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N
anopatterned surfaces are of cen-

tral importance to a variety of areas

and applications,1 such as computer

chip architectures,2,3 tissue interfacing,4,5

biosensors,6 light management and plasm-

onics,7 among others. Typically, the various

approaches to nanopatterning are broken

into two major classes: top-down methods

such as photolithography, e-beam lithog-

raphy, and scanning force microscopy

variants,8�11 and bottom-up synthetic tech-

niques, including self-assembly.12�14 Since

lithography is the single most expensive

step in computer chip manufacturing, the

use of self-assembled block copolymers

(BCPs) templates on surfaces is being ser-

iously considered by the semiconductor

industry to pattern sub-20 nm features on

a semiconductor surface; the Industry Tech-

nology Roadmap for Semiconductors (ITRS)

terms this development “directed self-

assembly”, or DSA.15 Thanks to the enor-

mous amount of work devoted to BCP-

based lithography over the past two de-

cades,16�19 there is a plethora of patterns

and morphologies that can be obtained,

ranging from self-assembled BCP-derived

nanostructures such as hexagonally packed

dots,20,21 lamellae,22,23 and cylinders24�27 to

the highly complex and long-range ordered

bends,13 triangles,28 and junctions29,30 pro-

duced via directed self-assembly.

BCP-based films are compatible with ex-

isting silicon-based lithography31,32 due to

the central role played by organic photo-

resists that are handled in much the same

manner. As is the case with photoresists,

the nanostructured BCP films must typically

still be translated or converted into a func-

tional material or used directly as a remo-

vable etch stop.33 For instance, metal

nanopatterns can be converted by load-

ing polystyrene-block-polyvinylpyridine films

with metal ions and then treated with plas-

ma to remove the BCP and simultaneously

reduce the metal ions to metal nano-

structures.34,35 Complex nanopatterned sili-

ca structures can be obtained directly via

plasma treatment of annealed polystyrene-

block-polydimethylsiloxane (PS-b-PDMS)

BCP films.36 BCP films can also act as a

nanostructured etch stop to yield three-

dimensional nanostructures in the underlying

silicon,37,38 GaAs,39 and other substrates.40
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ABSTRACT Nanoscale lithography on silicon is of interest for

applications ranging from computer chip design to tissue interfacing.

Block copolymer-based self-assembly, also called directed self-

assembly (DSA) within the semiconductor industry, can produce a

variety of complex nanopatterns on silicon, but these polymeric films

typically require transformation into functional materials. Here we

demonstrate how gold nanopatterns, produced via block copolymer

self-assembly, can be incorporated into an optically transparent

flexible PDMS stamp, termed a plasmonic stamp, and used to directly functionalize silicon surfaces on a sub-100 nm scale. We propose that the high

intensity electric fields that result from the localized surface plasmons of the gold nanoparticles in the plasmonic stamps upon illumination with low

intensity green light, lead to generation of electron�hole pairs in the silicon that drive spatially localized hydrosilylation. This approach demonstrates how

localized surface plasmons can be used to enable functionalization of technologically relevant surfaces with nanoscale control.

KEYWORDS: block copolymer . nanolithography . self-assembly . localized surface plasmon . hydrosilylation . nanopattern .

silicon . surface
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The nanopatterning of molecules on a surface using

BCPs to direct reactivity is much more challenging and

has been the subject of far less attention. BCPs have

been applied to enable molecular transfer printing by

Nealey and co-workers41 and have been used to direct

the reactivity of diazonium salts on carbon surfaces,42

but the area remains relatively unexplored.

In this work, we show how gold nanopatterns

formed via BCP self-assembly can be incorporated into

an optically transparent flexible stamp made up of

polydimethylsiloxane (PDMS) and then used to drive

molecular reactions on a silicon surface in a spatially

defined manner. The approach is based upon the

localized surface plasmon resonance (LSPR) of the gold

nanoparticles, driving a hydrosilylation reaction on

Si(111)�H surfaces, as shown in Figure 1. The genera-

tion of high intensity local electric fields by a LSPR

is well established (up to 103-fold enhancement)43,44

and has been applied to a variety of materials-based

applications such as surface-enhanced Raman scat-

tering (SERS), photocatalytic water splitting,45 and

photovoltaics.46,47 With respect to hydrosilylation, the

Sugimura group48 showed that gold nanoparticles

capped with alkene-terminated thiols showed higher

levels of incorporation on Si(111)�H when illuminated

with light that overlapped with the absorption max-

imum of the gold nanoparticles. The authors referred

to the gold nanoparticles as “photon collectors”,48

transferring the energy of the incident illumination to

the surface; while a tantalizing result, the mechanism

remains largely unexplored.

The chemical reaction that is the focus of this work,

hydrosilylation, involves the insertion of an unsaturated

bond, in this case an alkene, into a silicon�hydride

group on the surface, which results in attachment of

the alkyl to the silicon via a Si�C bond.49�53 This

reaction is of broad interest because of its utility

for covalent interfacing of a broad range of organic

molecules to silicon surfaces.52,54�56 The reaction path-

ways proposed for low energy light-induced hydro-

silylation reactions on the silicon surface typically

involve electron�hole pairs, since visible light is incap-

able of homolytic Si�H bond cleavage or electron

photoemission.57 We will provide mechanistic insights

that strongly point toward the role of the LSPR of a

proximal gold nanoparticle dramatically increasing the

efficiency of electron�hole pair generation at the

silicon surface, leading to efficient surface-localized

hydrosilylation. Through the use of spatially defined

gold nanoparticle patterns within the plasmonic

stamps employed, the organic functionalization can

be patterned with sub-100 nm resolution.

RESULTS AND DISCUSSION

The fabrication of optically transparent PDMS-

based plasmonic stamps was carried out in a manner

similar to the approach used to synthesize Pd�

and Pt�nanoparticle catalytic stamps, as previously

described.58�60 Briefly, hexagonal nanopatterns of

gold hemispheres on silicon were prepared by BCP

self-assembly. In the example shown in Figures 2a,b

and in Figure S1 (Supporting Information), the

BCP chosen was PS-b-P2VP, with a molecular weight

of 125 k-b-58.5 k, which upon self-assembly and

annealing yielded a hexagonal pattern of micelles

with a center-to-center spacing of 70 nm. The self-

assembled BCP template was loaded with KAuCl4
and converted into gold nanopatterns upon plasma

Figure 1. Scheme of hydrosilylation reaction on silicon surface. (a) Hydrosilylation of an alkene on Si(111)�H, resulting in
Si�C bond formation and covalent attachment of the molecule to the surface. (b) Schematic outline of plasmonic stamp-
assisted photohydrosilylation on a Si(111)�H surface. A continuous wave bandpass filter, where it shines upon the optically
transparent, PDMS-based plasmonic stamp with embedded gold nanoparticle patterns. Hydrosilylation occurs in a spatially
defined fashion on the Si(111)�H surface to produce a hydrosilylated surface pattern that mirrors that of the parent gold
nanoparticle pattern in the plasmonic stamp.
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treatment, which simultaneously reduced the Au(III)

salt to Au(0) and removed the BCP.20,21 The gold

nanopatterns on silicon were then coated with PDMS

precursors and allowed to cure. When the plasmonic

stampwas peeled off the silicon, the gold hemispheres

remained embeddedwithin the plasmonic stamp, with

the flat faces of the gold hemispheres exposed on one

side of the plasmonic stamp, as shown in Figures 2c,d.

In the example here, the plasmonic stamps were 1.0�

1.0 cm2, ∼4 mm thick, and show an absorbance peak

at 530 nm in the UV�vis spectrum, which is attributed

to the LSPR of the gold nanoparticles (Figure 2e).

The LSPR-assisted hydrosilylation was carried out by

applying the gold-nanopatterned plasmonic stamp on

a hydride-terminated silicon (111) surface, referred to

as Si(111)�H, prepared via 4min etch in 40%NH4F (aq).

Neat 1-dodecene (30 μL) was then dropped onto the

Si(111)�H surface in a nitrogen-filled glovebox and the

plasmonic stamp placed on top in direct contact; this

PDMS/1-dodecene/Si(111)�H sandwich was then

firmly clamped together, as shown in Figure 1b

(photograph in Figure S2, Supporting Information).

The surface of the silicon was then illuminated through

the plasmonic stamp with green light of mild intensity

(50 mW/cm2); filter: CW526 (center band wavelength:

526 nm); fwhm (full width-half max: 180 nm) for the

desired period of time (0 to 60 min); the silicon sample

was then released, rinsed with dichloromethane, dried

under an argon stream, and then analyzed by atomic

force microscopy (AFM). An AFM micrograph of a

freshly etched Si(111)�H surface shows the expected

Si(111) terrace planes (Figure 3a). The hexagonal pat-

tern of dodecyl spots on the Si(111) starts to emerge

after 30 min of illumination (Figure 3b) and becomes

more apparent after 60 min (Figure 3c). The center-

to-center spacing of the hexagonal spots can be

controlled by varying the molecular weight of the

BCPs; Parts d�f of Figure 3 show dodecyl patterns with

the expected heights for dodecyl chains (∼1.0 nm,

Figure S3, Supporting Information), with center-to-

center spacings of 70, 120, and 160 nm, prepared with

PS-b-P2VP BCPs of molecular weights of 125 k-b-58.5 k,

91 k-b-105 k, and 190 k-b-190 k, respectively. The

resulting patterns show good fidelity with respect to

the parent gold nanoparticle patterns. In order to verify

that these patterns are a result of localized hydrosilyla-

tion, further chemical functionalizationwas carried out,

Figure 2. Fabrication and characterization of plasmonic
stamps. (a) Conversion of a gold nanopattern on silicon,
prepared via block copolymer self-assembly, into a plasmo-
nic stamp. A gold nanopattern is produced using a self-
assembled block copolymer (BCP) template and then lifted
off the Si/SiOx surface embedded within the cured PDMS to
yield the plasmonic stamp. (b) Atomic force microscopy
(AFM) height map and section analysis of a gold nanopat-
tern on silicon surface, produced via self-assembly of the
BCP PS-b-P2VP (molecular weight of 125 k-b-58.5 k). The
scale bar is 100 nm. (c) AFMheightmap and section analysis
of the plasmonic stamp surface. The scale bar is 100 nm. (d)
Schematic image and optical photograph of a plasmonic
stamp (on a reflective surface). The scale bar is 2 mm.
(e) UV�vis spectrum of a PDMS plasmonic stamp showing
the absorption at 530 nm due to the embedded gold
nanoparticles.

Figure 3. AFM height maps of silicon surfaces with
1-dodecene and plasmonic stamps. (a�c) Effect of time on
illumination of a Si(111)�H surface with 1-dodecene,
through a plasmonic stamp, from 0 (a), 30 (b), and 60 min
(c). The parent BCP used for the gold nanoparticle pattern
embedded within the plasmonic stamp was PS-b-P2VP
(molecular weight of 125 k-b-58.5 k). (d�f) Control over
pattern spacing using plasmonic stamps prepared with
BCPs of 3 different molecular weights: center-to-center
spacings of PS-b-P2VP (125 k-b-58.5 k) and illumination
time of 60 min was 70 nm (d), PS-b-P2VP (91.5 k-b-105 k)
was 120 nm (e), and PS-b-P2VP (190 k-b-190 k) was 160 nm
(f). All scale bars correspond to 200 nm.
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with the goal of binding gold nanoparticle tags to the

spots in the hexagonal patterns for SEM imaging. A bis-

diene was used as the ink for stamp-mediated hydro-

silylation, since hydrosilylation of this molecule would

yield ω-alkenyl-terminated spots, with center-to-

center spacings of 70 nm (Figure 4). Thiol�ene click

chemistry on theω-alkene groups with a dithiol would

be expected to lead to spots with terminal thiol

groups;61,62 exposure of the functionalized silicon to

citrate-capped ∼10 nm-diameter gold nanoparticles

resulted in binding of the nanoparticles to the thiol-

capped spots, giving rise to a templated hexagonal

nanopattern, as shown in Figure 4.

A series of control experiments support the proposal

that the gold nanoparticles are essential to enable

light-induced hydrosilylation. Illumination of a blank

plasmonic stamp (missing gold nanoparticles), or

applying the gold-nanopatterned plasmonic stamp in

the dark, revealed no dodecyl patterns on the surface,

as summarized in Figure 5, Figure S4, and Table S1

(Supporting Information). To provide further evidence,

a fluorinated alkene, 1H,1H,2H-perfluoro-1-decene,

was tested for LSPR-mediated hydrosilylation, using

the same conditions as those described earlier

for 1-dodecene, which was characterized via X-ray

photoelectron spectroscopy (XPS) and contact angle

(goniometry) measurements. The AFM images and

corresponding XPS data for nanopatterned Si(111)�H

at 0, 30, and 60min of illumination are shown in Figure

6; as can be seen from the XPS data, the F(1s) signal

(687.3 eV) increases in intensity with increased

time, and the high-resolution spectra of the Au(4f)

and Si(2p) regions show the absence of features that

would correspond to residual gold (84 and 88 eV),63

PDMS (∼102 eV),64 and oxidized surface-bound silicon

(∼103 eV).64 The corresponding contact angle mea-

surements for these surfaces are shown in Figure 5 and

Table S1 (Supporting Information). The contact angle

of the Si(111)�H surface was found to measurably

increase only when the surface was subjected to the

combination of both a plasmonic stamp and illumi-

nation. The maximum observed contact angles for

patterned Si(111)�H surfaces were 98� and 105�

for hydrosilylation with 1-dodecene, and 1H,1H,2H-

perfluoro-1-decene, respectively.

As determined by UV�vis spectroscopy, the absor-

bance maximum of the LSPR stamp was observed at

530 nm (Figure 2e). To determine if the plasmon

resonance was fundamental to the observed hydro-

silylation, samples were illuminated with light having

no spectral overlap with the plasmon resonance of the

gold nanoparticles. To this end, the same light source

was used, but with a band-pass filter (CW 440 nm)

centered around 440 nm fwhm of 90 nm, which allows

passage of higher energy light, but cuts off just below

the absorbance of the plasmon. This experiment re-

sulted in no obvious pattern transfer viahydrosilylation

on the Si(111)�H surface, as demonstrated by contact

angle measurements (Figure 5 and Table S1, Support-

ing Information) and AFM characterization (Figure S5,

Supporting Information).

From the above results, it appears that the local

hydrosilylation reaction is driven by the plasmon re-

sonance of the Au nanoparticles. As such, energy is

being transferred from the Au nanoparticles/plasmons

to the 1-dodoecene/Si(111)�H interface. Upon excita-

tion, the plasmon can decay radiatively through reso-

nant photon scattering or nonradiatively via the

generation of an electron�hole pair (EHP), typically

referred to as hot carriers.43,65 These hot carriers can be

directly injected into the surrounding medium, or they

can recombine, which results in local heating of the

nanoparticle. Lastly, EHPs can be directly generated in

the Si as a result of the high intensity electromagnetic

Figure 4. Pattern modification/visualization using 10 nm
gold nanoparticles. (a�c) Schematic outline of pattern
visualization via multiple surface modification reactions.
The BCP used for generating the gold nanoparticle pattern
within the plasmonic stamp was PS-b-P2VP (molecular
weight is 125 k-b-58.5 k). Hydrosilylationwith 1,7-octadiene
resulted in alkene-terminated patterns; a UV-mediated
thiol�ene addition of 1,6-hexanedithiol resulted in thiol-
terminated patches. Exposure of this patterned surface to
gold nanoparticles resulted in binding only to the thiol-
terminated areas on the silicon surface. (d) Scanning elec-
tron microscopy (SEM) micrograph of the patterned silicon
surface before exposure to gold nanoparticles. (e) SEM
micrograph of patterned silicon surface after exposure to
∼10 nm Au nanoparticles. (SEM scale bar: 100 nm).
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field of the LSPR, which is localized to the neighbor-

hood of the gold nanoparticle. Given that all four of

these mechanisms (resonant photon scattering, nano-

particle plasmonic heating, hot carrier injection and

near-field electromagnetic EHP generation) could be

driving the local hydrosilylation reaction, their relative

contributions are discussed below.

Efficiency enhancement due to the resonant photon

scattering or forward light scattering of metal

nanoparticles has been suggested in the field of light

scattering-enhanced solar cells.47,66Whenmetal nano-

particles are located on a solar cell surface, the sec-

ondary radiation of incident electromagnetic energy

scattered into the active layers of solar cells, referred to

as the forward light scattering, can increase the effec-

tive optical length by light trapping in the active layers

which could lead to an increased rate of EHP genera-

tion at the silicon surfaces. However, the size of the Au

Figure 5. Contact angle measurements. Comparison of contact angles of Si(111)�H surfaces following hydrosilylation of
1-dodecene (black) and 1H,1H,2H-perfluoro-1-decene (blue), under various conditions, many of which are considered to be
control experiments. The detailed summary of contact angle measurements and corresponding statistics/errors are listed in
Table S1 and Figures S7 and S8, Supporting Information.

Figure 6. AFM height maps and corresponding high-resolution XPS spectra of the hydrosilylation of 1H,1H,2H-perfluoro-1-
deceneonSi(111)�H throughaplasmonic stampwith different illumination times. The parent BCP for the gold nanopattern is
PS-b-P2VP (125 k-b-58.5 k) (a) without illumination for 60 min, (b) 30 min illumination, and (c) 60 min illumination. High-
resolutionX-ray photoelectron spectroscopy (XPS) of each samplewas taken of the F(1s), Si(2p), andAu(4f) regions (AFM scale
bar: 200 nm).
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nanoparticles in the plasmonic stamp is 10�15 nm,

which is in the range in which LSPR absorption would

be dominant; the forward scattering intensitywould be

less than 0.1% of incident light, according to previously

reported simulations.66,67

The next mechanism to be considered is in situ

plasmonic heating, which could result in a local in-

crease of temperature of the gold nanoparticles due to

the strong light absorption at the plasmon resonance,

which is dissipated as heat.68,69 For thermal heating to

play a role in hydrosilylation, the silicon surface would

need to reach temperatures in excess of 100 �C, within

the time scale of experiments performed in this work.70

The temperature increase, ΔT, of a single isolated gold

nanoparticle can be estimated using the conventional

model71

ΔT ¼

σI

2πkD

where σ is the particle absorption cross section, I is the

incident light intensity, k is the thermal conductivity of

the surrounding medium, and D is the nanoparticle

diameter. Assuming a scattering cross section of

500 nm2, a thermal conductivity of 0.15 W/m K

(corresponding to PDMS), a nanoparticle diameter of

15 nm, and an intensity of 50 mW/cm2, the predicted

temperature increase would be 1.8 � 10�5
�C. It is

worth noting that steam generation has been ob-

served for dilute solutions of light absorbing nano-

particle using moderate light intensities of ∼105

mW/cm2,68 but this phenomenon has been shown

to be a result of enhanced light absorption due to

efficient volume scattering between nanoparticles in

solution.72 A similar light trapping effect is unlikely to

play a role here since the nanoparticles are isolated on

a single plane. Moreover, in order for patterned surface

hydrosilylation to occur, it would be necessary for the

temperature increase to be localized directly under-

neath the nanoparticles such that the surrounding

silicon does not react. This effect has been extensively

studied by Baffou et al.,73 who showed that localized

heating around the nanoparticles could only take place

if they were sufficiently far apart relative to the total

number of illuminated nanoparticles, due to heat

diffusion between nanoparticles. Specifically, it was

shown through both simulation and experiment that

localized heating could only be achieved if p2/3LR. 1,

where p is the average center-to-center spacing, R is

the nanoparticle radius, and L is the diameter of the

illuminated area. Given that p2/R ∼ 650 nm, while the

illuminated diameter is on the order of millimeters, it

can be concluded that any temperature increase

due to nanoparticle heating would be uniformly dis-

tributed across the substrate surface. Lastly, at the

macroscale, illumination of the plasmonic stamp/

1-dodecene/Si(111)�H sandwich with filtered white

light (50 mW/cm2, CW526), resulted in only a minor

temperature change from room temperature to a

maximum temperature ∼35 �C, in about 20�30 min,

as measured with a small thermocouple localized be-

tween the plasmonic stamp and silicon (see Figure S6,

Supporting Information).

The third mechanism to consider is hot carrier

injection from the gold nanoparticles into the sur-

rounding medium. In the event of nonradiative decay

of the plasmon (which is the dominant plasmon decay

mode for nanoparticles much smaller than the

plasmon wavelength),74 an energetic EHP is formed,

typically referred to as hot carrier generation. These hot

carriers have been extensively studied in catalytic

water-splitting, where it has been shown that the hot

carriers are directly injected into the semiconductor

surface, facilitating the water-splitting reaction.75,76 In

the case of hydrosilylation, if a hole is injected into the

silicon surface from the gold nanoparticle, the hydro-

silylation reaction can proceed via nucleophilic attack

by an alkene on a positively charged surface silicon site,

as has been repeatedly postulated.51,77 However, it is

necessary to consider the presence of the nonconduct-

ing organic layer of 1-dodecene sandwiched between

the gold nanoparticles and the silicon surface, which

would be expected to impede charge transfer to the

silicon. Although the 1-dodecene is layer is noncon-

ducting, recent work has revealed that the plasmoni-

cally generated hot holes in gold can have energies of

∼7.5 eV (relative to vacuum),78 and as such it is possible

that some of these hot holes could be injected

into the silicon. These injected holes could then lead

to hydrosilylation via nucleophilic alkene attack and

silicon�carbonbond formation.51Althoughdirect charge

transfer of hot carriers from the gold nanoparticle to the

silicon surface appears to be unlikely in this scenario,

further investigation is necessary to conclusively deter-

mine the role of these hot carriers.

Lastly, the effect of the highly concentrated electro-

magnetic field produced by the LSPR is considered. It

has been shown that the rate of EHP generation in a

semiconductor is proportional to the local intensity of

the electric field.79,80 Given that the electric field

enhancement is on the order of ∼103 at the edges of

the nanoparticle,43 the relative concentration of EHPs

at the silicon surface (within the neighborhood of the

gold nanoparticle) would also be expected to ∼103

times higher. As such, the kinetic rate of the hydro-

silylation reaction would proceed much faster in these

areas of increased EHP concentration, given that the

EHPs drive the reaction, as outlined in Scheme 1.

To support a hydrosilylationmechanismof plasmon-

induced reactive carriers in the silicon, trace amounts

of a charge-transfer quenching agent, ferrocene, were

added to the 1-dodecene; if such amechanismwere to

be in play, the ferrocene should effectively quench

the reaction via electron injection because the holes

required to drive the hydrosilylationmechanismwould

A
R
T
IC
L
E



LIU ET AL. VOL. 9 ’ NO. 2 ’ 2184–2193 ’ 2015

www.acsnano.org

2190

be eliminated in situ.57,77 Addition of 2.0% ferrocene

(w/w) to the 1-dodecene resulted in no visible pattern

by AFM and an unchanged contact angle (Figure 5),

suggesting ex situ hole quenching via electron transfer

from the ferrocene, providing an addition piece of

evidence to substantiate the mechanism based upon

electron/holes (Scheme 1).

CONCLUSION

Localized surface plasmons in a gold nanopattern,

embedded within an optically transparent plasmonic

stamp, can be used to drive hydrosilylation of alkenes

on silicon surfaces, upon illumination with low inten-

sity light with wavelengths that corresponded to

the absorption profile of the gold nanoparticles. The

gold nanopatterns were created via block copolymer

self-assembly, but could presumably be produced

through other lithographic nanopatterning approaches.

The most likely mechanism for the observed hydro-

silylation is based upon the high intensity local elec-

tric field of the gold nanoparticle LSPRs leading to

the generation of electron�hole pairs in the silicon,

resulting in nucleophilic attack by the alkene, and

formation of the Si�C bond. The resulting patterns

on the silicon surface mirror those of the parent gold

nanopattern within the plasmonic stamp, and demon-

strate the localized nature of the reaction. Other sur-

face reactions that are driven by locally generated

charges may also be promoted by the plasmonic

stamp, and the influence of hot-spots, edges, points,

and other features that result in increased electric field

effects could provide a rich source of reactivity.

EXPERIMENTAL SECTION

Materials. All reagents and materials were used as received
unless otherwise specified. Si wafers (111 plane-oriented, prime

grade, p-type, B-doped, F = 1�10 Ω-cm, thickness = 600�

650 μm) were purchased from WRS Materials, Inc. Millipore

water (resistivity: 18.2MΩ 3 cm)wasused for thepreparationof all

aqueous solutions and for rinsing samples. Block copolymers

(BCPs), all of the composition polystyrene-block-poly-2-vinylpyr-

idine (PS-b-P2VP) with three differentmolecularweights (125 k-b-

58.5 k, 91.5 k-b-105 k, and 190 k-b-190 k), were purchased

from Polymer Source, Inc. The starting materials for preparing

h-PDMS (VDT-731, HMS-301, and SIP6831.2) were purchased

from Gelest Corp., and 184 PDMS from Dow Corning. 2,4,6,8-
Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, 30% NH4OH
(aq), 30% H2O2 (aq), KAuCl4 3 xH2O (99.999%), 1,4-butanedithiol
(>97%), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (98%), 1,7-
octadiene (>99.0%), 1-dodecene (>99.0%), and 1H,1H,2H-
perfluoro-1-decene (99.0%) were obtained from Sigma-Aldrich.
1-Dodecene, 1,7-octadiene, and 1H,1H,2H-perfluoro-1-decene
were passed through a column of dried alumina to remove
peroxides and deoxygenated with a stream of nitrogen gas.
Optical filters (CW526 or CW440, CW referring to center
wavelength) were purchased from Edmund Optics, Inc.

Characterization. Atomic force microscopy (AFM) height
images in tapping mode were captured using a Digital

Scheme 1. Proposed Mechanism for the Plasmonic Stamp-Assisted Hydrosilylationa

aUpon illumination of filtered light (CW526, 50mW/cm2, green color), the induced localized surface plasmon resonance (LSPR) of a
gold nanoparticle embedded within the PDMS-based plasmonic stamp results in an enhanced local electric field (“green glow”).
The local electric field results in an enhanced rate of proximal formation of electron-hole pairs on the silicon surface. Holes at the
Si(111)�H interface are then attacked in a nucleophilic fashion to generate a Si�C bond;53,77 as has been previously surmised, the
resulting β-silyl-substituted carbocation is stabilized by hyperconjugation, and the alkyl chain is rendered neutral with a
combination of a local H and an electron.50
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Instruments/Vecco Nanoscope IV with silicon PPP-NCHR canti-
levers (Nanosensors). Scanning electron microscopy (SEM)
images were obtained from a field emission scanning electron
microscope (S4800, Hitachi); the working pressure for SEM
imaging was <10�8 Torr. X-ray photoelectron spectroscopy
(XPS) spectra were recorded using an X-ray photoelectron
spectrometer (Kratos Axis 165). The binding energies were
calibrated using the C(1s) feature at 285.0 eV. Sessile drop
contact angle measurements were measured on a contact-
angle goniometer (Model 100-00, Rame-Hart) using a 5 μLwater
droplet. Contact angles are recorded after the droplet reached
the equilibrium state on the sample surface.

Silicon Wafer Preparation. Si(111) wafers were cut into 1 �

1 cm2 pieces, sonicated in methanol for 15 min, and dried with
a stream of nitrogen gas. The silicon wafers were then cleaned
via a standard RCA procedure:28 Thewafers were first immersed
in a solution of 30%NH4OH (aq), water, and 30%H2O2 (aq), with
volume ratio of 1:6:1 at 80 �C for 15 min, rinsed with water, and
then immersed in a solution of 37.5% HCl (aq), water, and 30%
H2O2 (aq), with volume ratio of 1:5:1 at 80 �C for another 15min.
Lastly, the wafers were rinsed with water and dried with a
stream of nitrogen gas.

Preparation of Au Nanopatterns on Si/SiOx Surface. The BCP solu-
tion of PS-b-P2VP (125 k-b-58.5 k, 1.0 wt % in toluene) was spin-
cast at 4000 rpm for 40 s on a clean, native oxide-capped Si(111)
wafer and annealed in a home-built annealing chamber,
as described previously,25 which contained 1.0 mL of THF for
60min; a photograph of the chamber (Figure S9) and additional
experimental details are provided in the Supporting Informa-
tion. The BCP layer on the Si(111) surface was then converted to
the corresponding gold nanopattern using a process previously
described,21 with slight modifications: Briefly, the sample was
immersed in 10 mL of a 10 mM KAuCl4 (aq) solution for 10 min,
rinsed with water, and then dried with a stream of nitrogen gas.
The sample was then loaded into a benchtop plasma cleaner
(Harrick PDC 32G, 18 W) and exposed to an oxygen plasma at
0.8 Torr for 10min to obtain the correspondingAunanopatterns
on the Si/SiOx surface. To ensure complete removal of polymer
residues, the sample was then exposed to another 2 min of
H2/Ar plasma at 1.5 Torr.

Other BCPs were not solvent annealed with THF as they
showed no improvement in hexagonal order as compared to
“as spin-coated”. All other procedures were identical to those
described here for PS-b-P2VP (125 k-b-58.5 k).

Preparation of Plasmonic Stamp. The preparation of plasmonic
stamps was based upon a process previously published by our
group the preparation of catalytic Pd/Pt stamps,58�60with slight
modifications. Briefly, the Au-nanopatterned Si/SiOx sample
was placed in a desiccator with reduced pressure (1 Torr),
together with an uncapped vial containing 15 μL of trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane for 60 min. The sample was
then rinsed with ethanol and dried with a stream of nitro-
gen gas. To prepare the plasmonic stamp, h-PDMS (VDT-731,
HMS 301, 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane,
and SIP6831.2) and 184 PDMS (degassed by centrifuging the
PDMS prepolymer in a sealed tube at 3000 rpm for 30min) were
coated, in sequence, on the wafer surface in a Teflon mold, as
per the photographs in Figure S1d (Supporting Information).
Two curing steps (30 min for h-PDMS; and overnight for 184
PDMS) were performed at 65 �C in a vacuum oven after each
PDMS coating step. After the curing steps, the plasmonic stamp
was peeled off carefully from Si/SiOx substrate, soaked in
hexane using a Soxhlet extractor for at least 6 h, rinsed with
ethanol/water, and stored under vacuum prior to use.

Plasmonic Stamping on Hydride Terminated Si(111) Surface. Hydride-
terminatedSi(111) simpleswereobtainedby immersing the RCA-
processed Si(111) wafers in degassed 40% NH4F(aq) for 5 min,
immersed in deoxygenized water for 10 s, and dried with a
stream of argon. In a nitrogen-filled glovebox, a hydride-termi-
nated Si(111) wafer was placed on a clean glass slip, and then
neat alkene (30 μL) was carefully dropped from a microliter
syringeon thehydride-terminated Si(111) surface. The plasmonic
stamp was applied on the surface, and another glass slip cover
was placed on top of the stamp. To apply reproducible pressure,
two paper clampswere applied on both sides to fix the sandwich

structure, as shown in the photograph in Figure S2d (Supporting
Information). White light from a 300 W ELH bulb was focused
through a PCX lens, filtered by band-pass filters (CW526 or
CW440), and shone on the sandwiched sample for 60 min with
the intensity of 50 mW/cm2 for the CW526 filter and 40mW/cm2

for CW440 filter. After the stamping steps, the wafer was rinsed
thoroughly with dichloromethane and dried with a stream of
argon gas prior to further analysis.

Thiol�Ene Chemistry and Gold Nanoparticle Binding. Citrate-
capped gold nanoparticles were fabricated via a seed-mediated
growth method following a procedure described elsewhere.81

The procedure of visualization of a alkyl-patterned Si(111)�H
substrate with gold nanoparticles closely follows the method
previously described58 and was slightly modified here. Briefly,
a hydride-terminated Si(111) wafer was first stamped with 1,7-
octadiene to form a pattern with terminal alkene groups. The
sample was then immersed in concentrated KOH (4 mol/L) for
30 s and soaked overnight in oxygen-saturatedwater to remove
all remaining Si�Hx groups. The alkene-terminated patterned
regions then underwent a thiol�ene reaction by immersing the
sample in 0.1 mL of neat 1,4-butanedithiol, with illumination of
ultraviolet visible light (254 nm, UVP pen lamp,Model 11SC-1) for
30 min, followed by rinsing with dichloromethane. Lastly, the
thiol-patterned sample was immersed in a colloidal solution
containing 10 nm citrate-capped Au nanoparticle for 3 h and
then rinsedwith toluene and dried with a stream of nitrogen gas.
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