
LIN ET AL. VOL. 6 ’ NO. 10 ’ 9141–9149 ’ 2012

www.acsnano.org

9141

September 13, 2012

C 2012 American Chemical Society

Near-Field Scanning Optical
Microscopy Enables Direct
Observation of Moiré Effects
at the Nanometer Scale
Wei-feng Lin, Jie-Ren Li, and Gang-yu Liu*

Department of Chemistry, University of California, Davis, California 95616, United States

T
he Moiré effect is a well-known opti-
cal phenomenon that occurs when
two periodic or quasi-periodic pat-

terns are superposed.1 In the overlapped
region, a new periodic structure with the
superperiodicity appears, as captured by
the far-field optical signal. The Moiré effect
is very sensitive to small displacements or
distortions of the basic patterns and their
superposition status. Such sensitivity has
attracted much attention to application of
Moiré techniques in optical alignments,2

metrology,3,4 and strain analysis.5,6 The con-
cept and Moiré techniques are mostly lim-
ited to the micrometer region thus far, due
to the diffraction limit of far-field optics.7

To overcome the diffraction limit and
extend Moiré techniques to the nanometer
scale, various approaches havebeen reported.
Current methods in generating Moiré na-
nostructures include self-assembly,8�11 nano-
imprint lithography,12,13 and crystalliza-
tion.14 In terms of surface characterization,
scanning tunneling microscopy (STM) was
utilized to investigate metal Moiré nano-
structures extensively, from which super-
periodicity can be observed due to the
mismatch of lattice constants between the
adlayer and the substrate.15�20 In addition,
atomic force microscopy (AFM) also charac-
terized Moiré patterns at the nanometer
scale for a broad range of materials.8,13,21�23

Those prior investigations demonstrated
the formation of Moiré patterns at nanoscale
levels. The resulting new periodic structures
were characterized by non-optical techni-
ques such as STM and AFM. Very recently,
optical characterization of the Moiré effect
at the nanoscale became successful after a
special enhancement technique: inserting a
silver slab between two subwavelength grat-
ings and taking advantage of the surface

plasmon polariton excitation by the silver
slab.7 These recent developments naturally
lead to a next challenge: whether the Moiré
effect at nanoscale can be probed directly
without modifying the Moiré pattern or
artificial enhancement.
This work presents our approach to this

inquiry using near-field scanning optical
microscopy (NSOM). The near-field imaging
concept is based on Synge's idea that a light
source with size smaller than the wavelength
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ABSTRACT

This work reports probing the Moiré effect directly at the nanometer scale via near-field

scanning optical microscopy (NSOM). Periodic metal nanostructures of Au and Cu have been

produced sequentially using particle lithography, and the overlapped regions serve as Moiré

patterns at nanometer scale. The Moiré effect in these regions can be directly visualized from

NSOM images, from which periodicity and structural details are accurately determined. In

addition, the near-field Moiré effect was found to be very sensitive to structural changes, such

as lateral displacement and/or rotations of the two basic arrays with respect to each other.

Further, nanostructures of Cu exhibited higher photon transmission than Au from NSOM

images. Collectively, NSOM enables direct visualization of the Moiré effect at nanoscale levels,

from optical read out, and without enhancements or modification of the structures. The results

demonstrate the feasibility to extend applications of the Moiré effect-based techniques to

nanometer levels.

KEYWORDS: Moiré effect . Moiré pattern . particle lithography . near-field
scanning optical microscopy
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can scan a sample point-by-point, sequentially probing
its optical property.24 NSOM is a powerful imaging tool
since it provides spectroscopy information at nano-
scale levels in correlation with morphological details.25�31

The intrinsic advantages of NSOM provide great pro-
mise. However, conventional aperture NSOM has great
difficulty detecting the Moiré effect due to low photon
throughput, difficulties in operation, and insufficient
spatial resolution. This work utilizes a home-built aper-
tureless NSOM for the investigation of the Moiré
effect.32,33 In this design, NSOM light source was
produced by excitation of commercial silicon nitride
(Si3N4) AFM probes with an ultraviolet laser (e.g.,
405 nm). Such a light source has the intrinsic advan-
tages of stability, durability, and high emission inten-
sity. In addition, utilizing bright photoluminescent (PL)
probes simplifies the separation and detection of near-
field signals because the PL exhibits different wave-
length from the far-field excitation beam. Arrays of two
superimposed metal nanostructures were fabricated
sequentially by using particle lithography.34 Near-field
Moiré effect was demonstrated and found to be very
sensitive to small lateral displacement and/or rotation
between the two basic arrays. In addition, our NSOM
contrast could distinguish various metals in the com-
posites. The results from this investigation bring us one
step closer to realize the Moiré effect's application at
the nanometer scale.

RESULTS AND DISCUSSION

Fabrication of Two Superposed Arrays of Metal Nanostruc-
tures by Sequential Particle Lithography. The key steps for
producing superposed arrays of metal nanostructures
are illustrated in Figure 1. Details about the fabrication
process can be found in the Materials and Methods
section. Briefly here, the sample was prepared by over-
laying periodic Cu nanostructures on Au nanostructures.

To prepare an array of periodic Au nanostructures, a
monolayer of close-packed silica beads was first
formed by dropping 35 μL of silica sphere solution
on a glass surface.35�38 These silica spheres serve as a
mask for subsequent Au vapor deposition via thermal
evaporation.34 Themask was removed by sonication in
ethanol. The diameter of the silica beads determines
the periodicity of the array, and the voids dictate the
size and geometry of the metal islands. The resulting
Au islands are typically triangular-shaped, as Au vapor
passed through the triple hollow voids and deposited
on glass.

After Au nanostructures, periodic Cu nanostruc-
tures were produced and overlaid onto the Au region.
The procedure began with rinsing and sonicating the
sample to remove any residues from the first particle
masks and metal deposition. The second mask of silica
particles was then produced prior to Cu deposition.
The final structure was exposed to hydrogen flame
after mask removal.

NSOM Enables Direct Observation of the Moiré Effect at the
Nanometer Scale. To characterize the produced nano-
structures, a home-constructed multifunctional micro-
scope combining atomic force microscope (AFM),
near-field scanning optical microscope (NSOM), and
far-field optical microscope was used.32,33,38 The de-
tailed setup and operation has been reported previously.
The near-field scanning optical microscopy used for
this work follows an apertureless configuration.30,31

Figure 2A shows the schematic of the optical path.
Upon excitation by, for example, a focused 405 nm
beam, Si3N4 probes emit PL, as shown in Figure 2B. A
typical spectrum corresponding to the true color
photograph is shown in Figure 2C, a broad peak
maximized at 605 nm. Figure 2D reveals the exponen-
tial decay of PL signal when the tip is within 150 nm of
contact. The exponential relationship between the PL

Figure 1. Key steps for fabricating arrays of superposed metal nanostructures via sequential particle lithography.
(A) Monolayer of silica microspheres are formed via drop-dry method on a glass substrate. (B) Au is deposited via vapor
deposition on glass through the silica particle mask. (C) Microsphere template is removed by sonication. (D) Newmonolayer
of close-packed microspheres is deposited on the glass region containing Au nanostructures. (E) Cu is deposited via vapor
deposition onto the substrate through the second mask. (F) Second silica template is removed via sonication.
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intensity and tip�surface separation distance indicates
the evanescent or near-field nature of the optical
signal.29,30 The decay length of the optical near-field
is 55 nm, as per least squares fitting.

Figure 3 reveals the NSOM and simultaneous AFM
images of individual and overlapped Au and Cu arrays.
Figure 3A,B shows NSOM and simultaneous AFM topo-
graphic images of an array of Au nanostructures. The
morphology exhibits the characteristic hexagons with
Au nanotriangular islands at each corner. The side
length of individual Au islands measures 306 (
10 nm. The heights of the Au islands are 45 ( 2 nm.
This is consistent with previous reports of Au nanos-
tructures prepared by particle lithography.34,39 The
unit cell for this periodic structure is indicated by the
orange oblique in Figure 3A,B. The lattice constants can
be measured directly from Figure 3A,B or via fast
Fourier transform (FFT), shown as the insets, where
aAu = bAu = 747 ( 3 nm, RAu = 120 ( 1�.

Figure 3C,D shows NSOM and simultaneous AFM
topographic images of Cu array acquired from a non-
overlapping region. Similar to the Au array, Cu layers
exhibit the hexagonal features with triangular islands
at each corner. The side length of individual Cu islands

measures 304( 11 nm. The height of the Cu islands is
46 ( 3 nm. The unit cell of the Cu lattice is labeled
green in Figure 3C,D. The FFT analysis insets reveal the

Figure 2. (A) Schematic of the combined atomic force
microscope, near-field scanning optical microscope, and
far-field optical microscope. (B) Photograph of the photo-
luminescence of a Si3N4 probe upon excitation (λ =
405 nm). The scale bar is 25 μm. (C) Photoluminescent
spectrum of (B). (D) Photoluminescent signal (red) and
cantilever deflection signal (blue) as a function of the tip�
surface separation.

Figure 3. Moiré effect at nanoscale is demonstrated via
NSOM. (A) A 10 � 10 μm2 NSOM image of the Au periodic
nanostructures, with FFT as inset. (B) Simultaneously ac-
quired AFM topographic image of (A) with its FFT inserted.
(C) A 10 � 10 μm2 NSOM image of the Cu periodic nanos-
tructures, with FFT as inset. (D) Simultaneously acquired
AFM topographic image of (C) with its FFT inserted. (E) A
10 � 10 μm2 NSOM image of the arrays of superposed
metal nanostructures. Left inset is the corresponding FFT
analysis for the NSOM image. Right inset highlights the
signal corresponding to the superlattice in reciprocal
space, with scale bar equal to 0.4 μm�1. (F) Simulta-
neously acquired AFM topographic image of (E) with its
FFT inserted. The scale bars for all FFT images are 2 μm�1

unless specified above. (G) Structural model extracted
from the images above. Moiré pattern is generated by
overlapping the periodic Cu lattice on the Au array with
the same origin, then rotating the Cu array clockwise by
28�. Superperiodicity of the Moiré pattern is indicated as
the purple unit cell.
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lattice constant of Cu nanostructures to be aCu = bCu =
742 ( 4 nm, with RCu = 120 ( 1�.

NSOM and AFM images of the overlaying region are
shown in Figure 3E,F, respectively. In contrast to hex-
agonal features, the NSOM image in Figure 3E clearly
reveals a more complex morphology and a superper-
iodicity of rosette-like patterns. This new lattice is
consistent with a superstructure from the two basic
fringes of the Au and Cu arrays. The unit cell of the new
fringe is indicated by the purple oblique in images 3E
and 3F. The lattice constants measure as = bs = 2.66 (
0.03 μmandRs = 120( 2�. The FFT analysis is shown in
the left inset of Figure 3E, where 12 bright spots near
the origin are visible, six from the Au lattice, and the
other six from the Cu lattice. The angle θ between the
two basic Au and Cu lattices, measured from FFT
analysis in Figure 3E, is 28 ( 1�. The periodicity of the
superlattice can be extracted from the corresponding
FFT (inset on the right of Figure 3E). Analogous toMoiré
demonstration in micrometer scale, the appearance of
the rosette-like structure in NSOM is rationalized in
Figure 3G, that is, overlapping the periodic Cu lattice on
the Au array with the same origin, then rotating the Cu
array clockwise by 28�. While a Moiré pattern at the
nanoscale has been demonstrated by AFM in the past,
Figure 3E represents the first and direct observation of
the Moiré effect at nanometer scale using true optical
signal, to the best of our knowledge. While AFM
topographs allow visualizing the lateral geometry
and height of nanoislands, NSOM contrasts carry the
spectroscopy information. The difference in contrast
can be seen by the difference in FFT images, in which
the brightness of FFT spots corresponds to NSOM
images carrying the information of optical intensity.
The sensitivity of NSOM to materials will be further
discussed in a later section.

The enabling aspect of NSOM is further demon-
strated in Figure 4, where a close comparison between
near-field image and far-field image was made in the
same region. Figure 4A is a 10� 10 μm2 NSOM image,
from which the superlattice and rosette-like patterns

are clearly visible. In addition, individual Au and Cu
triangular nanoislands are also clearly resolved. The
inset in Figure 4A shows the superlattice signals in the
FFT image. Using a bright-field 60� objective and
immersion oil (Olympus), a high-resolution far-field
image was captured, as shown in Figure 4B. While
there are some rosette-like features, no periodicity
could be extracted as each rosette appears to be
different from the other. In the corresponding FFT
(4B inset), superlattice points cannot be generated.
The inability to capture the Moiré effect at the nano-
scale by conventional optical microscopy is consistent
with prior knowledge of diffraction limit.25 In this Moiré
pattern, the sizes of the metal nanoislands are 306 nm,
at which scale visible wavelength at far-field is difficult
to resolve.

Near-field Moiré effect was found to be very sensi-
tive to small lateral displacements and/or rotational
angles between the same two basic arrays of nanos-
tructures. Figure 5 compares two Moiré patterns origi-
nated from the same two basic lattices. Figure 5A,B
represents the Moiré pattern discussed in Figure 3E. It
was generated by overlaying the Cu array on the top of
the Au array with the same origin, and then rotating
the Cu array clockwise by 28�, as described in a
previous section. A different Moiré pattern is revealed
in Figure 5D,E, exhibiting zig-zagged rod-like features,
in contrast to the rosette-like pattern shown in 5A. The
unit cell of the superlattices is labeled in purple. The
lattice constants measured as = bs = 743 ( 12 nm and
Rs = 120 ( 2�. Note that these lattice parameters are
the same as the two basic lattices of Au and Cu arrays.
In addition, individual Au and Cu triangular islands are
clearly resolved by NSOM. The inset FFT analysis shows
only six-fold symmetric signals, which represent the
overlapping of the two basic lattices. The correspond-
ing Moiré pattern extracted from the real and recipro-
cal space images shown in Figure 5D is shown in 5F:
overlaying Cu array with Au array, and thenmoving the
Cu array to the right by 162 nm, without rotation.
Although Moiré patterns in Figure 5A,D are from the
same Au and Cu lattices, the resulting NSOM contrast
significantly differs due to the difference in the
overlapping.

NSOM Enables Distinguishing Chemical Components within
the Moiré Patterns. Using the overlapped arrays of metal
nanostructures as a testing platform, the capability of
NSOM to distinguish materials is explored. Figure 6
shows two different sets of experiments. Pattern 1
(top panel) was prepared by overlaying periodic Au
onto periodic Cu arrays. The Cu arraywith periodicity of
5.0 μm was produced on the substrate, and then Au
nanoislands with a periodicity of 1.57 μm were depos-
ited. Figure 6A is the AFM topographic image revealing
the overlapping region. To facilitate the comparison,
we purposely produced the two materials with differ-
ent sizes but the same height. The larger triangles are

Figure 4. Direct comparison of NSOM and far-field images
of the same region. (A) A 10 � 10 μm2 NSOM image of the
Moiré nanopattern. The FFT (inserted) as discussed in
Figure 3E clearly reveals the periodicity of the superlattice.
(B) Conventional optical image of the same region, where
much blurry contrast is shown without detectable super-
lattice in the FFT (inset). The scale bars in the FFT image are
0.4 μm�1.
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Cu islands. The side length of the Cu islands measures
2350 ( 50 nm with the height of 73 ( 5 nm. The
smaller triangles are Au islands with 740( 50 nm side
length and 75( 4 nm thickness. Figure 6B,C shows the
simultaneous AFM and NSOM images upon zooming
into 6A, where the structural details of a concave Cu
triangle and a Au hexagon are revealed. Figure 6D is
the combined cursor profiles as indicated in 6B and 6C.
For local regions of Au and Cu islands with the same
thickness, Cu islands (green arrow) have higher optical

transparencies than Au islands (orange arrow) in the
near-field contrast.

The same trend exists at much reduced sizes such
as in pattern 2 imaged in Figure 6E. This Moiré pattern
was prepared by overlaying Au onto Cu arrays. First, Cu
arrays with a periodicity of 1.57 μmwere patterned on
substrate and Au arrays with a periodicity of 300 nm
atop. Figure 6E is the AFM topographic image of
pattern 2. In this image, the larger metal islands are
Cu islands; the side length is 630 ( 23 nm and height

Figure 5. High sensitivity of near-field Moiré effect to structural changes at nanoscale. (A) A 10� 10 μm2 NSOM image of the
arrays of superposedmetal nanostructures. (B) Simultaneously acquired AFM topographic image of (A) with its FFT inserted.
(C) Structuralmodel extracted from (A).Moiré pattern is generated by overlapping the periodic Cu lattice on the Au arraywith
the same origin, then rotating the Cu array clockwise by 28�. Superperiodicity of the Moiré pattern is indicated as the purple
unit cell. (D) A 4.5� 4.5 μm2NSOM image of the arrays of superposedmetal nanostructures. (E) Simultaneously acquiredAFM
topographic image of (D) with its FFT inserted. (F) Structural model extracted from (D). Moiré pattern is generated by
overlayingCu arraywith Au array, and thenmoving the Cu array to the right by 162 nm,without rotation. The scale bars in FFT
image are 1 μm�1.

Figure 6. A micro and a nano Moiré pattern, as imaged by NSOM. (A) A 11� 11 μm2 topographic image of a micro Moiré
pattern: Au arrays (aAu = bAu = 1.57 μm, RAu = 120 ( 2�) on the top of Cu arrays (acu = bcu = 5.0 μm, Rcu = 120 ( 2�).
(B) Zooming into (A) to reveal the structural details. (C) Simultaneously acquired NSOM image corresponding to (B).
(D) Combined cursor profiles for lines defined in (B) and (C). (E) A 2.5� 2.5 μm2 topographic image of a nanoMoiré pattern: Au
arrays (aAu = bAu = 300 nm,RAu = 120( 2�) on the top of Cu arrays (acu = bcu = 1.57 μm,Rcu = 120( 2�). (F) Zooming into (E) to
reveal the structural details. (G) Simultaneously acquired NSOM image corresponding to (F). (H) Combined cursor profiles for
lines defined in (F) and (G).
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measurements of 33( 2 nm. The smaller metal islands
are Au islands; the side length of the Au islands is 125(
11 nm, with height measurements of 34 ( 2 nm.
Figure 6F,G represents the AFM topographic and
NSOM images, respectively, upon zooming into the
region within Figure 6E. Both metal arrays were clearly
resolved in the near-field image. Figure 6H is the
combined cursor profiles as indicated in Figure 6F,G.
With the same feature height, Cu islands (green arrow)
have higher optical transparencies than Au islands
(orange arrow). The observation that Au exhibits less
optical transparency than Cu can be rationalized by the
following. Cu metal is prone to oxidation upon expo-
sure to ambient atmosphere at room temperature.40

The thin oxide layers (nanometers) are dominated by
Cu2Omixedwith CuO.40,41 Prior work indicated that Au
and Cu nanoislands exhibit similar optical properties;
however, formation of thin oxide crust on Cu islands
red shifts and broadens the plasmonic extinction and,

therefore, resulted in higher transparency in the visible
range.41 The near-field contrasts in our setup are,
therefore, consistent with the reported plasmonic
property of Au and Cu islands. The enabling aspect of
NSOM in probing optical properties with high spatial
precision, shown in this work, as well as other NSOM
investigations,42�47 shall bring us another step closer
to spectral imaging atmolecular and atomic resolution.

Particle Lithography Enables Production of Polymorphic
Moiré Patterns. By controlling experimental conditions
in particle lithography, such as solvent evaporation
rate, we could attain a certain degree of control over
the 2D single crystallinity of the close-packed silica
particles.35 Analogous to crystal growth, slow rate
tends to produce larger domains of close-packed silica
particles. At a fast rate, polycrystallinity occurs, which
manifested into polymorphic Moiré patterns in the
overlapping regions.48 Figure 7A,B shows the far-field
and near-field optical images of the bimetallic arrays in

Figure 7. Particle lithography enables production of polymorphic Moiré patterns. (A) An 80� 80 μm2 optical image acquired
using a 60� oil immersion objective over Cu arrays (periodicity = 1.57 μm) on the top of Au arrays (periodicity = 1.57 μm).
(B) Corresponding NSOM image acquired in the same region as in (A). (C) A 25� 25 μm2 NSOM image from zooming into the
region in (A) (red box). (D) A 16� 16 μm2NSOM image from zooming into the region in (A) (white box). (E) A 4� 4 μm2NSOM
image from zooming into the region in (A) (orange box). (F) An 8 � 8 μm2 NSOM image from zooming into the region in (A)
(green box). The scale bars for all FFT images are 0.6 μm�1. (G) Structural models of the 4 Moiré patterns in (C�F).
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the same 80 � 80 μm2 region. The structures were
prepared by overlaying Cu arrays onto Au arrays, with
periodicity = 1.57 μm. In Figure 7A, at least four types of
Moiré patterns are clearly observed, as highlighted in
red, green, purple, and blue squares, respectively.
Figure 7B is the NSOM image taken in the same region
as in Figure 7A, from which Moiré patterns are more
clearly distinguished due to its higher resolution.

When the four types of patterns identified in
Figure 7B were imaged by zooming-in, their Moire
effects were more clearly visualized, in Figure 7C�F.
Figure 7C reveals a superperiodicity with a rosette-like
morphology. The lattice constants of the superlattice
are as = bs = 5.64( 0.04 μm, with Rs = 120( 2�. It was
generated by overlapping the periodic Cu lattice on
the Au array with the same origin, then rotating the Cu
array clockwise by 28�, as illustrated in Figure 7G (G1).
The pattern shown in Figure 7D exhibits domains of
honeycomb clusters. The lattice constants of the super-
lattice are as = 9.55( 0.11 μm, bs = 8.32( 0.08 μm, and
Rs = 110 ( 2�. It was generated by overlapping the
periodic Cu lattice on the Au arraywith the same origin,
then rotating the Cu array clockwise by 10�, as illu-
strated in Figure 7G (G2). Figure 7E demonstrates a
Moiré pattern composed of parallel lines of triangle
pairs. The superlattice is overlappingwith the twobasic
lattices, with lattice constants measured as as = bs =
1.57 ( 0.2 μm and Rs = 120 ( 2�. It was produced by
overlaying Cu array on Au array, then moving the Cu
array toward the right by 800 nm, without rotation, as
illustrated in Figure 7G (G3). Moiré pattern in Figure 7F
consists of zig-zagged rods. The superlattice is over-
lappingwith the twobasic lattices, with lattice constants
measured as as = bs = 1.57( 0.2 μm and Rs = 120( 2�.
It is the result of overlaying a Cu array on a Au array, then
moving the Cu array toward the right by 350 nm, with-
out rotation, as illustrated in Figure 7G (G4).

The coexistence of multiple types of Moiré patterns
in one sample and within the small region is due to the

polycrystallinity of silica sphere arrays formed during
the drying process. The polycrystallinity in templates
transferred to the Au and Cu arrays and as such
polymorph occurs. Polycrystallinity is typically consid-
ered a disadvantage if the goal were to produce metal
nanostructure arrays with high-throughput. One could
reduce this effect using similar approaches by growing
large crystals, such as by slowing down the vaporiza-
tion rate and/or increasing temperature. In the case of
Figure 7, we purposely fabricated the polymorph to
demonstrate the sensitivity of the Moiré effect to
crystalline defects, overlaying status, within one image
frame.

CONCLUSION

NSOM enables a direct optical probe of the Moiré
effect at nanoscale levels without additional surface
modification or enhancement. In the Moiré patterns of
metal nanostructures produced using particle lithogra-
phy, the near-field Moiré effect is found to be very
sensitive to structural changes such as nanoscale
lateral displacements and/or rotations between the
two basic arrays. The NSOM enables spectroscopic
information to be acquired while topographic images
are taken; for example, Au nanostructures transmit less
photons than Cu in the visible region. The difference in
plasmonic properties manifests into clear contrast and
high resolution in near-field images, from which the
periodicities of basic and superlattice are determined.
These enabling aspects bring us one step closer to
extend the applications of the current Moiré effect-
based techniques to the nanometer scale. The new
apertureless configuration enables spectroscopy infor-
mation to be acquired at nanometer scale, which
greatly enhances the structural characterization cap-
abilities of scanning probe microscopy. Work is in
progress to improve sensitivity and spatial resolution
and to utilize spectroscopic information for nanoma-
terial characterization.

MATERIALS AND METHODS

Materials. Glass coverslips (No.1) were purchased from Corn-
ing (Corning, NY) with lateral dimensions of 18 mm � 18 mm
and thicknesses of 0.18 mm. Au slugs (99.999%) and Cu slugs
(99.999%) were from Alfa Aesar (Ward Hill, MA). Ethanol (EtOH,
99.99%) was purchased from Gold Shield Chemical Co.
(Hayward, CA). Sulfuric acid (95.0%), hydrogen peroxide (30%
aqueous solution), ammoniumhydroxide (30% aqueous solution),
tetrahydrofuran (THF, 99.5%), and toluene (HPLC grade) were
purchased from EMD Chemicals (Gibbstown, NJ) and used as
received. Water (g18.2 MΩ 3 cm) was generated from a Milli-Q
system (Q-GARD 2, Millipore, Billerica, MA) and used for dilution
and washing. Nitrogen gas (99.999%) and hydrogen gas (99.95%)
were purchased from Praxair, Inc. (Danbury, CT). Polystyrene latex
spheres with diameters of 5.0( 0.3 μmand 296( 6 nm and silica
microspheres with diameters of 0.73 ( 0.02 and 1.57 ( 0.02 μm
were purchased from Thermo Scientific (Waltham, MA). The
spheres were suspended in their original concentration of 2%
(w/v, aqueous) until usage.

Preparation of Arrays of Overlapped Metal Nanostructures. Glass
coverslips were cleaned following reported protocols.38,49,50 In
brief, theywere cleaned by immersion in piranha solution for 1 h
and subsequently in a basic bath for 1 h. Substrates were then
rinsed with copious quantities of ultrapure water and dried in
nitrogen gas.

The overlapped arrays of metal nanostructures were fabri-
cated on glass substrates. They were prepared by sequential
deposition of metal vapors through two different particle
templates. The Moiré nanopatterns are composed of Au and
Cu arrays with a periodicity of 0.73 μm. Monolayers of a silica
sphere (D = 0.73 μm) template for Au vapor deposition were
prepared following the reported protocols.34,38,49�52 A 45 nm
Au thin film was deposited onto the sphere template in a high-
vacuum evaporator (model DV502-A, Denton Vacuum Inc.,
Moorestown, NJ) at 10�7 Torr at room temperature. The eva-
poration rate wasmonitored by a quartz crystal monitor (Inficon
Inc., East Syracuse, NY) and controlled between 0.10 and
0.15 nm/s. After Au deposition, the sphere template was
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removed by sonication in EtOH for 3 s. The substrates were
subsequently rinsedwithwater and exposed to hydrogen flame
to remove any organic contaminant. The choice of solvent for
the particles is also important since the surface is uneven. EtOH
was found to be the optimal solvent, bywhich the homogeneity
of the silica sphere thin film can be improved. A suspension of
silica spheres (D= 0.73 μm) in EtOH solutionwas deposited onto
the patterned Au arrays and allowed to dry. The dried particle
mask served as a material guide for the subsequent deposition
of a 45 nm Cu thin film. Then, the silica sphere masks were
removed by sonication in EtOH for 3 s. The substrates were
rinsed with EtOH and exposed to hydrogen flame to remove
any contaminant. The Moiré micropattern is composed of Au
and Cu arrays with a periodicity of 1.57 μm. It was prepared by
similar procedures as described above.

Home-Built Combined Atomic Force, Near-Field Scanning Optical, and
Far-Field Optical Microscopy. The setup has been reported pre-
viously by our team. Briefly, an AFM scanner (MFP-3D, Asylum
Research Corp., Santa Barbara, CA) was mounted on an inverted
optical microscope (IX-50, Olympus America, Center Valley, PA)
modified in-house. The excitation laser (405 nm, 4 mW, World
Star Tech., Toronto, Canada) was focused onto a Si3N4 AFM tip
through a 60� bright-field objective (NA = 1.45, Olympus
America, Center Valley, PA) using immersion oil (n = 1.52, type
HF, Cargille Laboratories, Cedar Grove, NJ). The PL generated by
the AFM probe was collected by the same objective and passed
through a series of filters to remove excitation and AFM
photons: a long-pass filter (HQ430LP, Chroma Technology
Corp., Bellows Falls, VT) to filter the 405 nm photons; a short-
pass filter (SP01-785RU-25, Semrock Inc., Rochester, NY) to
remove the 850 nm photons from AFM. PL signals were collected
by a photomultiplier tube (PMT, H5784-01, Hitachi, Schaumburg,
IL), with a gain of 2 � 105 at control voltage of 0.80 V. The PMT
signals were recorded simultaneously with AFM topography and
deflection. ThePL spectrumwas attainedby introducing a spectro-
meter (USB2000, Ocean Optics, Dunedin, FL) in the light path
before PMT. A CCD camera (Regtiga-2000R, QImaging, Surrey,
Canada) was used for true color far-field imaging.

All of the AFM and NSOM images were acquired under
contact mode with imaging forces of 15�25 nN. Si3N4 canti-
levers with a spring constant of 0.1 N/m were purchased from
Veeco Probes (NP, Santa Barbara, CA) andNanoink (DNP Probes,
Skokie, IL). The AFM and NSOM images were acquired and
analyzed using Asylum MFP3D software developed on the Igor
Pro 6.12 platform. The PL intensity decay length fitting was
analyzed by OriginPro 8.5.1.
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