
Ultrasensitive Three-Dimensional Orientation Imaging of Single
Molecules on Plasmonic Nanohole Arrays Using Second Harmonic
Generation
Sushant P. Sahu,†,⊥ Amirreza Mahigir,‡,§,⊥ Benjamin Chidester,∥ Georgios Veronis,‡,§

and Manas Ranjan Gartia*,†

†Department of Mechanical and Industrial Engineering, Louisiana State University, Baton Rouge, Louisiana 70803, United States
‡School of Electrical Engineering and Computer Science, Louisiana State University, Baton Rouge, Louisiana 70803, United States
§Center for Computation and Technology, Louisiana State University, Baton Rouge, Louisiana 70803, United States
∥Department of Computational Biology, School of Computer Science, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213,
United States

*S Supporting Information

ABSTRACT: Recently, fluorescence-based super-resolution tech-
niques such as stimulated emission depletion (STED) and
stochastic optical reconstruction microscopy (STORM) have
been developed to achieve near molecular-scale resolution.
However, such a super-resolution technique for nonlinear label-
free microscopy based on second harmonic generation (SHG) is
lacking. Since SHG is label-free and does not involve real-energy
level transitions, fluorescence-based super-resolution techniques
such as STED cannot be applied to improve the resolution. In
addition, due to the coherent and non-isotropic emission nature of
SHG, single-molecule localization techniques based on isotropic
emission of fluorescent molecule such as STORM will not be
appropriate. Single molecule SHG microscopy is largely hindered
due to the very weak nonlinear optical scattering cross sections of
SHG scattering processes. Thus, enhancing SHG using plasmonic nanostructures and nanoantennas has recently gained much
attention owing to the potential of various nanoscale geometries to tightly confine electromagnetic fields into small volumes.
This confinement provides substantial enhancement of electromagnetic field in nanoscale regions of interest, which can
significantly boost the nonlinear signal produced by molecules located in the plasmonic hotspots. However, to date, plasmon-
enhanced SHG has been primarily applied for the measurement of bulk properties of the materials/molecules, and single
molecule SHG imaging along with its orientation information has not been realized yet. Herein, we achieved simultaneous
visualization and three-dimensional (3D) orientation imaging of individual rhodamine 6G (R6G) molecules in the presence of
plasmonic silver nanohole arrays. SHG and two-photon fluorescence microscopy experiments together with finite-difference
time-domain (FDTD) simulations revealed a ∼106-fold nonlinear enhancement factor at the hot spots on the plasmonic silver
nanohole substrate, enabling detection of single molecules using SHG. The position and 3D orientation of R6G molecules were
determined using the template matching algorithm by comparing the experimental data with the calculated dipole emission
images. These findings could enable SHG-based single molecule detection and orientation imaging of molecules which could
lead to a wide range of applications from nanophotonics to super-resolution SHG imaging of biological cells and tissues.
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Fluorescence-based super-resolution techniques such as
stimulated emission depletion (STED)1,2 and photo-

activated localization microscopy (photoactivated localization
microscopy, PALM; fluorescence photoactivation localization
microscopy, FPALM, STORM)3,4 have been developed to
achieve near molecular-scale resolution. However, such a super-
resolution technique for nonlinear label-free microscopy based
on second harmonic generation (SHG) is lacking. Point spread
function (PSF) is generally engineered to improve the resolution
of a microscopy system. Fluorescence emissions are typically

incoherent, and the radiation patterns are isotropic. In contrast,
SHG emission is coherent, and radiation patterns are directional
in nature.5,6 Therefore, the super-resolution techniques
developed for fluorescence microscopy systems are not readily
applicable to nonlinear microscopy systems such as SHG.
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SHG is a nonlinear coherent optical scattering process usually
by noncentrosymmetric systems in which two lower energy
photons are up-converted to a single photon with exactly double
the incident light energy. The SHG yield grows as the square of
the fundamental incident field intensity.7−9 Enhancing SHG
from plasmonic nanostructures and nanoantennas has recently
received a lot of attention owing to the potential of various
nanoscale geometries to tightly confine electromagnetic fields
into small volumes and provide substantial field enhancement in
nanoscale regions of interest.8,10−20 The plasmonic resonances
from nanostructures have been utilized for a multitude of
photonic applications including surface-plasmon enhanced
nonlinear emission,10−19 single molecule detection,21 surface-
enhanced Raman scattering,22−24 metal-enhanced photolumi-
nescence,25,26 plasmon-enhanced sensing,16,17 photocatalysis,27

and optical manipulation of light.28,29 Thoughtful design and
surface engineering of plasmonic nanostructured arrays are able
to produce areas called “hot spots” where the induced
electromagnetic field intensity is enhanced by several orders of
magnitude which can significantly increase the nonlinear signal
produced by a nonlinear material located in plasmonic
nanogaps, especially when resonantly pumped.20 Plasmonic
nanostructures resulting in generation of second harmonic light
include gold nanostars,30 silver triangular nanoprisms,31 holes in
metallic films,32 curved nanorods,33 split-ring resonators with U-
shape,34 metal-dielectric nanodisks,35 gold T-dimers,36 nano-
cups,37 chiral G-shaped nanoparticles,38 chiral helices,39 L-
shaped nanoparticles,40 and gold nanotips.41 Previously we have
used a nanohole-based plasmonic substrate in the linear optical
regime to achieve highly sensitive colorimetric sensing23,42 and
enhancement of Raman scattering of the order of 2 × 105.24

Here, we operate a nanohole array-based substrate in the
nonlinear optical regime and demonstrate highly sensitive single
molecule detection and simultaneous three-dimensional (3D)
orientation mapping of rhodamine 6G (R6G) molecules using
SHG microscopy. Determining the molecular orientation of

single molecules is fundamentally important in biophysics to
study conformational changes of biomolecules43 and/or the
rotational motion of molecular motors,44 in the analyses of
photophysical processes such as fluorescence resonance energy
transfer (FRET) which are governed by orientation of
materials,45 in molecular nanotechnology,46 biotechnology,47

and also in catalysis.48 Previous methods of determining the 3D
dipole orientation of single fluorescent molecules include: (i)
probing the far-field emission pattern through polarization-
resolved microscopy methods that rely on excitation and/or
emission with multiple polarizations,49,50 (ii) observing a dipole
radiation pattern in defocused wide-field imaging technique
which takes advantage of bright fluorescence properties of dipole
emitters as opposed to very weak nonlinear optical cross sections
of processes such as SHG,51 (iii) direct imaging of pupil
functions,52 (iv) double-helix point spread function engineer-
ing,53 and (v) using annular illumination to generate character-
istic field distributions.54 However, similar 3D orientation
information with single-molecule resolution has not been
obtained using nonlinear microscopy techniques such as SHG.
In this letter, we introduce an ultrasensitive collective

plasmon-enhanced SHG microscopy method for simultaneous
visualization and 3D orientation imaging of individual R6G
molecules using plasmonic silver nanohole arrays. SHG and two-
photon fluorescence microscopy experiments together with
numerical simulation results suggest several orders of electro-
magnetic field enhancement at the surface hot spots on the
plasmonic nanohole substrate compared to R6G molecules
immobilized on a glass substrate, enabling detection of
significantly amplified plasmon-enhanced SHG signatures
from individual R6G molecules on the plasmonic silver
nanohole structure.

Results andDiscussion.The schematic of the experimental
set up is shown in Figure 1a. The figure shows the excitation
beam (red) and the collected emitted SHG light (blue) from the
molecule on the plasmonic substrate. For the square nanohole

Figure 1. (a) Schematic of the SHG experiments showing the inverted microscopy setup and the position of the sample. The zoomed in image shows
themolecule as a dipole emitter within individual silver nanoholes. (b) AFM image of the fabricated structures showing the periodic array of nanoholes.
Cross-sectional SEM image of the device showing the device with hole depth of (c) 250 nm, (d) 500 nm, and (e) 1000 nm.
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array with a pitch (distance between two holes) of 350 nm, a
structure with a size of 1 cm × 1 cm contains about 100 million
holes. This provides a unique platform to perform massively
parallel single-molecule imaging. The rationale behind the
nanohole structure is to restrict only a few molecules (∼0.3)
within the confocal volume. In addition, this geometry
minimizes the background and improves the signal-to-noise
(SNR) by preventing the direct excitation of molecules away
from the holes due to lower electromagnetic field intensity
outside the holes. The nanohole structure was fabricated by
nanoimprint lithography (see Materials and Methods). As
shown in the AFM image (Figure 1b), the nanoholes are
arranged in a square geometry with hole diameter d = 150 nm
and pitch p = 350 nm. Large area (1 cm2) substrates were
fabricated with three different hole depths. The diameter and the
pitch were kept constant. The depth of the holes h was varied
between 250 and 1000 nm. Figure 1c−e shows the cross-
sectional scanning electron microscopy (SEM) images of the
substrate with three different depths. The AFM image in Figure
1 and additional top-view SEM images (Supporting Information
(SI) Figure S1) showed that the designed nanohole arrays
exhibit a regular square pattern geometry in terms of their sizes
and shapes.
The optical linear resonance spectra of nanohole structures of

various geometries and thicknesses have been discussed in detail
in our prior studies.42 Figure 2a shows the measured SHG
emission spectra of the device with different nanohole depths of
250, 500, and 1000 nm, under a pulsed laser excitation
wavelength of 800 nm. The spectra show the SHG peaks at

400 nm and strong broadband two-photon fluorescence in the
range of 425−660 nm. Two photon fluorescence in silver
nanostructures is generated due to the transition of electrons
from the d-band (valence band) to the sp-band (conduction
band). This emitted broadband luminescence is due to the
radiative recombination of electrons and holes after the
intraband scattering relaxation of electrons to the Fermi
level.55 The SHG from the silver nanohole structure is possible
because of the existence of nonzero χ2 value (second-order
nonlinear susceptibility) at the silver−polymer and silver−air
interfaces due to the breaking of symmetry of boundary
conditions.56 As the inset of Figure 2a shows, the SHG and
two-photon fluorescence signal intensity of the silver nanohole
array increased with increase in the depth of the structure
[although the lowest two-photon fluorescence yield was
obtained for the nanohole structure with hole depth of 500
nm (Figure 2a)]. It is to be noted that the SHG and two photon
fluorescence intensities of the nanohole structures can vary from
structure to structure likely due to the inhomogeneous
distribution of the apex dimensions of the nanohole array.57

To better understand the mechanism behind SHG emission on
the plasmonic nanohole structure, finite-difference time-domain
(FDTD) simulations58 were performed. In order to obtain the
second harmonic resonance of the structure, a high-power laser
pulse was used. In our FDTD simulations we use a plane wave at
800 nm wavelength normally incident on the nanohole array
which excites the second harmonic resonance of the structure.
Figure 2b shows the power transmission coefficient of the
structure as a function of wavelength in logarithmic scale. We

Figure 2. (a) Schematic of the nanohole device with three different hole depths on which SHG experiments were performed. Experimental SHG
spectra generated by the nanohole devices with different hole depths. The inset shows the variation of SHG intensity at 400 nm with the hole depths.
(b) Calculated transmission coefficient through the nanohole array as a function of wavelength. A high-power excitation plane wave with 800 nm
wavelength is used to excite the structure. The second harmonic resonance of the structure is at 400 nm. (c) Fluorescence correlation functions
measured for R6G in a solution and on the silver nanohole structure (h = 500 nm). The inset shows the corresponding fluorescence time traces. (d)
Fluorescence lifetime analysis of R6G with and without the nanohole structure.
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observe that a second resonance appears at the second harmonic
wavelength of 400 nm in close agreement with our experimental
results (Figure 2a). Due to the low two-photon fluorescence
background, a substrate with a nanohole depth of 500 nm was
chosen for the subsequent single-molecule SHG imaging
experiments.
To demonstrate single-molecule imaging, rhodamine-6G

(R6G) dye with a concentration of 0.25 nM was dispersed on
the surface of the plasmonic nanohole structure. First, we want
to provide experimental proof of the presence of the single

molecule within the nanohole at that concentration using
fluorescence correlation spectroscopy (FCS).59 The correlation
function in FCS G(τ) = ⟨F(t)F(t + τ)⟩/⟨F(t)⟩2 has an inverse
relationship with the number of molecules within the detection
volume, where τ is the delay (lag) time. Figure 2c indicates that
the number of molecules in the nanohole is smaller compared to
the bulk solution based on measurements of their autocorrela-
tion functions. The inset of Figure 2c shows the raw data of
photon counts rate on the nanohole and bulk solutions. The
nanohole structure exhibits about 5× enhancement compared to

Figure 3. (a) SHG, two-photon fluorescence (TPF), and merged images of single-molecule R6G on the nanohole structure. Representative images of
single R6G molecules at depths of z = 40 nm and 150 nm from the (b) experimental data and (c) the corresponding simulation results of the dipole
emission patterns through the aperture (nanohole structure). (d, e) Schematic depiction of nanohole aperture, distance of the molecule from the
surface, and the coordinate systemwhere the Z is the optical axis, θ is the polar angle measured with respect toZ, andϕ is the azimuthal angle measured
with respect to theZ axis. Comparison of experimental and simulation results shown in Figure 3b,c for two different positions: (f) z = 40 nm and (g) z =
150 nm. The scale bars in all images correspond to 500 nm.
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the bulk dye solution. The average number of molecules within
the nanohole was calculated by fitting the equation below to the
data obtained from fluorescence correlation spectroscopy
experiments59,60
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where ⟨i⟩ is the average measured intensity, ⟨b⟩ is the
background intensity counts, and nT is the number of molecules
in the triplet state, which is 0.35.60 G0 is obtained from the
function fitted to autocorrelation data for the nanohole and is
found to be ∼4.76. Using the data, the average number of
molecules in the nanohole for this particular concentration was
found to be ∼0.3 (see SI for the calculations). To get
information about the radiative process involved with the
enhancement on the nanohole array structure, fluorescence
lifetime experiments were performed. Figure 2d compares the
lifetime of R6G on the nanohole and in bulk solution. The
lifetime in bulk was measured to be 4.035 ns, which agrees well
with the literature data.61 The lifetime was decreased by 6× on
the nanohole structure compared to the bulk value. Since the

fluorescence lifetime is τ = 1/(Γ + kNR), where Γ is the radiative
decay rate, and kNR is the nonradiative decay rate, and the
quantum yield isQ =Γ/(Γ + kNR), we canwriteΓ =Q/τ, and kNR
= (1/τ)−Γ. Our experiments showed a decrease in lifetime with
an increase in quantum yield (Figure 2c,d). This indicates that
the enhancement on the nanohole is mainly driven by an
increase in the radiative decay process.62

Next, control experiments were performed on the glass
substrate without the silver nanohole substrate. Since the field
intensity enhancement is low without any plasmonic nanostruc-
ture, a 400× higher concentration of R6G is required on glass to
get any detectable signal, and such a concentration was
employed in our experiments. Both samples (R6G on glass
and nanohole structure) showed a two-photon fluorescence in
the emission wavelength range of R6G (∼550−560 nm) (Figure
S5b,d). However, only the nanohole plasmonic structure with
R6G showed SHG (Figure S5c). Despite using a 400× higher
concentration of R6G (10 μM), the glass substrate did not show
any SHG signal (Figure S5a). The samples on glass showed
SHG at a R6G concentration of about 11 mM (Figure S7). Also,
we did not observe any detectable SHG on smooth Ag and Au
metal alone (Figure S6), which is expected because of a

Figure 4. Template matching algorithm to find the orientation of the molecule in 3D. (a) Simulated images at different θ and ϕ at fixed aperture. (b)
Examples of corresponding experimental SHG images withmatching patterns simulated in (a). The scale bars in (a) and (b) correspond to 500 nm. (c)
Representative SHG images of R6G molecules on the nanohole substrate. (d) Values of θ and ϕ indicated in the image obtained by the template
matching algorithm for Figure 4c. The scale bars in (c) and (d) corresponds to 2 μm. (e) 3Dmapping of single molecule with its orientation predicted
by the template matching algorithm. The blue dot represents the position of the molecule, and the resultant angles of θ and ϕ are denoted by the red
arrows. Histogram distribution of orientation angles in (f) polar direction, θ, and (g) azimuthal direction, ϕ.
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centrosymmetric crystal lattice of the smooth continuous metal
thin films where SHG is forbidden in bulk due to inversion
symmetry. The R6G detection on smooth metal substrate was
found to be dependent on the concentration of R6G dye
employed in the experiments with an obvious greater sensitivity
for detection at higher R6G concentrations particularly in sub-
mM concentration range.
Figure 3 presents the single-molecule SHG imaging of R6G

within nanoholes, where each molecule has a different
orientation. Various patterns were observed with central bright
spots with two full or half Airy ring-like structures. It should be
noted that the half-ring-like structures are not imaging artifacts,
which we verified by changing the imaging speed and pixel
dwelling time. Furthermore, these are not due to digital
photobleaching since SHG should not show any photo-
bleaching.63 As seen in Figure 3a, Airy disk emission patterns
were visible only for R6G on the nanohole structures and not on
the glass substrate (Figure S5a). Interestingly, some of the
emission patterns also showed half-Airy disk structures that are
attributed to different orientations of R6G molecules on the
nanohole substrate. We also note that we did not observe such
unique Airy ring-like patterns when imaging the plasmonic silver
nanohole structure alone without R6G dye, where the SHG
channel shows weakly emissive dots arising from the silver
nanostructures on the nanohole device (Figure S8). To find the
reason for the unique half-Airy ring patterns in the presence of
R6G dye, we calculated the emission pattern of the dipole

radiated through the aperture.49 Here, we modeled the
fluorescence dye as a dipole emitter, and the nanohole as an
aperture. Such calculations were performed closely resembling
the nanohole geometry described at different aperture diameters
d, depths of dipole from the aperture z, polar angle θ, pixel size n
× n, and azimuthal angle ϕ to generate a library of images
(Figures 3c and 4a and SI Figure S9). A total of 72,000 template
images were created for the library. Using the template matching
algorithm (see Materials and Methods and SI for details), the
experimental results were compared with the simulated library
images to find the corresponding d, z, θ, and ϕ by finding the
best possible match between a given image region and the set of
library images. It was found that the half-Airy patterns of the
SHG were due to the different orientations of the R6G
molecules inside the nanohole. The experiment and the
simulation of the dipole emission patterns through the aperture
(nanohole device) are matched within our angular uncertainty
analyses, indicating that the molecule (Figure 3b, left) has a
polar angle θ = 24° and azimuthal angleϕ = 90° and is situated at
40 nm from the surface, while the molecule (Figure 3b right) is
located at 150 nm from the surface having a polar angle of θ = 30
and azimuthal angle of ϕ = 22.5° (Figure 3b,c,f,g). Figure 4a
shows the various simulated patterns of single molecules with
different orientations at various aperture depths. The corre-
sponding identified experimental patterns are shown in Figure
4b. The similarity of the patterns for the experimental and
simulated images can be clearly observed, confirming the

Figure 5. Electric field intensity calculated at (a) λ = 800 nm and plotted in the xy plane (top view of the nanohole device). The image on the right
shows the electric field distribution in the xz plane (side view or along the cross section of the nanohole device) calculated at λ = 800 nm. (b) The
corresponding electric field distribution in the xy and xz planes calculated at λ = 400 nm. Local density of photonic states (LDOS) enhancement map
calculated on the surface of the nanohole array at (c) λ = 800 nm and (d) λ = 400 nm. (e) LDOS enhancement variation with wavelength calculated at
the center of the nanohole (blue) and at the edges of the nanohole. (f) Absorbance of the nanohole array (NHA) device showing the plasmonic
resonance of the structure with h = 1000 nm. The absorption and emission spectra of R6G are also plotted showing the plasmonic−R6G molecule
interaction. (g) Jablonski diagram showing the probable energy transitions scheme for the plasmon-enhanced SHG signal generation from single R6G
molecules.
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suitability of the algorithm. Furthermore, electromagnetic
simulations of the dipole emission pattern calculated at different
polar and azimuthal angles were compared with the z-stack
experimental SHG imaging to recover the orientation angles θ,ϕ
of the molecule inside the plasmonic nanohole structure. Figure
4c,d shows various SHG emission patterns from R6G molecules
on the plasmonic nanoholes in a larger field of view with many
individual molecules at a single plane. Figure 4e represents 3D
mapping of individual R6G molecules obtained from the z-stack
of images. The purpose of Figure 4e was to demonstrate the
optical sectioning capability of multiphoton nonlinear SHG
microscopy with 3D orientation mapping by imaging through
sequential z- slices through collection of a z-stack of images. The
locations of the molecules are shown as blue dots, and the
resultant vector angles of θ and ϕ are denoted by the red arrows
for the 31 molecules imaged. This is the first demonstration of
highly sensitive simultaneous visualization and 3D orientation
extraction of individual R6G molecules using label-free SHG
imaging on plasmonic nanohole arrays. Figure 4f,g shows the
histogram distribution of extracted orientation angles θ, ϕ from
SHG images. It should be noted that when we include large
numbers of molecular images (∼150 molecules and see SI
Figure S12) in our analysis, the azimuthal angle (ϕ) distribution
is relatively flat, which means that molecules can be found with
almost equal probability in any ϕ angle ranging from 0° to 360°.
The observed SHG emissions results in Figure S12 show that the
most probable orientation of molecules in terms of polar angle is
at θ = 60−70°, which agrees well with the literature values.64,65 It
should be noted that for unambiguous detection of molecules,
the outer rim of the pattern is very helpful. Therefore, for precise
analysis of orientation angles, the ideal separation between
molecules is determined to be ∼1.0−1.5 μm. Figure 4d depicts
the fitted experimentally obtained SHG emission patterns using
the template matching algorithm to obtain both out-of-plane
and in-plane-orientation angles θ, ϕ, demonstrating that
emission from single molecules matches the one of dipole
emitters. However, we also note that it becomes progressively
harder to distinguish patterns with an out-of-plane angle of
<30°, especially for images with poor signal-to-noise ratio. The
image analysis of Figures 3 and 4 shows that the algorithm
performs well for relatively non-overlapping molecular orienta-
tion patterns, even with poor signal-to-noise counts. Our
analysis showed that, if the polar angle of orientation for the two
molecules is between θ = 0−30°, we will likely not be able to
resolve it, though we can still produce some estimate. However,
our theoretical templates sample the possible values of θ = 6°
andϕ = 6° using the templatematching algorithm employed. So,
though our theoretical resolution is 6°, in reality, our ability to
resolve angles depends highly upon θ.
To understand the mechanism of enhanced surface-sensitive

SHG response from individual R6G molecules on plasmonic
nanohole arrays, we performed numerical simulations to
calculate the field enhancement and local density of states
(LDOS) at plasmonic hot spots on silver nanohole arrays. R6G
is known to exhibit polarization-sensitive SHG emission, albeit
at high sub-mM range of concentrations, in ensemble measure-
ments at a pump laser excitation of 780−800 nm.66 We
calculated the electric field intensity distribution in one unit cell
of the nanostructure at both 800 and 400 nm wavelengths
(Figure 5a,b). We observe that, while at 800 nm the structure
does not have any strong resonances, at 400 nm the electric field
is highly intensified at the edges of the nanohole. Molecules
adsorbed close to these hot spots on the surface of the structure

experience a significant increase in the local fields, which
consequently enhances light-matter interactions at the location
of these molecules. From Figure 5b, we observe that at 400 nm,
we have∼2.5× electromagnetic field enhancement on the edges
of the silver nanohole compared to the planar silver surface.
The intensified confinement of the electromagnetic field at

the second harmonic resonance wavelength (λ = 400 nm)
increases the LDOS at the outer rim of the nanoholes (Figure
5c,d). According to Fermi’s golden rule, the increase in the
LDOS leads to an increase in the spontaneous emission rate of a
dipole as follows:67,68 γ ω μ ρ ω= ℏϵ | | ∫ r dssp 2 /3 ( , )s0

2 where ρ(r,ω) is the

LDOS, ℏ is the reduced Planck constant, ϵ0 is the dielectric
permittivity of free space, and μ is the transition dipole moment
of the emitter. The LDOS ρ(r,ω) was calculated using the
equation:67,68 ρ ω = { ̂ · { [ ⃡ ]· ̂ }}ω

π
r n G r r n( , ) Im Tr ( , )

c
2

p p2 , where

n̂p is the orientation of the transition dipole of the emitter, G⃡
is the dyadic Green’s function, and c is the speed of light in free
space. Here, the function G⃡ takes in to account the interplay
between the dipole of the emitter with its own local electric field.
Using the above equation, the LDOSwas calculated at the center
and at the outer rims of the nanohole at λ = 400 and 800 nm. In
the FDTD simulations, an electric dipole emitter was positioned
at the center and at the edges of the nanohole, while its vertical
location was 2 nm above the surface of the sample. Figure 5e
shows the LDOS enhancement at the center of the nanohole
(blue) and at the outer rim of the nanohole (red). The LDOS
was calculated by averaging the DOS of the dipole emitter over
the three polarization directions. We observe that the LDOS is
significantly increased at the edges of the nanohole compared to
the center. The spatial dependence of the LDOS is shown in
Figure 5c,d (λ = 800 nm and 400 nm, respectively). The LDOS,
and consequently the spontaneous emission rate from an
emitter, increases by more than an order of magnitude (∼12×)
at the edges of the nanohole at the 400 nm wavelength (Figure
5c−e). Therefore, our experimental and simulation results
suggest that the increased confinement of the electromagnetic
field at the hot spot locations near the R6G molecules lead to
enhancement of SHG emission on our device. Further, the
confinement leads to enhanced light absorption and an increase
in the LDOS near the location of the R6Gmolecules, resulting in
an enhanced emission rate of R6G at the wavelength of 400 nm.
As seen in Figure 5b,d, the excitation electromagnetic field
enhancement at 400 nm of ∼2.5 on plasmonic hot spots in
combination with the emission enhancement of ∼12 in LDOS
near the edges of the nanohole at 400 nm provides at least 30×
total enhancement on the edges of the plasmonic silver nanohole
substrate. We do not see any SHG signal originating from R6G
at 10 μMconcentration on the glass substrate, while on the silver
nanohole structure even at very dilute 0.25 nM concentration,
we observe SHG emission from single R6G molecules. As the
SHG signal is proportional to the number of molecules (ISHG ∝
Nβ, where N is the number of molecules and β is the
hyperpolarizability of the molecule),69 the magnitude of SHG
enhancement factor (EF) on the plasmonic silver nanohole
arrays is estimated to be

∼ = ×I N I NEF / 1.2 10nanohole glass glass nanohole
6

Figure 5g shows the proposed energy level scheme illustrating
possible enhancement of the SHG signal from R6G molecules
through two different mechanisms denoted as Schemes 1 and 2.
Scheme 2 shows the direct generation of SHG photons from
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R6G. Under an 800 nm pulsed laser excitation source, R6G
absorbs two photons to undergo an S0 → S2 transition. When
R6G relaxes to its ground state, it will emit the SHG photon at
400 nm due to S2 → S0 transition. However, this transition
process is weak, as it requires R6G concentrations above 1 mM
(Figure S7). We believe the more dominant SHG emission
pathway is likely arising through the configuration of Scheme 1.
Therein, broad two photon fluorescence and plasmonic
generation of photons at 530 nm from the silver nanohole
array provide the pump excitation to populate the singlet state
(S1) of R6G (Figure 5g). Finally, the two-photon absorption
generates the SHG signal with a Sn← S1 transition followed by a
S1 ← Sn SHG transition of the R6G molecule under 800 nm
pulsed laser excitation. A similar mechanistic framework has
been demonstrated for SHG emission in R6G through ensemble
measurements.66

In summary, we demonstrate a unique SHG microscopy
method for ultrasensitive collective plasmon-enhanced SHG to
achieve simultaneous visualization and 3D orientation imaging
of individual R6G molecules using plasmonic silver nanohole
arrays. These findings can be extended to detect and perform
orientation imaging of single molecules in applications ranging
from nanophotonics to complex biological systems.
Materials and Methods. Sample Fabrication. Nano-

imprint lithography method was utilized to prepare the
nanohole photonic structures.24,42 Briefly, UV-curable polymer
(10 μL) was dropped on a silica master mold (pitch = 350 nm)
with nanopillar structure. After curing with a UV flood system
with a power density of 105 mW/cm2, mirror images of the
master mold structures were transferred to the supporting PET
film to obtain nanohole array structures. Finally, 90 nm of Ag
was deposited on the nanohole array PET film for the plasmonic
devices.
Experimental Setup and Measurement of SHG Signals.

The silver nanohole array plasmonic device dispersed with
aqueous R6G (concentration ∼0.25 nM) was excited with a Ti-
sapphire laser ( f = 80 MHz, wpulse = 100 fs, λpump = 800 nm)
(Figure S10) using a 100× objective with numerical aperture of
1.4. The emitted light from the sample was separated by band-
pass filters using the spectrometer at 380−400 nm for the SHG
signal and 550−650 nm for the two-photon fluorescence signals.
The average power at the sample was 10 mW. The obtained
single-molecule images were analyzed using a templatematching
algorithm described below to determine the molecular
orientation in each image frame. The resolution of imaging
system for SHG images was measured using a 100 nm gold
nanoparticle and found to be 670 nm (Figure S11).
Template Matching Algorithm.To determine the depth and

orientation of each molecule in the image and compare them to
the simulated library of images, we employed a template
matching algorithm70−72 using the normalized cross correlation
coefficient as a similarity measure. We first generate a set of
templates {T{θ,ϕ,z,s}(x,y)} that uniformly samples the space of
possible parameters of angles (θ and ϕ), scale in number of
pixels (s), and depth (z) of the radiation pattern of a molecule/
nanoparticle for the given wavelength of the experiment. We
iterate over the experimentally generated image with each
template, comparing each region in the image to the template
using a MATLAB implementation of template matching, and
the normalized cross correlation coefficient (NCCC) is given by

=
∑ + +

∑ ∑ + +
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T u v I x u y v
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location (x, y), where I is the acquired image and (u, v) are
pixel locations in the template. This process yields a score for
each template at each pixel location. Themaximum score at each
pixel is thresholded to remove weakmatches which are not likely
to correspond to the location of a molecule, producing a binary
m a s k o f c a n d i d a t e l o c a t i o n s
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indicator function. Regarding computational time required for
the template matching algorithm, typically running the
algorithm for one 512 × 512-pixel image for given values of z,
aperture, and s (so we are only looking for θ and ϕ) requires
∼10−20 s. From there, the time scales linearly in z, aperture, and
s.

Quantitative Assessment of Template Matching Algo-
rithm. Theoretically, the only templates that are identical are
those for which the vertical/axial angle, θ, is 0. In this case, the
imaged pattern will be isotropic, and therefore, changing ϕ
(azimuthal angle), which merely rotates the pattern about its
center, will not result in any change. For any angle of θ > 0, this
will not be the case. However, although the templates will not be
exactly the same, the difference may be small, especially for
smaller angles of θ.
Figure S13a shows the plots of the NCCC between templates.

Recall from above that NCCC ranges from 0−1, with 1 being a
perfect match. The first plot shows the pairwise difference
between two templates with the same angle θ, varied between
0−90° (corresponding to the column index), but differing values
ofϕ (corresponding to row index). For one template,ϕwas held
to 0°, while for the other, the angle ϕ was varied from 0 to 360°
(corresponding to the row index). We can see that, for values of
θ < 30°, changing ϕ, or rotating the template, results in a
negligible drop in NCCC. However, for values of θ > 30°,
rotation of ϕ results in an increasingly larger drop in NCCC.
When θ is nearly 90°, the imaged pattern becomes symmetric to
rotations of 180°, which explains the increase in NCCC to 1 for
ϕ = 180° and θ = 90°. Figure S13b shows the uniqueness of the
templates by varying the angle θ and keeping the angle ϕ
constant. Along the diagonal, the value of NCCC is 1, since θ is
the same for both templates. We can see that, as θ increases
beyond a threshold value (θ ∼ 30°), the templates become
increasingly distinct from each other. However, for θ < 30°, the
generated templates are not clearly distinct from each other
(NCCC values close to 1). This leads to poor resolution in
resolving angles for θ < 30°. On the other hand, when θ > 30°,
the angular resolution for resolving the orientation of the
molecule is ∼6°.

Fluorescence Correlation Spectroscopy. FCS measure-
ments of R6G were conducted on Alba FCS instruments (ISS,
USA) based on a Nikon inverted confocal microscope equipped
with 470 nm diode laser as a single photon excitation source.
Fluorescence intensity fluctuations were detected with an
avalanche photodidode detector. All FCS data acquisition and
fluorescence intensity temporal fluctuations were analyzed using
the VistaVision software package from ISS.

Numerical Simulations. Calculation of the Nonlinear
Transmission Coefficient. Lumerical finite difference time
domain (FDTD) package was used for the simulations. The
refractive indices of silver and titaniumwere obtained fromCRC
data, and the refractive index of the polymer was 1.56. The mesh
size was 2 nm throughout the simulation domain. Periodic
boundary conditions were used in the x and y directions, and
perfectly matched layers (PMLs) were used in the z direction. A
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high-power plane-wave was used to excite the nanostructure as
the pump signal (normally incident from top) at 800 nm
wavelength. The polarization of the excitation field was along the
x direction. The transmitted power was collected using a plane
frequency-domain field monitor which was placed below the
nanohole array. The spectra were obtained through Fourier
transform of the recorded electric fields.
Calculation of the Local Density of States. A simulation

domain including several periods of the structure was used to
calculate the LDOS. PML boundary conditions were utilized in
x, y, and z directions. The mesh size was 1 nm in the vicinity of
the surface of the nanostructure and 5 nm in other areas. An
electric dipole emitter was positioned at the center and at the
edges of the nanohole. Its vertical location was at z = 2 nm. For
each point (either at the center or at the edge of the nanohole)
and for each orientation of the dipole emitter (i.e., x, y, and z),
we calculated the Green’s function, which is the electric field at r
generated by a dipole emitter located at r0, and used it to obtain
the LDOS.
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