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ABSTRACT: Dark-field microscopy (DFM) is widely used to
optically image and spectroscopically analyze nanoscale
objects. In a typical DFM configuration, a sample is
illuminated at oblique angles and an objective lens collects
light scattered by the sample at a range of lower angles. Here,
we develop waveguide scattering microscopy (WSM) as an
alternative technique to image and analyze photonic
nanostructures. WSM uses an incoherent white-light source
coupled to a dielectric slab waveguide to generate an
evanescent field that illuminates objects located within several

Conventional Dark Field

Waveguide Scattering Microscopy

hundred nanometers of the waveguide surface. Using standard microscope slides or coverslips as the waveguide, we demonstrate
high-contrast dark-field imaging of nanophotonic and plasmonic structures such as Si nanowires, Au nanorods, and Ag
nanoholes. Scattering spectra collected in the WSM configuration show excellent signal-to-noise with minimal background signal
compared to conventional DFM. In addition, the polarization of the incident field is controlled by the direction of the
propagating wave, providing a straightforward route to excite specific optical modes in anisotropic nanostructures by selecting the
appropriate input wavevector. Considering the facile integration of WSM with standard microscopy equipment, we anticipate it
will become a versatile tool for characterizing photonic nanostructures.
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ark-field microscopy (DFM) is used extensively in

biological and materials research for applications ranging
from single nanoparticle spectroscopy'™ to label-free live
tissue imaging.>* "> As illustrated in Figure 1A, DFM typically
requires white-light illumination of a sample at oblique angles
and collection of the scattered light by an objective lens,
producing a bright object surrounded by a dark background. In
nanomaterials research, DFM has become particularly useful
because nanoscale objects strongly scatter light at specific
wavelengths as a result of optical resonances that depend on the
size, shape, and composition of the material. For instance, Mie
resonances in semiconductor nanowires (NWs) produce
distinct colors that strongly depend on the wire
diameter,"*™"” and the frequencies of localized surface plasmon
resonances in anisotropic metallic nanoparticles are well known
to depend on the particle size and aspect ratio.'””'®* When
integrated with a spectrometer, DFM enables quantitative
measurement of these types of wavelength-dependent scatter-
ing characteristics in single nanoscale objects.

Despite the ubiquity of DEM, the technique presents several
limitations or caveats. First, the angular distribution of the
white-light source varies from microscope to microscope,
producing a range of results from the same sample when
imaged with different DEM systems.'”*® Second, the polar-
ization of the input white light is difficult to control because of
the angular distribution of the incoming rays, preventing highly
selective excitation of polarization-dependent optical resonan-
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ces in anisotropic objects.”* Third, the incident light is supplied
by a lens, which limits the range of angles that can be collected
by the objective lens and reduces the numerical aperture and
resolution of the image.

Here, we describe an alternative DFM method called
waveguide scattering microscopy (WSM),”*~** which illumi-
nates nanoscale objects in the near field using white light
transmitted through a multimode dielectric slab waveguide.
Light scattered into the far field is collected by an objective lens
to generate a dark-field, full-color image. WSM is similar to
both total internal reflection microscopy (TIRM)**73° and
total internal reflection fluorescence microscopy (TIRFM),*"**
but it uses an incoherent white-light source coupled to a
waveguide to generate the evanescent field rather than a laser
source coupled to a lens or prism. In a few instances, TIRM has
been performed with white-light illumination to evaluate
plasmon resonances in Au nanoparticles.”>™>* Similarly, Au
nanorods have been deposited and imaged on the surface of an
optical fiber waveguide coupled to a halogen lamp.*> Wave-
guide-based variations of TIRFM have also been performed by
coupling laser or diode light sources into glass waveguides.** >’
In addition, optical fiber waveguides and slab waveguides are
commonly used to perform spectroscopy in both the infrared®
and optical® regimes on samples deposited in the near field of
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Figure 1. Comparison of conventional DFM and WSM. (A)
Schematic of conventional forward-scattering (upper) and backward-
scattering (lower) DFM systems. (B) Schematic of a substrate-based
(upper) and coverslip-based (lower) WSM apparatus. Green
substrates indicate transparent materials, and white substrates indicate
opaque materials; however, the substrate in B-DFM and C-WSM may
be opaque or transparent. In C-WSM, an index-matching oil is placed
in the vicinity of the nanostructure to enhance optical coupling. (C)
Images of a micropatterned logo defined in a 50 nm thick Au film by
electron-beam lithography on glass, showing SEM image (far left) and
DFM (middle left), S-WSM (middle right), and C-WSM (far right)
optical images with a 10X microscope objective; all scale bars, 20 ym.

the waveguide surface. Here, we use WSM to both image and
spectroscopically analyze plasmonic and photonic nanostruc-
tures. It is used to produce images and spectra with high signal-
to-background ratios and to excite polarization-dependent
scattering modes in metallic and dielectric nanostructures.
WSM is surprisingly easy to implement using standard
microscope equipment and can overcome limitations encoun-
tered with standard DFM for specific applications.

B RESULTS AND DISCUSSION

A standard DFM configuration is illustrated schematically in
Figure 1A for both forward-scattering (F-DFM) and backward-
scattering (B-DFM) geometries. In F-DFM, the substrate is
transparent and light is incident and collected on opposite sides
of the substrate. In B-DFM, the substrate is often opaque and
light is incident and collected on one side. Two analogous
WSM configurations are illustrated in Figure 1B. If the
substrate is transparent (such as a standard glass microscopy
slide), then total internal reflection of white light within the
substrate provides waveguide illumination for objects on the
surface. If the substrate is opaque, a coverslip can be placed on
the substrate using an optical-quality oil at the interface
between the nanostructure and coverslip. Total internal
reflection within the coverslip provides waveguide illumination,
and the oil serves to improve light coupling by homogenizing
the local refractive index and increasing physical contact
between the substrate and coverslip through capillary forces. In
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the two WSM configurations, referred to as substrate
waveguide scattering microscopy (S-WSM) and coverslip
waveguide scattering microscopy (C-WSM), respectively, light
scattered out of the waveguide by the sample is collected with
an objective lens to form a dark-field image.

We implemented WSM on a standard upright microscope
(Zeiss Axio Imager A2M; see Figure S1) using an inexpensive
fiber-coupled tungsten halogen lamp as the white-light source.
The white light was coupled into standard microscope slides
and coverslips at the unpolished edges of the glass (see Figure
S2 and Methods). A comparison of dark-field images generated
with B-DFM, S-WSM, and C-WSM is shown in Figure 1C for a
simple micron-scale Au pattern deposited on a glass substrate.
The B-DFM produces an image with significant background
signal due to refraction and reflection within the substrate. In
contrast, the two WSM modes produce high-contrast images
with negligible background signal. In addition, the S-WSM
exhibits sensitivity to the edges of the pattern, whereas C-WSM
is sensitive to surface topology, producing an image of surface
irregularities in the Au film. This latter effect results from the
high surface sensitivity of the evanescent field (see Figure S3)
combined with the positioning of the waveguide between
nanostructure and objective.

In addition to imaging, DFM is extensively used for the
spectroscopic analysis of nanostructures, such as Au nano-
particles and nanorods exhibiting localized surface plasmon
resonances.””'****! Similar to previous analyses of Au
nanostructures by TIRM>>~** and optical fibers,”> WSM can
be used to image and analyze these materials, as illustrated in
Figure 2. Au nanorods ~150 X 50 nm in length and diameter,
respectively (Figure 2A), appear as bright orange spots in both
B-DFM and S-WSM (Figure 2B). S-WSM provides an image
with substantially improved contrast ratio because of the
suppressed background scattering. Optical simulations of the
plasmon resonance in these particles using finite-difference
frequency-domain (FDFD) calculations (see Methods) dem-
onstrate that the optical field in both DFM and WSM (Figure
2C and D, respectively, as well as Figure S4) can excite the
transverse and longitudinal plasmon resonances in the nanorod.

Scattering signals, as shown in Figure 2E, were measured
from the same ensemble of nanorods using B-DFM and S-
WSM. Background signals (without nanorods) were also
measured and subtracted from the scattering signals to yield
the final scattering spectra, as shown in Figure 2F. Although
background subtraction is critically important for DFM, the
background signal from WSM is both low in amplitude and
spectrally featureless (e.g.,, compare red and blue dashed curves
in Figure 2E), eliminating the need to collect a background
spectrum. Quantitatively, the maximum signal-to-background
ratio for DFM is ~2.2, whereas the maximum value for WSM is
~14 000. Background suppression is thus one key advantage of
WSM over DFM for the spectroscopic analysis of photonic
nanostructures. As expected from the optical simulations, the
DFM and WSM spectra both exhibit peaks for the longitudinal
(~670 nm) and transverse (~550 nm) modes.

We also investigated the scattering spectra from Si NWs,
which behave as cylindrical, subwavelength Mie scattering
centers."*'” Because the wires lie on substrates that break the
cylindrical symmetry, scattering peaks measured by DEM tend
to shift with the various illumination angles produced by
different microscope objectives. This type of substrate effect has
been observed in the scattering from plasmonic nanoparticles.**
In some cases, it can be used advantageously to excite specific,
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Figure 2. Comparison of scattering spectra from plasmonic nanorods
acquired with DFM and WSM. (A) SEM images of Au nanorods; scale
bars, 1 ym (left) and 100 nm (right). (B) B-DFM image (left) and S-
WSM image (right) of multiple Au nanorods; scale bars, S0 um. (C
and D) Optical simulations of the longitudinal (I) and transverse (II)
plasmon resonances in Au nanorods on a glass substrate excited using
a plane wave incident at 60° with respect to the surface normal (panel
C) or waveguided in the substrate (panel D), representing DFM and
S-WSM configurations, respectively. Directions of the electric field
polarizations are denoted by double-headed arrows, and intensities of
the transverse modes (II) are scaled by a factor of 3 to increase their
visibility. See Figure S4 for cross-sectional images of these resonances.
(E) Scattering signal collected from an ensemble of Au nanorods
(solid) and background signal (dashed) collected from the substrate
for B-DFM (left, red) and S-WSM (right, blue). (F) Scattering
spectrum of Au nanorods generated by subtracting the substrate
background signal from the scattering signal in panel E for B-DFM
(left) and S-WSM (right). Differences in the scattering spectrum result
from differences in the illumination geometry, which shift the relative
intensities and resonance frequencies of individual nanorods. All
spectra in panels E and F were corrected based on the spectrum of the

white-light sources (see Methods).

angle-dependent optical resonances, although it also adds a
complication to the interpretation of scattering spectra. This
effect is illustrated by DFM and WSM images and scattering
spectra (Figure 3A and B, respectively) collected on the same Si
NW 50 nm in diameter. A conventional DFM image collected
with a 100X objective shows a red NW, and scattering spectra
(red curve) show Mie resonances at ~405 and ~650 nm. For
DFM collected with a 10X objective (red dashed curve in
Figure 3B), however, the Mie resonances red shift by ~40 and
~100 nm for the short- and long-wavelength peaks,
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Figure 3. Comparison of Mie scattering spectra from Si NWs acquired
with DFM and WSM. (A) SEM (left), DFM (middle), and WSM
(right) images of a SO nm diameter Si NW; scale bars, 2 ym. (B)
Comparison of the scattering spectra using DFM with a 100X
objective (solid red) and 10X objective (dashed red) and C-WSM with
a 100X objective (solid blue) and 10X objective (dashed blue). (C)
Upper: Schematic illustration of a Si NW encoded with six distinct
diameters by the ENGRAVE process, which uses selective wet-
chemical etching to reduce the wire diameter. Lower: Images collected
by B-DFM (top) and C-WSM (bottom) of the diameter-encoded
NW; scale bars, S pum. Regions of different diameter are denoted by
the numbers 1—6. (D) Scattering spectra collected by B-DFM (left)
and C-WSM (right) of select regions of the NW shown in panel C.

respectively. In contrast, WSM produces images with a blue
color and spectra that show a single Mie scattering resonance
(blue curves in Figure 3B). Most importantly, the scattering
resonance observed with WSM does not shift with the
microscope objective, showing a peak at ~470 nm with both
100X and 10X objectives.

To examine the diameter-dependent scattering of Si NWs,
we fabricated a single NW with six distinct diameters along the
growth axis (Figure 3C) using the ENGRAVE (Encoded
Nanowire GRowth and Appearance through VLS and Etching)
process described elsewhere.*’ For the largest diameters (~200
nm), the wire scatters yellow or red light followed by
progressively shorter wavelengths for smaller diameters,
producing the rainbow effect in the images in Figure 3C. C-
WSM scattering spectra collected from sections with distinct
diameters (Figure 3D, right) confirm a smooth shift of the
scattering peaks to shorter wavelengths. For B-DFM, however,
the spectral response (Figure 3D, left) is more complex because
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of the broad distribution of input wavevectors, and a clear
progression is not easily discerned.

In addition to diameter-dependent effects, the scattering of
anisotropic nanostructures depends on the polarization of the
electromagnetic field. In DEM, polarization control is exerted
by placing polarization optics in the incident or scattered beam
paths. In WSM, however, polarization control can be achieved
simply by changing the direction of the wavevector, k, for the
light source (see Figure S5 for details). Light in a multimode
waveguide is composed of both s-polarized and p-polarized
fields, as illustrated in Figure 4A* At the waveguide surface,

B

Figure 4. Polarization-selective illumination of Si NWs with WSM.
(A) Schematic of TM (top) and TE (bottom) waveguide illumination
of a NW, showing the s-polarized electric field parallel and
perpendicular, respectively, to the wire axis. (B) SEM (top) and
WSM images (bottom) of a sinusoidal Si NW under waveguide
illumination using the wavevector directions denoted by arrows; scale
bars, S pm.

however, the evanescent field is linearly polarized (parallel to
the surface) for the s-polarized light and is elliptically polarized
in the plane of incidence for the p-polarized light (with
components 4primarily perpendicular but also parallel to the
surface).***”* For nanostructures with high aspect ratios,
particularly NWs,* light scattering is strongly favored for light
polarized parallel to the long axis of the structure. For
nanostructures lying on the waveguide surface, this results in
preferential scattering by s-polarized light if the long axis of the

nanostructure is oriented perpendicular to k, referred to as the
transverse magnetic (TM) direction (Figure 4A top).
Orientation parallel to k, referred to as the transverse electric
(TE) direction, minimizes scattering by the s-polarization
(Figure 4A bottom). Because anisotropic structures are
typically oriented with the long axis parallel to the substrate
surface, scattering from p-polarized light is minimal (see Figure
S6).

This polarization effect is well illustrated by WSM images
collected on a sinusoidal Si NW using four distinct directions
for k (Figure 4B), achieved by altering the position of the light
source relative to the nanowire axis (see Figure S5). Sinusoidal
wires were created following a literature procedure®” for
depositing NWs on a flexible, stretched polydimethylsiloxane
(PDMS) substrate, which was then released to form bent wires
in a planar sinusoidal shape (see Methods for details). Because
PDMS is transparent, it was also utilized as the waveguide
substrate, illustrating the generality of the WSM technique for
any planar, optically transparent substrate material. As shown
by the WSM images for specific k directions in Figure 4B,
segments of the wire satisfying the TM condition exhibit strong
light scattering, whereas segments satisfying the TE condition
are dark. These images confirm that light scattering primarily
results from the s-polarization and confirm that the input k
direction provides polarization control for imaging and analysis
of anisotropic nanostructures by WSM.

To demonstrate WSM polarization control with plasmonic
nanostructures, we fabricated an asymmetric array of
rectangular nanoholes in an Ag film deposited on a glass
substrate, as shown in Figure SA (see Methods for fabrication
details). Plasmon resonances in these types of structures have
been shown to depend on the polarization of incoming light,
causing the transmission of different wavelen§ths for
orthogonal polarizations of the incoming beam.*™° As
shown in Figure SB, we performed optical simulations of the
Ag nanohole array under waveguide illumination with the
wavevector parallel (vertical s-polarization) and perpendicular
(horizontal s-polarization) to the long axis of the array. These
simulations confirm that distinct surface plasmon resonances
can be excited by the waveguide at wavelengths of ~600 nm for
the vertical polarization and ~800 nm for the horizontal
polarization.
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Figure S. Polarization-selective illumination of plasmonic Ag nanohole arrays with WSM. (A) SEM images of a set of six 8 X 8 Ag nanohole arrays,
showing all six arrays (upper left; scale bar, S ym), a magnified image of a single 8 X 8 array (lower left; scale bar, 1 #m), and a magnified image of
nine nanoholes (upper right; scale bar, S00 nm). Dashed white boxes denote the magnified regions. Lower right: Nanohole geometry used for optical
simulations with a horizontal pitch, 4, of S50 nm and vertical pitch, b, of 450 nm (B) FDFD optical simulations showing the electric field intensity (|
EI*) 40 nm above the surface of the Ag film for vertically (upper) and horizontally (lower) s-polarized illumination of the array with wavevector and
polarization directions indicated by single- and double-headed arrows, respectively; scale bars, S00 nm. (C) WSM images of six 8 X 8 nanohole arrays
obtained for vertically (upper) and horizontally (lower) s-polarized illumination; scale bar, 1 ym. (D) WSM scattering spectra obtained for vertically
(red) and horizontally (blue) s-polarized illumination of the nanohole arrays shown in panel C.
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'WSM images of the nanohole arrays show two distinct colors
from the horizontal and vertical polarization conditions (Figure
SC). Scattering spectra collected in these two conditions
(Figure SD) show distinct scattering resonances located at
~600 nm for the vertical polarization and 750—850 nm for the
horizontal polarization. This result confirms that the direction
of the input wavevector, k, in WSM can be used to produce
polarization-resolved imaging and scattering spectra from
anisotropic plasmonic nanostructures. Furthermore, it high-
lights the similarity of the data produced by WSM—without
polarization optics—to the data collected with more conven-
tional polarization optics.**~>°

B CONCLUSIONS

Conventional DFM has proven to be a valuable tool for the
study of plasmonic and photonic nanostructures. WSM
represents a complementary dark-field technique that can
have advantages over conventional methods, is easily
implemented with standard microscopy equipment, and is
well suited for nanostructures fabricated on planar substrates.
The elimination of in-objective illumination in favor of
waveguide illumination permits the use of higher numerical-
aperture objectives and the collection of higher resolution
images. In addition, the evanescent field illumination reduces
background scattering and produces higher contrast dark-field
images. WSM also provides a consistent illumination geometry
across varying instruments, which can eliminate variations in
the spectroscopic data collected from similar samples. The
waveguide also allows for polarization-controlled illumination
using the direction of the incident wavevector, enabling the
selective excitation of specific dielectric and metallic scattering
resonances. WSM is thus a straightforward and versatile
addition to any microscopy apparatus and allows for efficient
imaging and spectroscopic analysis of photonic and plasmonic
nanostructures.

B METHODS

Materials. Au nanorods 150 X 50 nm in size were
purchased from Nanopartz Inc. (A12-50-700) and used as
received. Films of Au nanorods were prepared by functionaliz-
ing a substrate with poly-L-lysine (Sigma-Aldrich) and drop
casting the Au nanorod solution. Si wafers coated with 100 nm
Si0, and 200 nm Si;N, (Nova Electronic Materials) were used
as opaque substrates for B-DFM and C-WSM. Standard 1 X 3
in. microscopy slides (Fisherbrand 12-550D) and standard
microscopy coverslips (Fisherbrand 12-545-M) were used for
S-WSM and C-WSM, respectively.

Si NW Growth and Fabrication. Si NWs were grown by
the vapor—liquid—solid (VLS) mechanism with a computer-
controlled, low-pressure chemical vapor deposition system
described previously.” To fabricate ENGRAVE structures,*
NWs were transferred from the growth substrates onto Si
wafers and etched by immersing in concentrated buffered
hydrofluoric acid (Transense BHF Improved) for 10 s, rinsing
in water and 2-propanol, and etching in KOH solution (20.0 g
of KOH; 80.0 g of water; 20 mL of 2-propanol as top surface
layer) at 40 °C for 40 s.

Sinusoidal NWs. Si NWs were dry transferred from the
growth substrate to a Si nitride wafer. The wires were then
transferred to a flexible, stretched PDMS substrate (~2 mm
thick; Dow Corning Sylgard 184) by direct contact of the two
substrates. The tension in the PDMS substrate was slowly
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released, producing sinusoidal NWs similar to those described
in the literature.*’

Nanohole Fabrication. A Ag film ~170 nm thick was
deposited with an electron-beam evaporator (Thermionics VE-
100) at normal incidence with a rate of ~1 A/s at a pressure <1
X 1077 Torr. Arrays of rectangular nanoholes were fabricated in
the Ag film by focused jon beam milling (FEI Helios 600
Nanolab Dual Beam system) at a typical ion acceleration
voltage of 30 kV and current of 28 pA. Each nanohole is 200
nm X 260 nm with a pitch of 550 and 450 nm, respectively.

Microscopy. Standard DFM illumination was achieved
using white light from a Zeiss HAL 100 halogen lamp installed
on a Zeiss Axiolmager A2M upright microscope. A 10X
objective with a numerical aperture of 0.2 and a working
distance of 14.3 mm (Zeiss EC Epiplan 10x/0.2 HD WD =
14.3 M27) was used for low-magnification images and spectra.
A 100X objective with a numerical aperture of 0.8 and a
working distance of 0.85 mm (Zeiss EC Epiplan 100x/0.8 HD
WD = 0.85 M27) was used for high-magnification images and
spectra. Waveguide illumination was achieved by coupling a
150 W halogen lamp through a fiber-optic cable (Schott ACE
1) into the end of a glass slide or coverslip. Note that the
coupling efficiency into the waveguide is low; nevertheless, the
100—150 W halogen lamps typically installed on commercial
microscopes provide sufficient power for WSM. Also note that
the exact angle used for coupling the fiber source into the
waveguide (see Figure S1) was not observed to have an impact
on the images or spectra. All optical images were acquired with
a CCD camera (AxioCam ERc Ss). Brightness and contrast
adjustment were performed equally on all images. For WSM
and DFM images, no corrections for the spectra of the two
halogen lamps were applied because of the similarity of the two
spectra (see Figure S7). SEM imaging was performed with an
FEI Helios 600 Nanolab Dual Beam system with an imaging
resolution of <5 nm using a typical acceleration voltage of S kV
and imaging current of 86 pA.

Scattering Measurements. DFM or WSM images were
coupled into a Princeton Instruments Acton SP2500
spectrometer through a fiber-optic cable for spectroscopic
analysis. The light was detected by a liquid-nitrogen-cooled
CCD array (Princeton Instruments LN/CCD-1340/400) using
a 150 groove/mm grating with a blaze angle of 500 nm. Longer
wavelengths were collected with a low-pass filter placed in the
beam path to prevent detection of second-order diffraction.
Background scattering signals were collected in a similar fashion
from a region of the sample without nanostructures. The
background signal was subtracted from the scattering signal to
yield the scattering spectrum. All spectra were divided by the
spectrum of the white-light source (see Figure S7) to correct
for spectral differences in illumination intensity. The DFM
lamp spectrum was obtained using a Labsphere diffuse
reflectance standard, and the WSM lamp spectrum was
obtained by collecting the light scattered out of the end of
the waveguide substrate. All optical measurements were
performed after SEM imaging.

Optical Simulations. FDFD finite-element simulations
were performed with COMSOL Multiphysics. Three-dimen-
sional optical simulations were implemented using the total-
field, scattered-field method. For DFM simulations, the
background field was evaluated with a plane wave incident at
an oblique angle (~60° with respect to surface normal) on the
substrate using periodic boundary conditions on the four
horizontal boundaries, a perfectly matched layer (PML) on the
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lower boundary, and the plane wave source on the upper
boundary. The scattered field was then solved after adding the
photonic structure to the simulation domain and replacing all
boundaries with PMLs. For WSM simulations, a similar
approach was utilized, except that the plane wave was incident
at an oblique angle (~65° with respect to surface normal) from
within the glass substrate to produce total internal reflection in
the glass. Images of the surface plasmon modes in Au nanorods
were generated by evaluating the scattered electric field
intensity (IEP*) in a horizontal plane bisecting the nanorod.
Images of the surface plasmon modes in nanohole simulations
were produced by evaluating the total field intensity (IEP*) in a
horizontal plane 40 nm above the surface of the structure.

B ASSOCIATED CONTENT

© Supporting Information

Supporting Figures S1—S7 showing details of the experimental
setup, WSM surface sensitivity, FDFD optical simulations,
polarization in the waveguide, coupling mechanism with C-
WSM, and halogen lamp spectra. This material is available free
of charge via the Internet at http://pubs.acs.org.
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