser irradiation and the working temperature range of
the data storage system. We also fabricated a periodic
grating pattern through a phase mask to demonstrate
the ability to pattern on the half-micrometer scale. Fi-
nally, we discuss the formation of large-area, uniform
patterns on various conventional substrates (glass
slides, Si wafers, flexible plates).

RESULTS AND DISCUSSION
Figure 1 illustrates the concept of spectral record-

ing using a KrF pulsed laser. First, we prepared HGNs
through the reaction of aqueous HAuCl4 solutions with
Ag NPs as templates.10,14 Changing the Ag NPs-to-
HAuCl4 ratio allowed us to control the SPR wavelength.
Then, we allowed the HGNs to self-assemble through
chemical adsorption onto rigid substrates (e.g., glass,
quartz, Si) that we had modified to present NH2 groups.
The number density was ca. 150 particles �m�2; the sur-
face coverage was ca. 21%. To prepare HGNs on flex-
ible substrates (e.g., polycarbonate (PC) or polyethylene
(PE)), we used previously published45 reversal imprint-
ing technology to transfer HGNs from glass slides onto
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the flexible plates at temperatures below the
glass transition temperatures (Tg) of the flexible
materials. A single pulse of KrF laser irradiation
was sufficient to heat the monolayer HGNs in
the exposure region. The absorbed laser energy
then led to the collapse of these HGNs into
smaller solid metal NPs, with an accompanying
blue shift in the SPR absorbance. It is notewor-
thy that we used a KrF laser in this study, rather
than the femtosecond lasers that are typically
used to reshape Au nanostructures.16�24,32�34

The working wavelength can effectively be re-
duced from the NIR (� � 700�1000 nm) to the
DUV (� � 248 nm) region. According to the Ray-
leigh criterion,35,36 the smallest resolvable line
dimension is directly proportional to the wave-
length; therefore, using a KrF laser as the record-
ing light source, rather than a femtosecond la-
ser, could increase the data density
approximately 8-fold.

Figure 2a displays the TEM morphology of
one HGN having a diameter of ca. 42 nm. The
morphology could be easily controlled by
changing the size of Ag NPs and the volume of
HAuCl4.14 To investigate the optical behavior of the
HGNs at a wavelength of 248 nm, we used a DUV-
transparent quartz plate as a substrate. Figure 2b pre-
sents the transmission spectra of a quartz slide before
and after deposition of the HGNs. In contrast to the
blank quartz plate (solid line in Figure 2b), the quartz
plate presenting the HGNs exhibited two apparent ab-
sorbance regions (dashed line in Figure 2b). We at-
tribute the transmission dip located at ca. 590 nm to
the SPR of the HGNs, in agreement with our results in
a previous study.14 The SPR dip was broadened because
of the slight polydispersity. It is interesting that these
HGNs exhibit another weaker absorbance region at
wavelengths of less than 300 nm, in addition to the
typical SPR absorbance. Because the blank quartz plate
provided high transmission in the DUV region (T% �

90%), this absorbance must have resulted from the
HGNs, possibly because of the intrinsic material extinc-
tion of the metalOfor example, bulk Au and Ag both
have high extinction coefficients at 248 nm (1.22 and
1.39, respectively).46 Moreover, although little is known
of the optical properties of metal NPs in the DUV region,
Silva et al. noted the KrF nanostructuring phenomenon
in thin metal films.47 They investigated the physical
mechanisms behind the KrF laser melting for a variety
of metal films. It is evident that metals such as Au and
Ag can effectively absorb energy from DUV lasers, re-
sulting in melting upon KrF laser irradiation.

Figure 3a displays the absorbance spectra of the
HGNs irradiated by one shot from a KrF laser at differ-
ent fluences. Prior to irradiation, these samples dis-
played an SPR peak located at ca. 620 nm. This SPR
peak decreased in intensity, and the absorption signals

at shorter wavelengths (ca. 450 nm) underwent signifi-

cant increases in intensity, upon increasing the fluence

of the KrF laser irradiation from 9 to 22 mJ cm�2. The

SPR peak of the HGNs disappeared after single-pulsed

irradiation at the fluence of 38 mJ cm�2 (yellow line in

Figure 3a), indicating the almost immediate collapse of

the HGNs. The SPR peak shifted to a wavelength of ca.

450 nm, indicating that smaller solid particles were

formed after irradiation with the KrF laser. It is interest-

ing that this blue-shifted SPR peak was not located be-

tween 500 and 550 nm, the typical range for small solid

Au NPs. Note that we synthesized the HGNs through

the reactions of aqueous HAuCl4 solutions with Ag NPs.

Generally, most HGNs are composed of reduced Au

and residual Ag. For instance, the molar ratio of the

HGN in Figure 2a was 60/40 (Ag/Au), as measured us-

ing energy-dispersive spectroscopy (EDS). After irradia-

tion, the HGNs melted and transformed into smaller

solid Au/Ag alloy NPs. A previous study found that the

SPR peaks of Au/Ag alloy NPs of the various molar ratios

were located between 420 and 520 nm.48 Therefore,

the fact that the SPR peak of our solid alloy NPs was lo-

cated at ca. 450 nm is consistent with this range. Fur-

thermore, the blue shift of the wavelength, compared

with that of solid Au NPs, is more suitable for use as a

readout wavelength because of the higher resolving

power. In addition, although the initial SPR absorption

band of the HGNs was broad (it was a summation of the

different resonances of HGNs that were polydisperse

in both shape and size), after irradiation it disappeared

completely, indicating that all of the polydisperse HGNs

effectively absorb the KrF laser energy in the single-

pulsed duration.

Figure 1. Schematic representation of recording mechanism through single-pulse
KrF laser-induced melting of monolayer HGN-coated flexible tapes.
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Our single-pulsed photomodification threshold (38
mJ cm�2) was close to the values that can be extracted
from the data reported for various Au nanostructures
subjected to femtosecond pulses at SPR wavelengths:
10�40 mJ cm�2 (nanoshells with silica core),22,23 10 mJ
cm�2 (nanocages),21 7�16 mJ cm�2 (nanorods),32,33 and
10�20 mJ cm�2 (HGNs).19 In our case, the threshold
(38 mJ cm�2) was only slightly higher than most of
these values for two possible reasons: (i) the weaker ab-
sorbance at the wavelength of 248 nm is about half of
the absorbance at the SPR peak for HGNs; (ii) the single
pulse that we applied is much less than the number of
pulses used in studies above (e.g., 7.5 � 106 for
nanoshells with silica cores,22 2.05 � 106 for nano-
rods,32 and 9 � 105 for HGNs).19 Note, however, that
complete photomodification of HGNs induced by only
one shot would be an outstanding advantage for in-
creased recording speed.

To experimentally determine the actual melting
temperature of these HGNs, we treated glass plates
coated with HGNs at temperatures ranging from 150
to 250 °C, each for a duration of 20 min. Figure 3b dis-

plays a set of HGN extinction spectra that indicate the
changes in absorbance following these heating treat-
ments. When we increased the temperature from room
temperature to 150 °C, we observed no apparent
change (red line in Figure 3b). Note that the HGNs ex-
hibited thermal stability at 150 °C, indicating that they
should have maintained their original optical properties
after being transferred to the flexible substrates. The
SPR peaks (ca. 620 nm) decreased in intensity, and the
absorption signals at shorter wavelengths (ca. 450 nm)
underwent significant increases after we increased the
temperature from 150 to 200 °C. The SPR peak for the
HGNs disappeared after heat treatment at 250 °C (cyan
line in Figure 3b), indicating that almost all of the HGNs
had collapsed. This spectral phenomenon is analogous
to that of the HGNs after laser irradiation (Figure 3a),
also due to the melting of HGNs. Stated another way,
we determined experimentally that these HGNs began
to melt at 180 °C and had completely collapsed at 250
°C. This temperature is significantly below the bulk
metal melting temperature of either Ag (962 °C) or Au
(1064 °C). We attribute this phenomenon to the surface

Figure 2. (a) TEM image of an HGN. (b) Transmission spectra of a quartz plate before (solid line) and after (dash line)
immersion in the HGN solution.

Figure 3. (a) Absorbance spectra of monolayer HGNs coated on glass slides irradiated with one shot of a KrF laser at differ-
ent fluences. (b) Absorbance spectra of monolayer HGNs coated on glass slides after thermal treatment at the various tem-
peratures for 20 min.
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melting of metal nanostructures.49,63 In such nanostruc-
tures, melting is initiated at external surfaces or along
internal defects, such as grain boundaries and disloca-
tions, and it is directly affected by changes in the sur-
face free energy of the metal.50,51 In our case, the HGNs
had an inherently high surface-to-volume ratio because
of their hollow sphere geometry; therefore, an in-
creased percentage of surface atoms would be af-
fected by surface-initiated melting. Also, the metallic
shells were rough and contained pinholes (Figure 2a),
resulting in an increased surface area and a high num-
ber of surface defects. These characteristics are all fac-
tors accentuating the melting point depression. There-
fore, the real melting point of the HGNs (�250 °C) might
be much lower than their actual temperature after la-
ser irradiation, resulting in the destruction of hol-
low structures.

To further confirm the photomodification of
the HGNs, Figure 4 displays top-view SEM and
cross-section TEM images of monolayer HGNs de-
posited on Si wafers before and after one-shot
KrF laser irradiation. In Figure 4a, the HGNs on the
left of the dashed line had not been irradiated,
whereas the particles on the right had. All par-
ticles were uniformly distributed over the whole
surface area without obvious aggregation, consis-
tent with our observations from the absorbance

spectra in Figure 3. In the SEM images recorded at
higher magnification (Figure 4b,c), it was evident

that laser irradiation resulted in a reduction in the

particle dimensions and an increase in the par-

ticle number density. In addition, the cross-

section TEM images (insets to Figure 4b,c) re-

vealed a distinct change in morphology from hol-

low spheres to smaller solid spheres after one-

shot laser irradiation. It is interesting that the

shapes of the HGNs were originally slightly polydis-
perse, but then transformed into rounder spheres hav-
ing lower free energy.49 On the basis of these results, in-
cluding the absorbance spectra and morphologies of
the HGNs after laser irradiation, it appears that the
single-pulse KrF laser irradiation efficiently heated the
HGNs and caused them to melt to form smaller solid
NPs, accompanied by an obvious blue shift of the SPR
peak, even though the wavelength of the KrF laser (248
nm) did not overlap with the typical SPR absorbance re-
gion for HGNs.

Next, we demonstrated that this optical data stor-
age medium has the ability to be patterned with submi-
crometer resolution via KrF laser irradiation through a
phase mask. In previous studies, KrF laser exposure
through a phase mask has been demonstrated as a con-
venient and effective means of writing submicrometer
gratings for optoelectronic device applications, includ-
ing fiber Bragg gratings (FBG).52�57 Figure 5a presents a
schematic representation of KrF laser irradiation at nor-
mal incidence to the phase mask, with diffracted light
split into the order of m � 0, 	1, 	2. The ideal phase
mask for grating fabrication would have zero order,
with all diffraction orders other than 	1 being fully sup-
pressed, so that two beams of order 	1 interfere at
the HGN monolayer having a period of the grating 
 re-
lated to the diffraction angle � by

Λ ) λ
2 sin θ

) d
2

where d is the period of the phase mask, 
 is the pe-
riod of the interference fringes, and � is the KrF laser
wavelength. Because the interference occurs at the
near-field region, a phase mask can overcome the tem-
poral coherence issue of a KrF laser. A number of re-

Figure 5. (a) Schematic representation of an HGN monolayer patterned via ir-
radiation with KrF laser through a phase mask. (b) Transmission image (� � 458
nm) of an HGN monolayer coated on a glass slide after irradiation with a single
pulse from a KrF laser through a phase mask. The period of the phase mask
was 1064 nm.

Figure 4. (a) SEM image of monolayer HGNs coated on Si
wafers (left) before and (right) after irradiation with a KrF la-
ser; (b,c) higher-magnification SEM images in (a). Inset:
Cross-sectional TEM images corresponding to (b) and (c).
Scale bar � 40 nm.
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ports describe how the same phase mask could pro-

duce d/2-spaced type I “photo-refractive” gratings and

d-spaced type II “damage” gratings in fibers under vari-

ous subsequent exposure conditions.54�57 For low-

fluence, multiple-pulse KrF laser irradiation, the grat-

ings grow through a photosensitive effect (type I

gratings); at high fluences, however, they can be pro-

duced by a single pulse, through what is believed to be

a damage mechanism at the core-cladding interface

(type II gratings).

Using a transmission laser microscope, we could di-

rectly verify the existence of the periodic grating pat-

tern by observing the images of HGNs coated on glass

slides irradiated by a KrF laser through a phase mask.

The absorbance spectra in Figure 3a reveal that the SPR

peak for the HGNs underwent a blue shift from ca. 620

to ca. 450 nm after one-shot KrF laser irradiation. They

indicate that the non-irradiated HGNs were transparent,

whereas the smaller solid NPs were opaque, when the

incident laser light had a wavelength of 458 nm. As ex-

pected, the image (Figure 5b) appears in the form of a

fringe pattern having the 1064 nm period of the phase

mask and a line width of ca. 500 nm; the bright blue re-

gion represents the original HGNs, and the dark region

indicates the photoinduced smaller solid NPs formed

through the single pulse of the KrF laser. The high con-

trast in the fringe pattern reveals that a large photoin-

duced spectral change occurred to the HGNs. There are

two possible reasons why we did not observe a grat-

ing having a period of d/2: (i) our system was a type of

damage grating (type II) because the KrF laser irradia-

tion directly resulted in the complete collapse of all of

the HGNs; (ii) spatial resolution limitations of the opti-

cal microscope made it difficult to observe the exist-

ence of a grating having the period of d/2. Most impor-

tantly, we could quickly read out the recorded data

(the signal of the solid NPs) on the half-micrometer

scale by using a transmission laser microscope.32�34

Figure 6 presents photographic images of large-area

patterned HGNs self-assembled on glass slides, Si wa-

fers, and flexible plates. All of these substrates present-

ing HGNs were cut into ca. 1.5 cm � 1.5 cm pieces and

irradiated directly with a single pulse from a KrF laser
through an Al shadow mask. Clear letters and symbols
were patterned uniformly on all samples. Interestingly,
the threshold fluences for the various substrates were
surprisingly close, presumably because these HGNs
were located on the surfaces and absorbed the laser en-
ergy prior to the heat arriving on the substrates. More-
over, although the substrates also absorbed the re-
sidual light and heat, we observed no distinct
destruction, indicating no obvious temperature in-
crease. In addition, because the submicrometer scale
patterning technology could be applied to HGNs on
various kinds of substrates (Figure 6), it has the poten-
tial to be combined with a series of SPR applications,
such as bio/chemical sensors, surface-enhanced Raman
spectroscopy, metal-enhanced fluorescence, and pho-
tovoltaic cells.58�61

Figure 6d,e displays the HGN-coated surfaces of flex-
ible PC and PE substrates, respectively, indicating that
we could fabricate flexible optical data storage systems
with dramatically enhanced data intensity relative to
those of current rigid discs. For example, we could use
the R2R process to fabricate an “NP tape” having the
same appearance and volume as a conventional DVD
by using a thin flexible belt having a thickness of 4 �m42

and a width of 1200 �m (the typical thickness of a
DVD). This system would greatly raise the active record-
ing area by up to 300 times that of a DVD because the
DVD only records data on one middle layer. Further-
more, recording onto the HGN-doped NP tape through
a KrF laser (248 nm) would increase the data density to
ca. 3000 times that of a CD (780 nm) or ca. 800 times
that of a Blu-ray DVD (405 nm). Besides, our method is
especially worthy and suitable for long-term, large-data
storage requirement because our HGNs might have a
better stability under atmosphere than organic dyes
used in a CD or DVD.64 Future studies will be aimed at
improving both the recording and readout systems.
First, it might be possible to replace the KrF laser (248
nm) with an ArF laser (193 nm) to improve the record-
ing solving power. Moreover, the resolution might
move down to single-nanoparticle scale (�100 nm) if
our method could be improved by using the so-called
“resolution enhancement techniques (RETs)” generally
used in semiconductor industry.65,66 Second, because
the readout resolution was limited to ca. 450 nm by the
SPR wavelength of the solid Ag/Au alloy NPs, it might
be improved by replacing the hollow Au spheres with
hollow Pt spheres5 because solid Pt NPs having diam-
eters of 10�30 nm feature an SPR signal in the DUV
region.62

CONCLUSIONS
We performed a detailed investigation into the one-

shot KrF pulsed-laser-induced photomodification of
self-assembled monolayer HGNs immobilized on rigid
and flexible substrates and then used the photomodifi-

Figure 6. Photographic images of monolayer HGNs coated
on a (a) glass slide, (b) Si wafer, and (c,d) PC plate; (e) PE tape
recorded using irradiation from a single pulse of a KrF laser
through an Al shadow mask.
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cation phenomenon of HGNs to demonstrate its poten-
tial applicability to optical data storage through spec-
tral recoding. We prepared the HGNs through galvanic
replacement reactions between Ag NPs and HAuCl4.
These HGNs absorb in two distinct regions: a typical SPR
peak in the vis�NIR region and a metal intrinsic absorp-
tion in the DUV region. The HGNs absorbed the en-
ergy from a single pulse of KrF laser irradiation with a
threshold fluence of 38 mJ cm�2, causing the effective
heating and collapse of the HGNs. The absorbed energy
resulted in the temperature rising to above the experi-
mentally determined melting point of the HGNs; it then
transformed the geometry of the HGNs from hollow
spheres to smaller solid spheres. The collapse of the

HGNs was accompanied by an obvious blue shift of
the SPR peak from 620 to 450 nm. Therefore, the KrF
laser-induced absorbance change could be used as a
readout when using a blue-ray transmission laser micro-
scope. We also recorded a periodic grating pattern
onto the HGNs through a phase mask to demon-
strate the half-micrometer storage ability. Finally, we
recorded HGN patterns uniformly on various large-
area substrates, namely, glass slides, Si wafers, and
flexible plates. We suspect that, if the proposed
method were to be applied to recording on an HGN-
coated tape, the data density would increase
greatlyOpossibly to over 103 times that available
on convectional rigid discs.

METHODS
Materials. All chemicals were used as received, without any

further purification. Sodium citrate (99%), silver nitrate (AgNO3,
99%), hydrogen tetrachloroaurate (HAuCl4, 99.999%), polyvi-
nylpyrrolidone (PVP, Mw � ca. 30k), 3-aminopropyltrimeth-
oxysilane (APTMS), methanol (MeOH, 99.5%), ethanol (EtOH,
99.8%), and ethylene glycol (EG, 99.8%) were obtained from
ACROS. Si wafers and quartz plates were obtained from Summit-
Tech Co. PC plates having a thickness of 380 �m and PE tapes
having a thickness of 40 �m were obtained from PERM TOP Co.,
Ltd.

Colloid Preparation. HGNs were prepared through the reaction
of HAuCl4 with Ag NPs, according to a method published previ-
ously.14 Briefly, AgNO3 (0.04 g) and PVP (1 g) were dissolved in EG
(20 mL). This mixture was heated at 160 °C for 2 h under vigor-
ous magnetic stirring and then cooled to room temperature. The
resulting Ag colloid prepared using the polyol method formed
stable dispersions in water without the need to add additional
stabilizers. The solution of the Ag NPs (1 mL) was diluted in
deionized water (25 mL) and then heated under reflux for 10
min before 2 mM the aqueous HAuCl4 (1.5 mL) was added drop-
wise. After 20 min of stirring, the particles were cooled to room
temperature, purified through gradient centrifugation, washed
twice with 0.3 mM aqueous sodium citrate, redispersed in 0.3
mM sodium citrate (5 mL), and finally stored at 4 °C.

HGN Monolayer Preparation. Clean, polished solid substrates
(quartz, glass, Si) were immersed for 45 min in a boiling solu-
tion of 2% (v/v) of APTMS in anhydrous EtOH. The substrates
were then rinsed thoroughly with MeOH to remove any un-
bound monomer from the surface. At this point, the silanized
substrates were stored in MeOH until required. Prior to derivati-
zation with colloidal NPs, the substrates were rinsed with ultra-
pure water (UPW) and immersed in vials of NPs for 2 h (glass,
quartz) or 6 h (Si). The NP-deposited substrates were then spun
at 3000 rpm to remove any excess NPs. After performing a final
UPW rinse, the samples were dried and stored under ambient
conditions until required for further use. Using reversal imprint-
ing technology45 and an imprinter, the monolayer HGNs were
transferred from the glass slides onto flexible plates under a pres-
sure of 6 MPa at a temperature of 150 °C (PC) or 100 °C (PE) for
5 min. After cooling to room temperature, the samples were
stored under ambient conditions until required for further use.

Laser Irradiation and Heat Treatment. For recording, the sample
was irradiated with a KrF excimer pulsed laser (Lamda Physik,
Compex 150T, 248 nm) emitting a 20 ns pulse. Typically, our
single-pulsed threshold fluence to melt the HGNs completely
ranged from 35 to 40 mJ cm�2. The slight fluctuation in thresh-
old was attributed to the HGNs being polydisperse in both shape
and size for our samples. Submicrometer patterning was per-
formed using a fused silica phase mask (StockerYale) featuring
a one-dimensional surface relief pattern (square grating, 10 � 20
mm, 1.06 �m period). The phase mask was directly in contact
with HGN-modified samples, and the single-pulsed (20 ns)

threshold fluence of 40 mJ cm�2 was used. For heat treatment,
the samples were placed in an oven for 20 min, preheated at vari-
ous temperatures from 150 to 250 °C, and then they were cooled
to room temperature.

Characterization. Readout of the recorded periodic grating
was performed using a transmission laser microscope (Leica TCS-
SP2, 458 nm); samples were observed through a 100�, 1.40 NA
oil immersion objective. The absorption spectra were measured
using a Hitachi U4100 optical spectrometer. Cross-sectional
views and EDS analyses of the NPs were performed using a Phil-
ips Tecnai F20 G2 field emission transmission electron micro-
scope (FEI-TEM). The NP-deposited substrates were observed us-
ing a JEOL JSM-6500F scanning electron microscope.
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