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ABSTRACT Demand for visualizing nanoscale dynamics in biolo-

gical and advanced materials continues to drive the development of
subdiffraction optical probes. While many strategies employ scanning
tips for this purpose, we instead exploit a focused electron beam to
create scannable nanoscale optical excitations in an epitaxially grown
thin-film of cerium-doped yttrium aluminum perovskite, whose
cathodoluminescence response is bright, robust, and spatially resolved
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to 18 nm. We also demonstrate lithographic patterning of the film's

luminescence at the nanoscale. We anticipate that converting these
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films into free-standing membranes will yield a powerful near-field optical microscopy without the complication of mechanical scanning.
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ecause the structure and dynamics

of complex systems are often charac-

terized by length scales below the
wavelength of visible light, subdiffraction
optical probes have been highly sought
after for applications in high-resolution imag-
ing of solid state materials, soft matter
and biological samples. Far-field approaches
such as stimulated emission depletion
(STED) microscopy,' structured illumina-
tion microscopy,” and stochastic localiza-
tion techniques®™® have flourished in
recent years. A variety of optical near-field
approaches®~? also exist, including static
structures such as solid immersion lenses,'®
zero-mode waveguides,'""'? and plasmonic
nanostructures.'>~'® Several of these innova-
tions have been integrated with physical tips
that can be rastered over a sample to form an
image.'” 2 Yet, to capture high-fidelity spa-
tial information without tip perturbations or
contact-based sample damage requires mov-
ing beyond traditional mechanical scanning.
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Electron beams are routinely focused to
the nanometer scale and scanned electro-
nically to obtain nanoscale images of robust
samples, albeit without spectral selectivity.
To leverage the tight focus of an electron
beam for noninvasive optical excitation,
we have developed an ultrathin scintillating
film of cerium-doped yttrium aluminum
perovskite (YAIOs:Ce, or YAP:Ce) that acts
as a bright, nanoscale optical source when
excited by a tightly focused electron beam.
By rastering over the film in a scanning elec-
tron microscope (SEM) (Figure 1), the optical
spot generated in the thin film could be
used to rapidly acquire high-resolution
images without any mechanical moving
parts or tip—surface interactions. We antici-
pate performing spectrally selective optical
excitation and imaging of thin biological,
fluid or solid-state samples in proximity to
the scintillating film. Ultimately, to realize
the geometry necessary for imaging,
both sides of the flm must be exposed.
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Figure 1. Schematic of YAP:Ce scintillating film on the
Si/STO/LAO substrate. In all measurements, the electron
beam impinges directly on the YAP:Ce (also known as
YAIOs:Ce) film. (Inset) For imaging applications, both sides
of the YAP:Ce film must be exposed by removing the Si layer
(top) so that the electron beam can access the STO side
of the film and so that a sample can be placed on the
opposite side adjacent to the YAP:Ce film (bottom).

As illustrated in the inset of Figure 1, one side abuts the
sample while the electron beam impinges on the other
side. Here, we describe our first significant advance
toward this imaging platform: fabricating a scintillating
thin film, characterizing its luminescent response, and
establishing its suitability as a nanoscale optical source.

YAP:Ce is a robust, highly efficient inorganic scintil-
lator used in a range of detection applications includ-
ing scanning electron microscopy.?®> When they are
excited by an electron beam, scintillating materials
cathodoluminesce. That is, they emit light due to energy
deposition from inelastic electron scattering within the
material.2* The shape and extent of the optically active
volume depends on the accelerating voltage and diam-
eter of the electron beam, as well as on the material
properties. Cathodoluminescence (CL) has been used to
study the physical properties of nanoparticles,>>~
nanoantennae,’®*° and nanowires.3®*' There are, how-
ever, only a handful of very recent studies in which CL
has been utilized for illumination3?~3*

In YAP:Ce, Ce*" dopants substitute for a small frac-
tion of yttrium ions in the orthorhombic perovskite
lattice and are responsible for the scintillator's lumi-
nescence. When electrons impinge on a YAP:Ce lattice,
excitons generated in the lattice are trapped at the
Ce3* dopants.> Recombination occurs on the Ce®>* 5d
to 4f transition, which is dipole-allowed and has a 25 ns
emission decay lifetime in bulk,*® orders of magnitude
shorter than most inorganic scintillators, which could
enable the extremely rapid response needed for high
frame-rate, or time-resolved, imaging. In contrast
to many other cathodoluminescent materials that
have multiple emission lines throughout the visible
spectrum, YAP:Ce has a single CL peak centered at
370 nm,*” making it ideal as a spectrally selective
illumination source for photoexcitation.

Nanoscale films of notable scintillators, including
Er- and Nd-doped YAP, have been fabricated using a
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variety of deposition techniques.3®~* Yet, many of
these scintillating films possess characteristics unsui-
table for use as a scanning nanoscale optical source,
such as a long excited state lifetime, a polychromatic
CL spectrum, decomposition under electron beam bom-
bardment, or poor crystallinity. In contrast, YAP:Ce has
a short lifetime, cathodoluminesces in a single band,
and is robust to electron beam bombardment. Until
now, however, YAP:Ce had not been grown as a
nanoscale epitaxial thin film.

Here, we present the fabrication and characteriza-
tion of an extremely bright cathodoluminescent nano-
scale optical source composed of an ultrathin, epitaxial,
film of YAP:Ce. By exciting the film with a focused
electron beam, in the configuration shown in Figure 1,
we have demonstrated a CL spatial resolution at least
as good as 18 nm, luminescence that produces near-
field optical intensities as high as 100 MW/cm?, the
ability to control the emission spectrum via film thick-
ness, and the capability to pattern the luminescence
on the nanoscale. The film constitutes a bright, robust,
rapidly scannable, spectrally selective, nanoscale opti-
cal source when stimulated with a low-energy elec-
tron beam, and shows strong potential for nanoscale
excitation and imaging.

RESULTS AND DISCUSSION

YAP:(Ce Film Quality. High-quality films of YAP:Ce rang-
ing in thickness from 4 to 63 nm were grown via
pulsed laser deposition (PLD) onto silicon substrates
with buffer layers of strontium titanate (SrTiO3; or STO)
and lanthanum aluminate (LaAlOs, or LAO) (Figure 1)
and, as a control, on bulk crystalline LAO substrates. The
buffer layers, deposited by molecular-beam epitaxy
(MBE),*”*® facilitate the growth of crystalline YAP:Ce,
preserving the bulk crystalline YAP:Ce brightness
and emission spectrum. All films were confirmed
to be highly epitaxial by identifying strong peaks in
X-ray diffraction (XRD) & — 20 scans corresponding
to diffraction from the (001) lattice planes in YAP:Ce
(Supporting Information Figures S1 and S2). X-ray
diffraction revealed no traces of spurious phases or
additional crystal orientations. Rocking curves show
that the YAP:Ce films are at least as crystalline as
the buffer layers (Supporting Information Figure S3).
The cerium dopant concentration in the films was
measured with Rutherford backscattering (RBS) to be
0.55 wt %, identical to that of the source material
(Supporting Information Figure S4). Surface roughness,
as measured by atomic force microscopy (AFM), was on
the order of 0.2—0.5 nm rms over 25 um? (Supporting
Information Figure S5). Additionally, the spectra and
lifetimes of photoluminescence from films were mea-
sured and closely resemble those of bulk YAP:Ce
(Supporting Information Figures 56 and 5$7).*° Thus,
the YAP:Ce films possess the requisite crystal structure,
composition, and quality that are critical to obtaining
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bright cathodoluminescence with the desired spectral
character.

(L Brightness and Stability. Nanoscale optical spots
were generated in a 5-nm-thick YAP:Ce film under
excitation from a 20-keV electron beam in order to
characterize the brightness and robustness of the film's
CL. A moderate beam current of 0.27 nA generated a
total emitted power in 4s sr of 22 pW, and the emitted
power generally increased with current. We separately
confirmed that the bare Si/STO/LAO substrates do not
cathodoluminesce.

To assess the brightness of an optical spot when
acting as a near-field illumination source for a sample
near the film surface, we calculated the intensity of
local fields based on the measured far-field emission
power. The full calculation is contained in the Support-
ing Information. Briefly, according to Monte Carlo
simulations of 20-keV electrons scattering in the
5-nm thick films, performed using the CASINO software
package® (Supporting Information Figures S8 and S9),
86% of the electron beam energy deposited in the film
is deposited in a roughly cylindrical volume within a
radius equal to the 1/e? radius of the beam. We assume
that this cylinder also represents the optically active
volume. Thus, for the 0.27 nA beam, this active volume
was 6.4 nm in radius and contained on average 85
luminescent Ce ions. For these parameters, we derive a
total photon emission rate of 38.5 MHz from the
measured emitted power, adjusted for collection effi-
ciency, and hence a mean emission rate per Ce ion of
about 400 kHz. The near-field intensity at the film
surface is calculated, based on the form of nonradiative
fields around an oscillating dipole, from this measure-
ment of the radiated energy (Supporting Information
Figure S10). We obtain a value of about 24 MW/cm?,
similar to intensities in plasmonically enhanced near-
field microscopy'® and about 1000 times the dye-
saturating intensity used in confocal microscopy. The
optical intensity is also similar to that on the surface of a
6-nm CdSe/ZnS quantum dot driven to saturation.
Unlike point optical sources, however, YAP:Ce notably
does not dim over many minutes of excitation (see
Supporting Information for details).

To determine the maximum brightness of the
YAP:Ce film, the beam current was increased in two
steps. At a 2.9 nA current (with an associated 2.7-nm
beam diameter), the total power output was 160 pW,
yielding an average emission rate per Ce of 14 MHz. At
11.3 nA (44-nm beam diameter), the emission was
340 pW total, for a rate per Ce of 12 MHz. Furthermore,
since the electron flux at the center of each beam was
higher than at the edges, the emission rates at the
active volume centers must be even higher than the
average emission rates determined above. Given that
these rates are within error of each other despite a 50%
difference in the respective currents applied per unit
area, it is likely that YAP:Ce CL is saturated at such
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levels. As further corroboration, these rates approach
the inverse of the ~25 ns CL lifetime previously
reported.®® Nevertheless, as the emission rate can still
be tuned from kilohertz all the way up to megahertz by
varying the current, we expect that the excitation rate
for fluorophores at or near the film surface can be
adjusted with high dynamic range to easily suit typical
experimental requirements.

While 20-keV electrons can fully penetrate and pass
through the film, lower-energy electrons may be more
useful forimaging applications because they penetrate
less deeply (Supporting Information Figure S9). There-
fore, we measured the CL power under 10-keV and
2-keV beams to confirm the high brightness of YAP:Ce
films at lower voltages. At 10 kV, a moderate current of
0.18 nAyielded an emission rate per Ce of 570 kHz, and
at 2 kV and 2.83 nA, a rate per Ce of 1 MHz was
measured. These figures are similar to the 400 kHz—14
MHz emission rates reported above for the 20-keV
beams. Thus, the beam accelerating voltage can also
be tailored to suit a particular application without any
additional limitations on the optical intensity.

The above measurements and estimates demon-
strate how the robustness and CL intensity of the
YAP:Ce film make it attractive as an easily scannable
near-field source for local excitation and imaging at the
nanoscale. Since the near-field excitation probability
falls off as the inverse of distance to the sixth power,
the near-field excitation region has a nanoscale axial
extent and has lateral dimensions dictated by the size
of the active volume in the film. Perhaps most impor-
tantly for imaging, the extraordinary brightness of the
optical spot will allow the use of short pixel residence
times, which will in turn permit image acquisition at
extremely high rates limited only by the illuminated
sample's photophysics.

(L Spatial Resolution. To use a YAP:Ce film as a
nanoscale optical source for imaging, the extent of
the optical field in the film generated by an electron
beam must be confined to a spot size not much larger
than the electron beam itself. As a verification, the
lateral resolution of CL in the YAP:Ce films was deter-
mined by measuring the brightness profile of CL across
a physically sharp edge cleaved in a 5-nm-thick film, as
illustrated in Figure 2. Representative images recorded
with CL and secondary electrons (SE) are shown in
Figure 2, panels a and b, respectively. The correspond-
ing line cuts of the CL and SE intensity are plotted in
Figure 2¢,d.

The 80/20 width of the film's step edge (the dis-
tance between points in the trace corresponding
to 20% and 80% of the step height) measured by SE
detection with a 20-keV beam is 10 nm. The width
of the same edge as obtained by analyzing the CL
image is 18 nm. The SE profile in Figure 2d includes a
slight overshoot of the maximum signal level as the
electron beam crosses the boundary. This feature is a
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Figure 2. Comparison of CL resolution with secondary
electron (SE) resolution. A 20-keV, 4.4-nm-diameter electron
beam was rastered over the cleaved edge of a 5-nm-thick
YAP:Ce film. Simultaneous images were acquired using
(a) CL detection and (b) SE detection. (c and d) Line profiles
across the edge in each image indicate the resolution of the
two detection methods is comparable. The slight overshoot
in the SE intensity profile is an artifact due to increased
secondary electron yield area along the cleaved face and
results in an underestimate of the SE width.

well-known artifact associated with electron imaging
near steep edges, where additional secondary elec-
trons escape the material through its side face'
creating the illusion of higher resolution. In light of
this overshoot effect, the resolution of the step mea-
sured by CL appears very close to that measured
by SE. In both cases, since the measured signal width
is a convolution of the electron beam profile with the
physical profile of the cleaved film edge, any physical
imperfections in the edge can limit the measurement
of the spot size. Thus, we conclude that the CL resolu-
tion at 20 kV is at least as good as 18 nm. For optical
imaging applications, this resolution within YAP:Ce
corresponds to the lateral extent of the region that
could transfer energy to nearby chromophores in a
sample. Therefore, we expect the imaging resolu-
tion achievable with this light source to also be on
the order of 18 nm, opening up the possibility to obtain
extremely high-resolution optical images with the
rapid scan rates of an electron beam.

(L Spectral Properties. We have further observed a
controllable shift in the cathodoluminescence spec-
trum for the films of YAP:Ce grown on the Si/STO/LAO
substrates. This shift is directly correlated to the film
thickness and to the electron accelerating voltage used
to generate the CL. This effect is most pronounced at low
accelerating voltages for which penetration into the film
is minimal—around 10 nm at 1 kV according to Monte
Carlo simulations (Supporting Information Figure S9).

Emission spectra resulting from 1-keV excitation
of three films of different thicknesses are plotted
in Figure 3a. The 4.3-, 18-, and 46-nm films peak
at wavelengths of 367, 375, and 384 nm, respectively.
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Figure 3. Variation in CL spectra as a function of film
thickness and accelerating voltage. (a) CL spectra acquired
with a 1-keV electron beam for a few representative films.
Thicker films yield redder spectra. (b) Peak wavelength
versus film thickness as a function of beam voltage. Higher
beam voltages correspond to greater excitation depth.

A comparison of these spectra reveals that the surfaces
of thicker films have progressively more red-shifted
emission. To incrementally probe deeper into the films,
we swept the accelerating voltage up to 5 kV, at which
point emission occurs throughout the entire thickness
of each YAP:Ce film. As shown in Figure 3b, while
the thinnest films have a peak emission wavelength
of 366 nm at 1—5 kV, the thickest ones have peak
emission wavelengths ranging from 375 nm for a 5-keV
electron beam to 388 nm for a 1-keV electron beam.
This trend indicates that the local spectral properties
within a film are a function of an emitter's position with
respect to the LAO interface as opposed to its position
with respect to the outer YAP:Ce surface.

We ruled out the possibility that the 3% lattice
mismatch between LAO and YAP:Ce lattices could
cause a spectral shift via strain gradients, as YAP:Ce
films of different thicknesses on bulk crystalline LAO
exhibit no spectral variation (Supporting Information
Figure S11). The main difference between bulk-LAO-
templated and Si/STO/LAO-templated films is revealed
in substantial broadening in the rocking curves of films
grown on the latter epitaxial template (Supporting
Information Figure S3). This difference can be ascribed
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Figure 4. Nanopatterning of CL: (a) Raster-scanned focused gallium ion beam used to extinguish luminescence of a YAP:Ce
film masked with 200-nm silica beads, yielding small regions of luminescent YAP:Ce; (b) CL image of a representative region
after FIB and bead removal revealing clearly defined spots; (c) CL image at high resolution; (d) in-lens scattered electron image
collected simultaneously with panel c; (e) AFM of the same region as in panel b; (f) profile over an edge of a milled region
(orange line in panel c) indicating an apparent edge width ~20 nm in CL; (g) two dark regions, separated by ~55 nm, easily
distinguished using CL (green line in panel c). In both (f) and (g), background CL intensity measured at a nearby dark area has

been subtracted.

to a higher concentration of structural defects such as a
high dislocation density in the LAO layer and YAP:Ce
film. Because of the charged nature of dislocations in
ionic materials, dislocations are associated with higher
local populations of cationic or anionic vacancies.>*>>
Cationic vacancies in YAP:Ce are known to form
stable pairs with nonluminescent Ce*" ions,>® and
Ce*" ions have been shown to quench the blue edge
of the luminescence of Ce®" ions in aqueous solu-
tion.>* This quenching causes an apparent red shift in
the Ce®*" emission spectrum.

Therefore, the red shift that we observe in the films'
CL spectra could be due to an increase in the con-
centration of Ce*" as a function of distance from the
LAO interface. This hypothesis is further supported by
fluorescence lifetime measurements on films of vary-
ing thickness (Supporting Information Figure S7) in
which thicker films exhibit progressively shorter life-
times, indicating increased quenching. Irrespective of
the mechanism, our understanding of the YAP:Ce film
emission properties enables us to control the spectral
variation by careful manipulation of film thickness.

Nanopatterning of (L. For certain applications such as
nanolithography, a spatially fixed nanoscale excitation
volume, rather than a scannable spot, may be pre-
ferred. This scheme could be simplified if the scintillat-
ing film's optical properties could be selectively
patterned such that it is optically active only at certain
locations; in such a case, only predetermined nano-
scale spots would luminesce even if a much wider
area were excited with a defocused electron beam.
To realize this objective, we developed a method for

KAZ ET AL.

patterning the luminescence of a film at the nanoscale
with a gallium focused-ion beam (FIB).

Exposure of a 20-nm-thick film to a low-energy
(8 keV) FIB (Figure 4a) extinguished the film's lumines-
cence. At high doses, the YAP:Ce film is ablated to a
depth linearly dependent on dose (Supporting Infor-
mation Figure S12). Yet, even at low doses, insufficient
to cleanly ablate more than a few nanometers of
YAP:Ce, the luminescence of the film is greatly dimin-
ished (Figure 4b,c). This extremely effective “nanoburn-
ing” of the film is likely due to local disordering of the
perovskite crystal or to deep implantation of gallium
ions (Supporting Information Figure S12).

We demonstrated the precision of this burning
technique by first exposing the 20-nm film to the
gallium beam through a mask comprising dispersed
200-nm silica beads, and by then removing the
beads and capturing images with CL (Figure 4b,c), SE
(Figure 4d) and AFM (Figure 4e). Analysis of these
images reveals an 80/20 edge-width as narrow as
20 nm (Figure 4f), on par with the 18-nm resolu-
tion of the CL imaging. The bead mask allowed the
formation of dark features spaced ~50 nm apart, and
these can be clearly distinguished in CL (Figure 4g). On
the basis of the sharpness of the features in Figure 4c,
we estimate that dark patches could be distinguished
at distances as small as 20 nm, and by using even
smaller particles as masks, luminescent features of that
size could be patterned into the film.

These observations show that light can be pro-
duced at controllable, local spots far smaller than a
wavelength even if electron bombardment takes place
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across a wider area. Thus, a combination of nano-
burned films with wide-field electron excitation could
transform the usual procedure of rastering a single
active volume across a sample in series into the process
of addressing multiple nanoscale spots in parallel.
Moreover, because CL is correlated with photolumi-
nescence (Supporting Information Figure S6), these
spots could alternatively be excited through far-field
optical illumination to convert far-field light into spec-
trally distinct, highly local near-fields. Thus, our YAP:Ce
films could be used for nanoscale optical generation in
two complementary modes: focused scanning catho-
doluminescence mode, or a wide-field mode, driven by
either electron excitation or optical illumination.

CONCLUSIONS

In summary, we have demonstrated a rapidly and
easily scanned, bright, spectrally selective nanoscale
optical source for optical excitation and imaging.
To do so, we developed an ultrathin, epitaxial film of
a YAP:Ce scintillator, whose maximum brightness
when excited with a low energy electron beam is
competitive with the brightest subdiffraction optical
sources in use today. The CL spectral properties and
the 18-nm spatial resolution achievable in these films
will allow for studies of nanoscale heterogeneity of
complex materials deposited on or near the YAP:Ce
film. We also demonstrated that film luminescence can

METHODS

Pulsed-laser deposition (PLD) was used to grow epitaxial films
of YAP:Ce (001) on previously prepared substrates, each con-
sisting of a 100 or 200 um-thick silicon wafer (100) with a 4 unit-
cell thick layer of strontium titanate (001) (STO) and a 20-nm
thick layer of lanthanum aluminate (001) (LAO) both deposited
via molecular-beam epitaxy (MBE).*”*® The PLD source material
was a disk of single-crystal YAP:Ce (0.55 wt % Ce, CRYTUR), and
the laser pulses were generated by a Lambda Physik KrF
excimer source operating at a wavelength of 248 nm and
pulse-rate of 2 Hz, with a fluence of approximately 0.7 J/cm?.
The substrates were held at 750 °Cin a 1.0 mTorr O, atmosphere
during the growth and subsequently cooled at a rate of 10 °C/min.
For comparison, films of YAP:Ce were also grown on bulk crystal-
line LAO substrates under the same conditions.

As elaborated in the Supporting Information, films were char-
acterized using Rutherford backscattering (RBS) (Supporting In-
formation Figure S4); X-ray diffractometry (XRD) 8 — 26 scans
(Supporting Information Figure S1), rocking curves (Supporting
Information Figure S3) and reciprocal space maps (Supporting
Information Figure S2); atomic force microscopy (AFM)
(Supporting Information Figure S5); optical profilometry; and
steady state and time-resolved fluorimetry (Supporting Infor-
mation Figures S6 and S7).

Cathodoluminescence (CL) emission spectra were measured
with a modified Zeiss Gemini SUPRA 55 Scanning Electron
Microscope (SEM), fitted with a spectrometer consisting of an
Acton 2300i monochromator (150 line/mm, 500-nm blazed
grating) and Andor Newton electron-multiplied CCD. A multi-
mode optical fiber with a diameter of 200 um inside of the SEM
was used to couple the light directly from the sample surface to
the spectrometer. To measure photon counts, a nickel parabolic
reflector was positioned above the sample in order to couple a
1.3z solid angle of emission onto a photomultiplier tube outside

KAZ ET AL.

be patterned in order to structure sample illumination
at the nanoscale.

These functionalities point to exciting opportunities
in both materials and biological research. For example,
with a free-standing membrane geometry (Figure 1
inset), one could deposit thin film samples onto the
YAP:Ce surface using standard techniques for deposi-
tion on oxide surfaces and address the samples with CL
excitation generated by an electron beam striking the
opposite face. In this way, one could optically excite
the samples to characterize their functional properties
at length scales commensurate with their heterogene-
ity and on time scales that enable resolution of
their dynamics. In biological applications, fluorescently
labeled biomolecules in an aqueous environment en-
capsulated near the YAP:Ce surface could be resolved
at the nanoscale in real time to reveal diffusive behav-
ior, conformational changes or mechanical function.
More generally, our approach could provide a way
to address many unanswered questions about the
arrangements and dynamics of liquid-phase molecules
on the nanometer scale in outstanding surface chem-
istry problems including the electrochemical double
layer, catalysis and dynamic wetting. In materials
applications, one could even imagine uncovering
the relationship between film morphology and device
efficiency by locally triggering an optical response in
photovoltaic energy transduction.

of the vacuum chamber (Supporting Information Figure S13).
To determine the total emission power from the films, back-
reflections on the order of 50% off of the silicon substrate were
also taken into account, as elaborated in the Supporting
Information. A high contrast calibration sample of gold crystal-
lites on highly ordered pyrolytic graphite (HOPG) was used
to determine the diameter of the electron beam at each set of
beam parameters used, based on the slope spanning 80—20%
of the signal change. To determine the active volume of the
electrons inside of the YAP:Ce layer, Monte Carlo simulations
using the program CASINO 2.48 were performed (Supporting
Information Figure S8 and $9).>°

YAP:Ce films were patterned by quenching luminescence
through exposure to a focused Ga™* ion beam (FEI Quanta). The
200-nm silica beads (Corpuscular), deposited on the film out
of aqueous solution, masked the gallium beam. After milling,
the beads were removed with soaking in 1% Hellmanex,
acetone, and deionized H,0.
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