


To leverage the noninvasiveness and spectral selectivity of
fluorescence microscopy and the nanoscale resolution and fast
acquisition speeds of electron microscopy, we developed
cathodoluminescence (CL)-activated imaging by resonance
energy transfer (CLAIRE) to image dynamics in liquids with
high spatial and temporal resolution. In standard CL
microscopy, an image is formed by collecting electron beam-
generated light for each beam position as it scans across the
sample. CL microscopy has been widely used to image robust
luminescent samples and metal nanostructures.14−21 In some
cases, luminescent nanoparticle probes have been used for
correlative CL and secondary electron (SE) imaging in
biological samples,22,23 yet electron beam-induced damage
precludes imaging dynamics in soft materials. In CLAIRE, a
focused, low energy electron beam excites a scintillator film,
generating a nanoscale near-field optical excitation source.
More specifically, electrons scatter within the scintillator,
generating electronic excitations of luminescent dopants.14 By
using a low energy electron beam, electrons do not directly
interact with the sample. Instead, excited scintillator dopants in
the excitation volume can interact with the sample in the near
field either by coupling to plasmons in metal nanoparticles
through resonant dipole interactions24−26 or by Förster
resonance energy transfer (FRET) to a compatible chromo-
phore. Although these two forms of coupling are most
commonly used, any near-field interaction with the scintillator
dopants can in principle alter the scintillator emission to
generate image contrast, even if the sample itself is not

luminescent. By scanning the electron beam and correlating
either the scintillator or sample emission with the position of
the beam, a nanoscale image of the underlying sample is formed
without any direct interactions between the electron beam and
the sample.
Previously, we fabricated scintillator films composed of

cerium-doped yttrium aluminum perovskite (YAlO3:Ce or
YAP:Ce), which serve as a bright, robust, uniform excitation
source for CLAIRE imaging when excited by a focused electron
beam.27 We also showed that CLAIRE can image both metal
nanostructures through plasmonic enhancement of the Ce3+

dopants in the scintillator film and luminescent polymer blends
through FRET with high spatial resolution.28 In this previous
implementation of CLAIRE, samples had to be encapsulated in
a solid matrix to provide support for the very thin scintillator
film. Here, we demonstrate imaging dynamics in liquid with
CLAIRE by virtue of using a microfabricated CLAIRE imaging
device whose key feature is a set of free-standing scintillator
films only tens of nanometers thick. The free-standing
scintillator films allow for easy deposition of the sample and
enable CLAIRE imaging of samples in a liquid environment.
Using Ag nanoparticles and luminescent polymer nanoparticles,
we show that CLAIRE is capable of resolving nanoparticle
desorption and translation along the scintillator surface.
Together, these examples of dynamic nanoscale imaging
establish CLAIRE as a promising super-resolution imaging
platform capable of nanoscale imaging with high spatial and
temporal resolution.

Figure 1. CLAIRE imaging of 100 nm Ag nanocubes using free-standing scintillator membranes. (A) Schematic of CLAIRE imaging of Ag
nanocubes with a scanning electron microscopy (SEM) image of a 100 nm Ag nanocube in the inset. The free-standing scintillator film is
composed of buffer layers of 20 nm thick LaAlO3 (LAO) and 1.2 nm thick SrTiO3 (STO) as well as the scintillator film, 15 nm thick YAlO3:Ce
(YAP:Ce). (B) Photograph of CLAIRE imaging device. (C) Reflected bright field image of circular free-standing scintillator film windows
inside an etched silicon well of the fabricated chip. Free-standing YAP:Ce windows appear as pink circles surrounded by a supporting layer of
silicon nitride. (D) Schematic of CL detection apparatus. (E) SEM image of Ag nanocubes through the free-standing scintillator film at 10 kV.
(F−J) CLAIRE images of Ag nanocubes at 1.8 kV with different emission filters. In E−J, the image intensities are scaled so that the global
maximum is set at 1 and the global minimum is at 0.
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RESULTS AND DISCUSSION

The major technical requirement for imaging in liquids with
CLAIRE is a free-standing scintillator film. We developed a
fabrication method to produce free-standing scintillator films
that are mechanically stable without any substrate support. The
free-standing scintillator film is composed of 15 nm-thick
YAP:Ce on two buffer layers, LaAlO3 (LAO) and SrTiO3

(STO), as described in Figure S1. The buffer layers allow for
lattice-matching between the silicon substrate and YAP:Ce
scintillator film and are vital for growing epitaxial thin films of
YAP:Ce.27 As shown schematically in Figure 1a, the free-
standing scintillator allows for the electron beam to excite the
scintillator from one side, while the sample is positioned on the
opposite side of the free-standing film. A photograph of the
CLAIRE imaging device is shown in Figure 1b. Each of the nine
etched wells in silicon in the CLAIRE imaging device contain
an array of 50−100 circular YAP:Ce scintillator imaging
windows that are ∼10 μm across and are supported by a
silicon nitride grid with cylindrical wells (Figure 1c and Figure
S2). For imaging, the sample is deposited on the scintillator
within these silicon nitride wells, and the CLAIRE imaging
device is placed in a scanning electron microscope (SEM)
modified for CL detection (Figure 1d). Before using the free-
standing scintillator films for CLAIRE, we determined that 1.8
kV is the optimal accelerating voltage to use for CLAIRE by
detecting the electrons penetrating through the film at a range
of accelerating voltages and then comparing our measurements
to Monte Carlo simulations of electron-scattering trajectories
within the film (Figure S3).
Prior to exploring the ability of CLAIRE to capture dynamics

of particles in liquids, we characterized the CLAIRE signal from
100 nm Ag nanocubes deposited on the bottom surface of the
scintillator film, as shown schematically in Figure 1a, with the
inset showing a SE image of an Ag nanocube. An absorption

spectrum of the Ag nanocubes is shown in Figure S4. To ensure
that our signal is due to the presence of the nanocubes, we first
captured an electron image by exciting them directly through
the free-standing scintillator film at 10 kV (Figure 1e). We then
reduced the electron beam accelerating voltage to 1.8 kV for
CLAIRE imaging (Figure 1f−j). The CLAIRE images show that
the presence of the Ag nanocubes locally enhances the
scintillator optical emission above its background emission
level, producing an image similar to the SE image in Figure 1e.
By comparing the SE and CLAIRE images, we find that we can
distinguish two Ag nanocubes that are separated by a gap of
only ∼20 nm using CLAIRE (Figure S5). We also find that the
imaging resolution is comparable in each of a series of spectral
windows except for the 670−730 nm range because it has a low
signal-to-noise ratio. We achieve the highest ratio between the
Ag CLAIRE signal and scintillator background of 2.8 in the
480−540 nm spectral window presumably due to the
wavelength-dependent plasmon response of the nanocubes
(Figure S6). Therefore, we use the spectral detection range of
480−540 nm to achieve the highest possible CLAIRE signal
while imaging Ag nanocube motion in liquid.
To demonstrate that CLAIRE is capable of imaging dynamic

processes, we deposit the same type of 100 nm Ag nanocubes
on the surface of the YAP:Ce film of the imaging chip and
cover them with a droplet of low vapor pressure ionic liquid (1-
butyl-3-methylimidazolium hexafluorophosphate, BMIM PF6)
before flipping the chip over for CLAIRE (Figure 2a). As we
repeatedly raster the electron beam across the scintillator, we
see bright spots corresponding to the Ag nanocubes disappear,
presumably due to the desorption of the Ag nanocubes from
the scintillator surface (Figure 2b, Figure S7, video S1, and
video S2). By tracking the intensity of each particle over a time
series of frames, we observe that most nanocubes disappear
abruptly within a few seconds, yet a small number desorb more

Figure 2. Imaging dynamic desorption of Ag nanocubes with CLAIRE microscopy. (A) Schematic of CLAIRE imaging of Ag nanocubes in
ionic liquid. (B) CLAIRE imaging time series of Ag nanocube desorption. Images are collected every 2.6 s. (C) CLAIRE images of an Ag
nanocube more gradually desorbing from the scintillator surface and the corresponding nanoparticle CLAIRE intensity as a function of time
below. The dotted line is the average background CL intensity. In all CLAIRE images, the average background is subtracted, and then the
frames all normalized by the global maximum.
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gradually (Figure S8). The slow desorption is presumably
because they initially interact with the scintillator surface over
multiple contact points whose number gradually diminishes
during imaging. An example of a slowly desorbing nanocube
along with a graph of the nanocube intensity during desorption
is shown in Figure 2c. The CLAIRE images shown in Figure 2
are cropped from a larger 512 × 512 pixel 15 × 15 μm image
acquired at 10 μs/pixel. Therefore, the acquisition time for the
set of cropped images shown in Figure 2b was 1.23 s/frame
with 1.43 s between frames, while for Figure 2c the acquisition
time was 0.05 s/frame with 2.51 s between frames. There need
not, however, be any pauses between frames. Here, the pauses
are a result of zooming in on a region of interest smaller than
the full frame size. The high temporal resolution of this image
series demonstrates that CLAIRE can rapidly image dynamics
at the nanoscale. Resolving the nanocube desorption represents
a promising example of imaging a dynamic process with
CLAIRE and unequivocally demonstrates that CLAIRE can
capture dynamic processes with high spatial and temporal
resolution. It would require further investigation to determine
whether Ag nanocube desorption might be caused by electron
beam-induced charging of the scintillator film, but because the
scintillator film intercepts the electron beam, this approach is
substantially less invasive than direct electron beam exposure.
Similarly, we show that CLAIRE can image more delicate

luminescent polymer nanoparticles (Figure 3a). We chose
nanoparticles composed of a blend of poly(9,9-di-n-octylfluor-
enyl-2,7-diyl) (PFO) and poly[((9,9-di-n-octylfluorenyl-2,7-
diyl)-alt-co-(1,4-benzo-{2,1′,3}-thiadiazole)] (F8BT) because
the CL emission spectrum of the YAP:Ce scintillator overlaps
with the PFO/F8BT absorption spectrum for good FRET
efficiency, and the red-shifted emission is easily detected with a
530−590 nm emission filter (Figure 3b). A CLAIRE image of
two PFO/F8BT nanoparticles are shown in Figure 3c. The
PFO/F8BT particles appear as bright spots in the CLAIRE
image with a signal-to-background ratio of 3.5. The spots in the

CLAIRE images are often not circular in shape, which could
stem from irregularities in the shape or surface of the particle.
By taking a line cut over the edge of a polymer particle and
fitting with a sigmoidal function, we estimate that our
resolution based on the 80/20 width of the sigmoidal fit is
88 nm (Figure S9), although three-dimensional irregularities in
the particle shape or its configuration relative to the scintillator
surface could affect the resolution measurement. To confirm
the noninvasiveness of CLAIRE and that our contrast
mechanism is FRET-based, we imaged a nanoparticle with
CLAIRE at 1.8 kV (Figure 3d), bleached the particle through
the scintillator at 10 kV for several seconds, and then reimaged
the bleached particle at 1.8 kV (Figure 3e). As anticipated, we
see a reduction in the CLAIRE emission from the particle after
bleaching. Using FRET, we then image polymer particle motion
while surrounding them in a low vapor pressure hydrocarbon
oil. Figure 3f displays a series of frames showing nanoparticle
dynamics, with the complete series of frames shown in Figure
S10. Particle 1 sharply decreases in brightness after 10 s,
presumably because it detaches from the scintillator surface
(Figure S10). Particle 2 translates along the scintillator surface.
By plotting the centroid position of particle 2 overlaid for all
frames (Figure 3g), we observe particle translation and
transient dwelling at different positions on the scintillator
surface. We confirm that the imaging mechanism is noninvasive
because the particle remains bright for the multiple minutes
over which the movie is acquired instead of being bleached by
the electron beam. Therefore, our example of observing
polymer nanoparticle translation across the scintillator
demonstrates the capability of CLAIRE to noninvasively
image the evolution of soft materials in a liquid environment.
In addition to resolving nanoparticle motions in liquids, we

evaluate the axial range of CLAIRE. When using plasmonic
enhancement of the scintillator emission as a contrast
mechanism, this range should roughly scale with the metal
particle radius of curvature enabling imaging beyond a typical

Figure 3. CLAIRE imaging of luminescent polymer nanoparticles. (A) Schematic of CLAIRE imaging PFO-F8BT nanoparticles. (B) CL
spectrum of YAP:Ce (purple) with absorption (blue) and emission (green) spectra of F8BT/PFO nanoparticles. (C) CLAIRE image of
polymer nanoparticles. (D) CLAIRE image of a PFO/F8BT nanoparticle. (E) Reduction of the emitted light in a CLAIRE image of the same
nanoparticle as in D after bleaching at 10 kV. (F) Frames from a CLAIRE movie showing the dynamics of two polymer nanoparticles in an
ionic liquid. The CLAIRE intensity of particle 1 decreases sharply with time, and particle 2 translates along the YAP:Ce surface. The blue
dotted line is the edge of a YAP:Ce imaging window. (G) Centroid of particle 2 from each frame collected for the movie in (F) demonstrating
particle translation and dwelling. In all CLAIRE images, the average background value is subtracted and the fluorescence signal is then
normalized.
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intact free-standing scintillator films has been the key to
enabling CLAIRE imaging in liquids. To image liquid samples
using the free-standing scintillator films, CLAIRE leverages the
high-resolution imaging capability of a focused electron beam,
yet avoids direct interactions between the electron beam and
the sample that are common in in situ electron microscopy.
Using CLAIRE, we have demonstrated signal-to-background
ratios greater than 3, resolution of features only 20 nm apart,
and frame capture as fast as 50 ms. This noninvasive approach
also takes advantage of spectrally selective excitation and
emission, rather than electron scattering, to provide spectrally
specific contrasteven in soft materials that would typically
scatter too weakly in electron-based imaging. The absence of
direct interactions between the electron beam and the sample
in CLAIRE extends in situ nanoscale imaging to a much broader
class of soft materials that are typically incompatible with
electron imaging, leading to a more detailed observation of
motion, assembly, and organization of delicate samples at
nanometer length scales.
By further integrating the CLAIRE imaging chip into an

encapsulated liquid cell, we envision expanding the capabilities
of CLAIRE to imaging physiological biological samples and
functional nanomaterials in an aqueous environment. The
demonstrated axial range of CLAIRE using plasmonic nano-
particles is also promising for capturing dynamics that occur
beyond the FRET radius of the scintillator film, as would be the
case for capturing the motion of protein complexes on a
supported lipid bilayer with metal nanoparticle labels. We also
foresee imaging the evolution of other samples with
endogenous fluorescence, such as protein complex reorganiza-
tion in photosynthetic membranes, optoelectronic instabilities
in optoelectronic materials, or the elusive electric double-layer
configurations of electrolyte at a battery electrode’s surface.
CLAIRE imaging will provide the opportunity to combine the
most redeeming features of state-of-the-art electron and super-
resolution optical microscopies into a single platform that
minimally influences complex systems as it resolves their
evolution.

EXPERIMENTAL METHODS

Fabrication of CLAIRE Imaging Chips with Free-Standing
YAP:Ce Scintillator Films. The growth and characterization of
epitaxial YAP:Ce films are described in a prior publication.27 Briefly,
films of YAP:Ce (15−20 nm thick) were grown via pulsed laser
deposition (PLD) onto silicon substrates (Virginia Semiconductor)
with buffer layers of strontium titanate (SrTiO3, or STO) and
lanthanum aluminate (LaAlO3, or LAO), deposited by molecular beam
epitaxy (MBE).30,31

Post-PLD fabrication steps are shown in Figure S1. After PLD
deposition of YAP:Ce, the Si side of the imaging chip is polished using
diamond lapping paper with 3, 1, and 0.5 μm grit (816−326, 816−328,
and 816−330 from Ted Pella) followed by chemical mechanical
planarization (CMP) polishing (Aptek Industries Inc.). After polish-
ing, 1 μm of plasma-enhanced chemical vapor deposition (PECVD)
silicon nitride is deposited on each side of the imaging chip (Oxford
Plasmalab 80plus PECVD System at Marvell Nanofabrication
Laboratory). Both sides are then photolithographically patterned
using MICROPOSIT S1818 photoresist (Dow Chemical). The
photoresist was spun onto the YAP:Ce chips at 2000 rpm (2000
rpm/s accelerating) resulting in a thickness of ∼0.8−1 μm. The chip
was then placed on a hot plate at 110 °C for 1 min. After baking, the
photolithography mask was placed on the chip, and it was exposed to
UV light at 200 mW/cm2 for 15 s (CS2010, Thorlabs). After UV
exposure, the chip was developed in Microposit MF-319 Developer
(Dow Chemical). Using these photolithography steps with different

masks, an array of circles (each ∼10 μm across) was patterned on the
YAP:Ce side of the chip and 4 × 4 array of ∼300 μm squares were
patterned on the Si side of the chip using O2/CF4 reactive ion etching
(RIE) (PETS Inc.) at 200 W with 40 sccm CF4 and 10 sccm O2 for ∼5
min or until the silicon nitride was entirely removed. The photoresist
was then removed with Microposit S1818 Remover (Dow Chemical).
To protect the YAP:Ce side of the chip during the tetramethylammo-
nium hydroxide (TMAH) etch, ProTEK B3 Primer (Brewer Science)
followed by ProTEK B3 (Brewer Science) were spin-coated on the
YAP:Ce side of the chip. ProTEK B3 Primer was spin-coated at 2000
rpm (2000 rpm/s acceleration) and heated on a hot plate for 5 min at
220 °C. ProTEK B3 was then spin-coated at 2000 rpm (2000 rpm/s
acceleration) and heated at 130 °C for 15 min and 220 °C for 40 min.
As an additional layer of protection, a layer of polydimethylsiloxane
(PDMS) (SYLGARD 184 Silicone Elastomer Kit, Dow Corning) was
spin-coated on top of the ProTEK B3 layer at 1000 rpm (2000 rpm/s)
and cured at 130 °C. The chip was then placed in an etch bath of 25%
TMAH at 50 °C until the windows look transparent. After the etch,
the ProTEK B3 and PDMS were removed with ProTEK Remover
(Brewer Science).

PFO/F8BT Nanoparticle Preparation. Poly(9,9-di-n-octylfluor-
enyl-2,7-diyl) (PFO) and poly[((9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
co-(1,4-benzo-{2,1′,3}-thiadiazole)] (F8BT) were purchased from
Solaris Chem Inc. To prepare PFO/F8BT nanoparticles, 20 μL of
50:50 1 wt % PFO and 1 wt % F8BT in o-xylene (Aldrich) were added
to 100 μL of methanol while sonicating. Particle size is limited by
filtration to 200 nm, but aggregation may occur after filtering. Particles
were then quickly dropcast onto the CLAIRE imaging chip to prevent
aggregation.

Deposition of Samples on CLAIRE Imaging Chips. 100 nm Ag
nanocubes, 100 nm Ag nanoparticles coated with 20 nm SiO2, and 50
nm Ag nanoparticles coated with 20 nm SiO2 were purchased from
NanoComposix. For imaging static samples, Ag nanoparticles and
polymer nanoparticle were dropcast onto the CLAIRE imaging chip
from an ethanol or methanol solution (Aldrich). For imaging Ag
particles in ionic liquid, 100 nm Ag nanocubes were dropcast onto the
CLAIRE imaging chip followed by 0.5 μL of 1-butyl-3-methylimida-
zolium hexafluorophosphate (BMIM PF6, Aldrich). For imaging
polymer nanoparticles in oil, a 100 μL solution of polymer
nanoparticles in methanol was mixed with 100 μL of Edwards
Ultragrade 19 (Edwards Vacuum). The methanol was then evaporated
in a vacuum desiccator, and 0.5 μL was dropcast onto the CLAIRE
imaging chip.

Secondary Electron and Cathodoluminescence Imaging.
Cathodoluminescence (CL) and secondary electron (SE) images were
acquired with a modified Zeiss Gemini SUPRA 55 Scanning Electron
Microscope (SEM). An aluminum parabolic reflector was positioned
above the same sample in order to couple a 1.3π sr solid angle of
emission into a photomultiplier tube (Hamamatsu, H7421-40) outside
of the vacuum chamber. All CLAIRE images were collected at 1.8 kV.
The CL images of static Ag nanoparticles were acquired by averaging
20 frames at 2.56 s/frame with 512 × 512 pixel resolution. The CL
images of static polymer nanoparticles were acquired as single frames
at 25.6 s/frame with 512 × 512 pixels. CL movies of Ag nanoparticle
desorption and polymer nanoparticle translation were collected at 2.56
s/frame.

CLAIRE Image Processing. All CLAIRE images were processed
with ImageJ 1.48k and filtered with a Gaussian blur over 2−4 pixels
(fwhm) to smooth over shot noise. CLAIRE images were either
normalized to the maximum value of the data set (Figure 1) or to the
background level (Figure 4).

Confocal Microscopy. Confocal microscopy images of PFO/
F8BT nanoparticles were collected with an IX83 inverted microscope
(Olympus) using a 20× 0.75 NA objective. All images were acquired
with 512 × 512 and a scan rate of 10 ms/line using a 405 nm
excitation source.

Photoluminescence and Absorption Spectra. Photolumines-
cence (PL) spectra of PFO/F8BT particles were collected with a
Horiba Jobin Yvon Fluorolog-3 Spectrofluorimeter using an excitation
wavelength of 405 nm. Absorption spectra of PFO/F8BT particles
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were acquired with an Agilent Technologies Cary 100 UV−vis
spectrophotometer.
CASINO Monte Carlo Simulations. Monte Carlo simulations of

electron energy deposition were performed using the CASINO v3.2
program.32 For each computation, 10000 electrons were simulated in a
1.2 nm SrTiO3/ 20 nm LaAlO3/15 or 20 nm YAlO3 free-standing film.
To determine the fraction of electrons penetrating through the film,
the number of electrons penetrating through the film were divided by
the 10000 simulated incident electrons. The energy deposition profile
at 1.8 kV was generated by binning the energy deposition as a function
of depth and then plotting the depth profile normalized to the total
energy deposited.
Measuring Electron Penetration through YAP:Ce Free-

Standing Films. To find an accelerating voltage appropriate for
CLAIRE imaging with minimal electron penetration through the free-
standing scintillator film, we measured the electron current through a
free-standing SrTiO3/LaAlO3/YAP:Ce film for many different
accelerating voltages. We divided the detected current by the incident
current to determine the fraction of electrons that penetrate through
the scintillator film. No current was detected below 2.0 kV.
Simulation of CLAIRE Images. Simulation of CLAIRE images

was achieved by modeling the Ce3+ dopants in the scintillator film as a
set of uncoupled transition dipole emitters located at different points
in space. At each position, the electromagnetic response of a 100 nm
Ag nanoparticle coated with a 20 nm SiO2 shell and a 50 nm Ag
nanoparticle coated with a 20 nm SiO2 shell to the presence of a dipole
emitter was calculated using the metallic nanoparticle boundary
element method (MNPBEM) software package.33 The resulting
scattered electromagnetic field was then used to calculate the power
radiated by the plasmon-dressed dipole emitter normalized to the
power radiated by the dipole emitter in free space (P0) using the
following expresion34
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Here, μ0 is the transition dipole moment of the emitter, ϵ0 is the
vacuum permittivity, and Es(r0) is the emitter-induced scattered
electric field of the plasmonic nanoparticle evaluated at the location of
the emitter. The total power radiated by the plasmon-dressed emitter
was calculated for dipole positions lying on a line, displaced 10 nm
from the surface of the sphere along the z-axis, spanning from the
center of the sphere radially outward to 300 nm. An orientational
average in the xy plane for the emitter at each point in space along this
line was performed, and the contribution of the plasmon-dressed
emitter was recorded. The simulated scattered field Es(r) was also used
to calculate the power radiated by the emitter-dressed plasmon,35 and
the total power radiated by the composite system (emitter plus
plasmon) was calculated by summing the two. Maps were created from
this line by utilizing the azimuthal symmetry of the sphere.
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