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Abstract: Three-dimensional (3D) imaging at the
nanoscale is a key to understanding of nanomaterials
and complex systems. While scanning probe microscopy
(SPM) has been the workhorse of nanoscale metrology, its
slow scanning speed by a single probe tip can limit the
application of SPM to wide-field imaging of 3D complex
nanostructures. Both electron microscopy and optical
tomography allow 3D imaging, but are limited to the use
in vacuum environment due to electron scattering and to
optical resolution in micron scales, respectively. Here we
demonstrate plasmonic Brownian microscopy (PBM) as a
way to improve the imaging speed of SPM. Unlike photonic
force microscopy where a single trapped particle is used
for a serial scanning, PBM utilizes a massive number of
plasmonic nanoparticles (NPs) under Brownian diffusion
in solution to scan in parallel around the unlabeled sam-
ple object. The motion of NPs under an evanescent field
is three-dimensionally localized to reconstruct the super-
resolution topology of 3D dielectric objects. Our method
allows high throughput imaging of complex 3D structures
over a large field of view, even with internal structures
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such as cavities that cannot be accessed by conventional
mechanical tips in SPM.
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1 Introduction

Three-dimensional (3D) imaging at the nanoscale is
critical to study nanomaterials and complex systems.
Scanning probe microscopy (SPM) such as atomic force
microscopy (AFM) and near-field scanning optical
microscopy (NSOM) is a commonly used and powerful
imaging technique that offers nanometer resolution,
but is limited to imaging the surface topology of a small
area due to the serial scanning nature of a single tip [1,
2]. Tip arrays have been pursued to increase the SPM
throughput [3, 4], but laborious engineering and control
of individual tips are required to maintain the nanom-
eter distance between each tip and surface. Also, precise
shaping of the tip geometry by etching [5, 6] or func-
tionalization with carbon nanotubes [7] enables SPM
to image nanostructures with a higher aspect ratio, but
the technique still cannot image 3D overhanging struc-
tures and cavities, as well as soft samples like biologi-
cal materials. This limited imaging capability was well
addressed by photonic force microscopy (PFM) [8, 9]
that replaces the conventional stiff probe with an opti-
cally trapped, sub-micron-sized particle as a soft probe.
While PFM demonstrated truly 3D imaging of transpar-
ent (biological) objects, its imaging speed dependent on
a single probe is still inherently slow. On the other hand,
electron microscopy allows wide-field 3D imaging of
nanoscale structures at higher speed but often requires
vacuum environment with limited imaging penetration
due to electron scattering. Optical tomography and time
reversal technique may be an alternative wide-field 3D
imaging method, yet exhibit lower spatial resolution in
microns due to the diffraction limit [10-12]. Plasmonic
superlens [13-16] enables super-resolution optical
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imaging beyond the diffraction limit but only provides
two-dimensional imaging at a smaller area [17]. Single
molecule localization microscopy (SMLM) allows 3D
imaging of complex objects with nanometer accuracy,
but requires the samples labeled with emitter molecules
such as fluorophores and quantum dots [18-21]. The
staining requirement makes SMLM primarily applicable
to biological objects with known molecular identities.
Here, we demonstrate a new imaging technique, plas-
monic Brownian microscopy (PBM), based on fast, mas-
sively parallel stochastic scanning of 3D nano-objects with
plasmonic nanoparticles (NPs). Our method is somewhat
similar to PFM, but relies on a number of NPs as multi-
ple scanning probes free from optical tweezers as a way to
enhance the imaging speed in SPM. An object surrounded
by these freely diffusing NPs is placed in an evanescent
field, supported by total-internal-reflection (TIR) illumi-
nation, where the scattering intensity of resonant NPs
determines their vertical location. The positions of the
NPs can therefore be localized in all three dimensions and
the voxels unoccupied by these NPs form the 3D shape
of the object. We show that our approach has a resolving
power of laterally 30 nm for an isolated line object and
axially 30 nm for a staircase object. This wide-field, super-
resolution imaging technique is also capable of imaging
unlabeled, low contrast objects such as complex nano-
structures with overhangs and internal structures in a
liquid environment. Realizing a massive number of SPM
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Figure 1: Principle of the PBM technique.
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tips in parallel, PBM holds great potential for large-scale
imaging of unlabeled 3D nanostructures over a large field
of view.

In PBM, an object of arbitrary shape is placed in solu-
tion of randomly diffusing NPs, and a series of images are
acquired. These freely diffusing particles have to be cap-
tured rapidly in a camera before they diffuse a significant
distance. To allow a shorter exposure time of image acquisi-
tion, we use the 50 nm gold NPs excited near their plasmon
resonance at 532 nm where strong scattering signals are pro-
duced without bleaching or saturation. The resonant scat-
tering enables us to collect a sufficient number of photons
per particle to accurately localize its position. The whole
NPs are individually localized in three dimensions as they
probe the volume around the object by Brownian diffusion
(Figure 1A). The scattering intensity depends sensitively
on the exponentially decaying electromagnetic field and
can be used to precisely determine the vertical position.
The lateral position of the particle is found by fitting the
particle’s image with a two-dimensional Gaussian func-
tion. An accumulation of these high-precision localization
data maps out the space excluded by the object, and thus
enables us to reconstruct a three-dimensional object with
resolution down to nanometers (Figure 1B). In comparison
with conventional SPM, PBM that uses massively parallel
NP probes is not only high throughput and wide field, but
also can access underneath nanoscale objects with over-
hangs and cavities.

(A) PBM relies on three-dimensional localization of freely diffusing NPs based on the correlation between evanescent field intensity and
height. An object of arbitrary shape (gray) is placed in a solution of randomly diffusing nanoparticles (green spheres), which are illuminated
by an evanescent field established by total internal reflection (TIR) at the interface between the substrate and the object. A series of raw
images of the particle’s scattering are acquired and the NPs are individually localized in three dimensions as they probe the volume around
the object by Brownian diffusion. Images taken at different times record different NPs randomly distributed around the object. The lateral
localization is obtained by 2D Gaussian fitting, while the height of particle is estimated by measuring the intensity of the scattering signal.
Since the evanescent field decays exponentially with the distance from the interface, the NPs close to the interface will interact with a
stronger field and appear brighter than ones further away. Space occupied by the object is inaccessible to the NPs, and the excluded volume
corresponds to the object. (B) Experimental setup. The sample, composed of sapphire cover slip with a PMMA structure, is enclosed in a
chamber filled with a low-density solution of 50 nm gold NPs whose index is matched to the sample. The chamber is illuminated with a laser
and the NP scattering signal is detected using a 100x oil immersion objective.
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2 Results and discussion

We fabricated 3D staircase structures consisting of
three steps with a height of 30 nm, 35 nm and 40 nm,
respectively (Figure 2A and B). The structure is made of
poly(methyl methacrylate) (PMMA) and was imaged using
PBM in a flow chamber filled with freely diffusing 50 nm
gold NPs with topside TIR illumination (200 mW, 532 nm
laser) on an inverted microscope (Figure 2C). The entire
structure, including height at each point, was imaged
by the massively parallel scanning of NPs. The smallest
height separation between two steps is 30 nm and can be
accurately imaged in agreement with AFM measurements
(Figure 2D). Figure 2E shows a reconstructed image of a
100-nm-height PMMA square pad object under a refractive
index mismatch of 0.058 between PMMA and NP solution,
whose mismatch is larger than an index variation within
typical biological structures in a cellular level. While such
an index mismatch may cause an additional axial error
due to the altered penetration depth of the evanescent
field formed on the sample, our experimental result still
showed a quality image. In fact, our full wave simulation
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(see Supplementary Figure S2) estimated less than 10 nm
axial error for An=0.06. The index mismatch could
also affect lateral localization precision for those NPs
at nearby side walls of or underneath the object, due to
optical aberrations that can induce lateral shifts of point
spread functions (PSFs) or rotationally asymmetric PSFs.
These aberrations are expected to be much smaller than
the wavelength for our demonstrated objects (<100 nm in
height) with An=0.058 and thus neglected here. However,
one needs to be aware of a potentially undesirable influ-
ence of optical aberrations on localization precision.

In addition, we imaged a “Cal Nano” nanostructure
made by e-beam lithography (Figure 3A and B), which
contains diverse feature sizes. We use Figure 3 to demon-
strate the capability of our technique to image complex
structures with a smallest gap width around 100 nm.
PBM not only captures the full three-dimensional
nature of the structure (Figure 3C) but also features as
small as 100 nm over an entire 30 x 30 um? field of view
(Figure 3D). Figure 3E/F shows a number of lines of pro-
gressively decreasing width ranging from 120 nm down
to 20 nm separated by 100 nm gaps (corresponding to a
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Figure 2: PBM can achieve 30 nm vertical resolution.

(A) Schematic of a staircase PMMA object on a sapphire substrate. The sample consists of three steps with 30 nm, 35 nm and 40 nm height,
respectively. (B) AFM image of the sample clearly shows three different levels. (C) PBM image of the same sample showing three distinct
steps. This PBM image was reconstructed from 100,000 frames collected. (D) Averaged cross section of the AFM (black) and PBM images
(orange) showing that PBM accurately detected the heights of the steps with under 30 nm sensitivity. The gray overlay around the orange
line indicates the standard deviation of the heights along the cross section. On the right-hand side of the staircase, the PBM reconstruction
indicates higher step height than AFM does due to uneven illumination; the rest however matches very well with the AFM result. (E) PBM
image of a 5 um x5 pum PMMA square pad with 100 nm height when the solution index is not matched with the sample (An=0.058).
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Figure 3: PBM can image three-dimensional topology of complex shapes with 30 nm feature size.

(A) Schematics of an extruded “CalNano” shape fabricated out of PMMA by e-beam lithography. The surface of the PMMA is 120 nm above
the sapphire surface. (B) AFM image shows also a few NPs stuck to the sample after an experiment. (C) Three-dimensional PBM image in
which the CalNano pattern’s geometry is clearly resolved. The whole 10 um x10 um image was acquired by collecting 200,000 frames,
each with an acquisition time of 3 ms. (D) Zoom-in highlighting the ability of PBM to resolve 100-150 nm features in the letters “|” and “n”.
(E) SEM of fabricated lines with progressively decreasing width and height. The width of the lines, each separated by 100 nm, ranges from
120 nm on left-hand side to 20 nm on the right-hand side. (F) PBM image of the lines including the averaged cross section (yellow) showing
that the smallest 30 nm line is clearly visible, while the 20 nm line is only barely visible. (G) Three-dimensional reconstruction of the line
sample showing both the varying thickness of the lines, all the way down to the 30 nm line, and the decreasing height of the lines.

grating constant of 200 nm). As shown in Figure 3F/G,
PBM shows a lateral sensitivity down to 30 nm for an iso-
lated line object. Each dip between the isolated lines can
be clearly resolved as long as the dip is wider than the
diameter of NPs.

Finally, we demonstrate that PBM can image the
topology of a three-dimensional object with internal
geometry, such as overhung structures or cavities. A struc-
ture consisting of a silicon dioxide layer on a sapphire
substrate was patterned into a smiley face that is roofed
by an overhanging structure made of PMMA (Figure 4A).
This structure is difficult to image with SEM due to the
fact that the top thick PMMA layer shadows and obscures
the underlying structures (Figure 4B). Since PBM uses
50 nm particles to probe the surface of the object, those
particles can easily probe underneath the overhang and
inside the smiley face. PBM imaging clearly shows the
smiley face structure as well as the overhang roof sup-
ported by a thick post (Figure 4C and D) with the sagit-
tal cross section (Figure 4E). This allows PBM to capture
not only the top surface of the object but also the internal
cavity that is difficult for other nano-imaging techniques
such as AFM and SEM.

These observations clearly prove that PBM enables
wide-field optical imaging of complex, three-dimensional

shapes with super-resolution in all three dimensions.
The lateral resolution in PBM depends primarily on the
localization precision of particles and their lateral dif-
fusion lengths during single frame exposure time. The
strong plasmon resonance of the metal NPs results in a
couple of orders brighter PSFs (~25,000 photons) than
when obtained with typical bright organic dye molecules
employed in SMLM [18-21]. Thus, if they were stationary,
localization precision [22, 23] of their lateral positions
could be down to 5 nm at a typical per-frame exposure
time of 1-5 ms. More dominant influence on lateral resolu-
tion is attributed to Brownian diffusion of particles that
induces around 20-30 nm positional uncertainty in our
typical exposure time. This error can be reduced with a
shorter exposure time setting if allowed. For example, a
20x shorter pixel dwell time can be easily achieved with
a 20x stronger laser source (~4 W) than used here, which
still maintains much lower illumination power density
onto samples than a few kW/cm? in typical fluores-
cence-based localization microscopy. A use of high-end
back-illuminated scientific complementary metal-oxide-
semiconductor cameras may further improve not only
spatial resolution thanks to a higher signal-to-noise ratio
and no excess noise like electron-multiplying charge-
coupled device (EMCCD) cameras [23] but also temporal
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Figure 4: Imaging of topology of a three-dimensional shape with internal geometry.
(A) Schematic of the fabricated structure consisting of a silicon dioxide layer patterned onto a smiley face and an overhanging PMMA

structure. The thick PMMA overhang (light gray), supported by the MMA post (blue) roofs the smiley SiO, face (yellow). (B) SEM image of the
structure on which a small gap can be seen, but the top PMMA layer obscures the underlying smiley face. The MMA pillar can be distin-
guished in the middle. (C) Side view of the PBM reconstruction of the sample showing clearly the smiley (orange) face structure as well as
the overhang roof (gray) supported by a thick post (orange). The image was reconstructed from 250,000 frames with 3 ms acquisition each
and errors in determining height at certain positions are visible around the smiley face. (D) Top-down view of the sample showing that

PBM was able to image 100 nm feature within the overhung structure. The rectangle represents a cutting plane which shows how the cross
section in (E) was obtained. The dashed line and the solid line indicate the portion of the cutting plane that goes “through” and above the
sample, respectively. (E) Sagittal (XZ) cross section of the reconstructed area where the cut plane is shown in (D). The gray areas correspond

to the places where the sample is present (i.e. filled PMMA, while the white ones represent an empty space around the sample).

resolution due to their higher readout rate. The vertical
resolution is mainly determined by the sensitivity of scat-
tering intensity change through the particle’s height set
by TIR illumination, the axial diffusion distance, and uni-
formity of NPs. Each of these can be quite equally influen-
tial and therefore has to be minimized. For example, it is
better to use a shallow evanescent field that extends only
above the object. A higher uniformity of gold NPs needs to
be used. We used a commercial 50 nm gold NPs (Ted Pella,
originally from BBI, Redding, CA, USA) that are charac-
terized as 55.6+2.7 nm (see Supplementary Figure S1 in

Supplementary Materials). Highly uniform gold NPs could
be specially synthesized to minimize such axial uncer-
tainty. We believe that other well-known strategies of
axial localization such as highly axially dependent illumi-
nation, bi-plane detection or PSF engineering [24-26] will
provide higher precision as these methods do not rely on
the scattering intensity but the shape of PSFs over height.
Thus, the illumination profile and the uniformity of NPs
can become no longer critical. The axial diffusion is also
minimized with a shorter exposure time under stronger
illumination.
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Our 3D imaging method would have an imaging depth
of less than 1 um mainly due to axial localization enabled
by TIR illumination. However, thicker samples could also
in principle be imaged in PBM by employing the afore-
mentioned strategies [24-26]. Also, fluorescent particles
rather than gold NPs could be considered in certain cir-
cumstances. Generally, however, such a fluorescence
approach may show a limited capability of 3D imaging in
PBM mainly due to relatively weaker signal intensity and
possible bleaching effects. On the other hand, the surfaces
of our demonstrated objects (made of PMMA and silica)
and the functionalized gold NPs are all negatively charged
(see the Methods section and Supplementary Materials for
details). Hence, the NPs do not aggregate by themselves
nor stick to the sample, which is prerequisite for PBM to
work. Also, adding salt in the NP solution may promote an
aggregation of the passivated NPs and thus has to be care-
fully decided if necessary for other purpose.

In conclusion, we proposed and demonstrated a proof
of concept of PBM that harnesses a larger number of NPs
as parallel scanning probes to achieve 3D super-resolution
imaging over a larger area in a relatively short time com-
pared with conventional SPM with a single probe. Under
TIR illumination, 3D localization of NPs in Brownian
motion around the object provides a 3D surface profile of
nanoscale samples in label-free and bleaching-free ways.
As demonstrated, PBM is capable of imaging a complex
nanostructure with internal cavities. Typical samples
compatible with PBM would be dielectric objects and the
best imaging performance is achieved when the NP solu-
tion is index-matched to the object. PBM may be tolerant
for a small index variation of <0.06 that exists within the
object like biological cells or between the short object
and the surrounding NP solution. Imaging metallic or
plasmonic structures will be challenging in PBM because
these samples can highly perturb TIR illumination as well
as strongly interact with NPs. We believe that PBM’s paral-
lel scanning scheme much facilitates to visualize network
nanostructures or biological objects compared with the
demonstration of those by PFM with a single trapped par-
ticle [8, 9].

3 Methods

A prism-type home-built TIR setup was used in all
experiments. A 5-mm-wide beam from a 200 mW 532-nm
(~1 W/cm?) laser is directed via mirrors arranged in peri-
scope setting onto a triangular sapphire prism (n=1.77)
at an incident angle of around 60°. The laser’s incident
angle could be adjusted to make sure that the evanescent
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field covers a whole sample structure to be measured. The
sample, mostly PMMA structures fabricated using electron
beam lithography on cleaned thin sapphire or glass slide,
is optically coupled to the top of the prism with immer-
sion oil (n=1.77, Cargille, Cedar Grove, NJ, USA). The eva-
nescent wave with a penetration depth of ~100-250 nm is
formed at the sapphire-PMMA interface and penetrates
into the sample. A 2,2’-thiodiethanol-water (Sigma, St.
Louis, MO, USA) [27] suspension, whose refractive index is
matched to the sample (tuning range: 1.33-1.52), of 50 nm
unconjugated gold NPs (15708-5, Ted Pella, Redding,
CA, USA), passivated with bis(p-sulfonatophenyl)phe-
nylphosphine dihydrate dipotassium salt (1 mg/ml, BSPP,
Strem Chemicals, Newburyport, MA, USA) is placed on the
top on the sample and sealed using a coverslip. The con-
centration of the particles is kept low enough so that the
average distance between the particles is 0.5-1 um. The
imaging chamber is mounted on an inverted microscope
(Zeiss Observer Dim, Carl Zeiss, Oberkochen, Germany),
and laser light scattered from gold NPs is collected via
100x high NA objective (Nikon Apo TIRF, 1.49 NA, Nikon,
Minato, Tokyo, Japan) and sent to an EMCCD camera
(C9100, Hamamatsu, San Jose, CA, USA). Raw data are
collected either via HCImage software (Hamamatsu, San
Jose, CA, USA) or through a custom written LabView code
(National Instruments, Austin, TX, USA). A typical expo-
sure time of each frame is set to 1-5 ms. We record around
100,000 frames (total acquisition time: 300-500 s) that
typically results in 20 particles per voxel. Each NP’s image
is fitted with a 2D Gaussian function with a constant back-
ground offset, from which the lateral position of the par-
ticle is found to be the center of the fitted function. The
vertical position is also determined by the particle’s fitted
intensity (more rigorously integrated power) as the par-
ticle’s scattering intensity is related to the exponentially
decaying evanescent illumination. Further details on data
analysis and 3D reconstruction are found in Supplemen-
tary Materials.

4 Supplementary material

The supplementary material is available online on the
journal’s website or from the author.
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