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Bombardment of materials by high-energy particles (e.g., electrons, nuclei, X- and γ-ray photons) often leads
to light emission, known generally as scintillation. Scintillation is ubiquitous and enjoys widespread applications
in many areas such as medical imaging, X-ray non-destructive inspection, night vision, electron microscopy,
and high-energy particle detectors. A large body of research focuses on finding new materials optimized for
brighter, faster, and more controlled scintillation. Here, we develop a fundamentally different approach based
on integrating nanophotonic structures into scintillators to enhance their emission. To start, we develop a unified
and ab initio theory of nanophotonic scintillators that accounts for the key aspects of scintillation: the energy loss
by high-energy particles, as well as the light emission by non-equilibrium electrons in arbitrary nanostructured
optical systems. This theoretical framework allows us, for the first time, to experimentally demonstrate nearly
an order-of-magnitude enhancement of scintillation, in both electron-induced, and X-ray-induced scintillation.
Our theory also allows the discovery of structures that could eventually achieve several orders-of-magnitude
scintillation enhancement. The framework and results shown here should enable the development of a new class
of brighter, faster, and higher-resolution scintillators with tailored and optimized performances − with many
potential applications where scintillators are used.

INTRODUCTION

Scintillation, the process by which high-energy particles
(HEP, also known as ionizing radiation) bombarding a mate-
rial convert their kinetic energy into light, is among the most
commonly occurring phenomena in the interaction of ioniz-
ing radiation with matter. It enables a great number of tech-
nologies, including X-ray detectors used in medical imaging
and non-destructive inspection, γ-ray detectors in positron-
emission tomography scanners, phosphor screens in night-
vision systems, electron detectors in electron microscopes,
and electromagnetic calorimeters in high-energy physics ex-
periments [1, 2]. Scintillation appears under many different
guises. For example, when the “high-energy” particle is a vis-
ible or UV photon, the scintillation is better known as photo-
luminescence. When the incident particles are energetic elec-
trons, scintillation is also known as incoherent cathodolumi-
nescence. When the high-energy particle is an X- or γ-ray, the
phenomenon is almost exclusively referred to as scintillation.
[1].

Because of scintillation’s broad applications, there has been
(and still is) great interest in the development of “better scin-
tillators” with greater photon yields, as well as greater spa-
tial and energy resolution. Such enhanced scintillators could
translate into groundbreaking functionalities. One such exam-
ple is in medicine: brighter and higher-resolution scintillators
could enable medical imaging (e.g., computed tomography)
with higher resolution and substantially lower radiation dose,
allowing early tumor screening and greater standards of care.

Current approaches to improve scintillation are mostly, if not
solely, oriented towards the growth of higher-quality materials
(e.g., single-crystalline, controlled creation of defect sites) as
well as the identification of new materials (e.g., ceramics and
metal halide perovskites [3]) with faster and brighter intrinsic
scintillation.

In this manuscript, we develop a different approach to this
problem, which we refer to as “nanophotonic scintillators”.
By patterning a scintillator on the scale of the wavelength of
light, it is possible to strongly enhance, as well as control,
the scintillation yield, spectrum, directivity, and polarization
response. The contribution of our work is threefold. First,
we develop a general theory of scintillation in nanophotonic
structures that enables us to predict scintillation in arbitrary
nanophotonic settings. Then, we use this framework to exper-
imentally demonstrate for the first time order-of-magnitude
enhancements of scintillation, as well as spectral shaping and
control of scintillation. We demonstrate these effects in two
different material platforms (electron scintillators and X-ray
scintillators), in agreement with theoretical predictions from
our framework. Third, we use the theoretical framework to
discover designs that could potentially enable several orders-
of-magnitude enhancement of scintillation. These contribu-
tions, taken together, should enable the systematic develop-
ment of a whole new class of bright scintillators for many ap-
plications. We expect that our results will enable the system-
atic design of a whole new family of optimal nanophotonics-
enhanced scintillators, with applications to medicine, defense,
electron microscopy, and beyond.
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The motivation for our approach is the observation that the
light emitted in scintillation is effectively spontaneous emis-
sion [4]. An enormous amount of effort in multiple fields has
gone into controlling and enhancing spontaneous emission
through the density of optical states [5, 6], with corresponding
impact in those fields [7], including photovoltaics [8], sens-
ing [9, 10], LEDs [11, 12], thermal emission [13], and free-
electron radiation sources [14–23]. In the context of scintilla-
tion, nanophotonic enhancements could in principle take two
forms: (1) through direct enhancement of the rate of sponta-
neous emission by shaping the density of optical states [4]; or
(2) through improved light extraction from bulk scintillators.
Early pioneering work by Lecoq and coworkers demonstrated
enhanced light extraction provided by a photonic crystal coat-
ing atop a bulk scintillator [24–30]. Nevertheless, the prospect
of enhancing scintillation through the local density of states,
as well as the prospect of large scintillation enhancements, by
either mechanism, remains unrealized. Moreover, the type of
nanophotonic structures that could even in principle realize
such effects is unknown.

Part of the reason for the lack of progress in this field
so far entails a theoretical gap associated with the complex,
multiphysics nature of scintillation emission (schematically
illustrated in Figure 1(a-d)). The process of scintillation is
composed of several complex parts spanning a wide range
of length and energy scales [1]: (1) ionization of electrons
by HEP followed by production and diffusion of secondary
electrons (Figure 1(b)) [31, 32]; (2) establishment of a non-
equilibrium steady-state (Figure 1(c)) [33, 34]; and (3) recom-
bination, leading to light emission (Figure 1(d)). The final
step of light emission is particularly complex to model, espe-
cially in nanophotonic settings, as it results from fluctuating,
spatially-distributed dipoles with a non-equilibrium distribu-
tion function which strongly depends on the previous steps of
the scintillation process. All of this together has significantly
hindered direct modeling of scintillation in materials, and as
of this writing, there has not been an end-to-end theoretical
description of scintillation from scintillators integrated with
nanophotonic structures, with potentially enhanced density of
states.

RESULTS

A general theory of nanophotonic scintillation

First, let us present a unified theory of nanophotonic scin-
tillators. The theory we develop is ab initio: it can, from first
principles, predict the angle- and frequency-dependent scin-
tillation from arbitrary scintillators (established and nascent),
taking into account the three steps illustrated in Figure 1(b-
d). It takes into account the energy loss dynamics of HEPs
through arbitrary materials, the non-equilibrium steady state
and electronic structure of the scintillating electrons, and the
nanostructured optical environment (i.e., the electrodynamics
of the light emission by this non-equilibrium electron distri-

bution). After developing this theory, we illustrate it experi-
mentally in two separate settings (electron-induced and X-ray
induced scintillation), to show the generality of our frame-
work. Beyond these direct applications, we also show how
many of the intricate features of the scintillation (especially
for electron-induced scintillation) are accounted for by the
non-equilibrium kinetics and electronic structure aspects of
our theory.

Consider the situation depicted in Figure 1(a) in which a
HEP beam deposits energy into a nanophotonic structure (Fig-
ure 1(b)). The structure may be in proximity of a scintillating
material, or integrated with it (as in both cases that we present
experiments for). The interaction of the beam with the scin-
tillating material will generally lead to a process of electron
excitation in the scintillator, followed by relaxation into an
excited state (Figure 1(c)).

Importantly, the occupations of electrons and holes fol-
lowing this relaxation are typically in an approximate equi-
librium [34] (referred to as a non-equilibrium steady state).
This equilibrium is well-defined since it occurs on picosec-
ond timescales, which are effectively instantaneous compared
to the excited state depletion timescales (nanoseconds) [31].
Under these assumptions, the radiative recombination may be
described in terms of emission from fluctuating currents in the
material, not unlike thermal radiation (in which the electrons
are in a true equilibrium). The key difference from thermal
radiation is that the occupation functions which determine the
current-current correlations (that determine the emission) are
no longer governed by the Bose-Einstein distribution, but are
instead material and HEP pump-dependent (and therefore spa-
tially dependent).

Despite the non-universality of the current-current corre-
lations, the otherwise strong similarity to thermal radiation
inspires a key simplification which also gives rise to simple
and powerful numerical methods for modeling and optimiz-
ing scintillation. This key simplification is electromagnetic
reciprocity, which relates the following two quantities: (1) the
emitted scintillation from the structure (at a given frequency
ω, direction Ω, and polarization i) and (2) the absorption of
a plane wave by the scintillating structure (of frequency ω,
propagating along direction Ω into the structure, and polariza-
tion i). As a result of this relation, it is possible to calculate the
scintillation at some angle and frequency by calculating ab-
sorption of light incident from the far-field at that frequency,
angle, and polarization. Direct modeling of light emission by
means of calculating the emission from an ensemble of fluc-
tuating dipoles, as considered in the past (e.g., for thermal
emission [35]), is extremely resource-intensive from a compu-
tational perspective [60]. The effect of the spatial distribution
of the scintillating centers is captured by integrating this spa-
tial distribution against the spatially-dependent absorption in
the scintillating structure. In this way, the spatial information
can be obtained “all-at-once” from a single absorption “map”.

Let us use this simplification to quantify scintillation, which
we represent in terms of the scintillation power per unit fre-
quency dω and solid angle dΩ along the ith polarization (e.g.,



3

FIG. 1: A general framework for scintillation in nanophotonics. (a) We consider the case of high-energy particles (HEP) bombarding an
arbitrary nanophotonic medium, emitting scintillation photons at frequency ω (free-space wavelength λ), propagation angle Ω, and polarization
i. (b) Subsequent HEP energy loss results in excitation of radiative sites (darker blue region in sample) which may diffuse before spontaneously
emitting photons (lighter blue region in sample). (c) The framework also accounts for different types of microscopic emitters. (d) The emitters
may emit in arbitrary nanophotonic environments. (e-f) Electromagnetic reciprocity maps far-field radiation calculations from the stochastic
many-body ensemble in a single electromagnetic simulation of plane-wave scattering, by calculating the effective spatially-dependent field
enhancement. (g) Summarized framework. Links indicate forward flow of information. The purple links indicate the possibility of backward
flow (inverse-design) in our current implementation. q,m,Ekin, θi: particle charge, mass, kinetic energy, and incidence angle. ε(r, ω), Z:
material permittivity and effective Z-number. S(r, ω): spatially-varying intrinsic scintillation spectral function. dP (i)/dωdΩ: scintillation
spectral-angular power density at polarization i. An expanded and elaborated version of (g) is presented in the SI, Section A.

i = s, p): dP (i)

dωdΩ (and dP
dωdΩ =

∑
i
dP (i)

dωdΩ is the total scintil-
lation power density). In most cases, the current-current cor-
relations in the scintillator are isotropic (a condition that we
relax in the SI, Section B), and we get

dP (i)

dωdΩ
=

ω2

8π2ε0c3

∫
dr

∣∣E(i)(r, ω,Ω)
∣∣2∣∣∣E(i)

inc(ω,Ω)
∣∣∣2 S(r, ω), (1)

where the quantity E
(i)
inc(ω,Ω) denotes the electric field of

an incident plane wave of frequency ω, incident from a di-
rection Ω, with polarization i. The quantity E(i)(r, ω,Ω)
denotes the total electric field at position r resulting from
the incident field and their ratio is thus the field enhance-

ment. The function S(r, ω) in Equation 1 is the spec-
tral function encoding the frequency and position depen-
dence of the current-current correlations, given by S(r, ω) =
1
3

∑
α,β tr[Jαβ(r)Jβα(r)]fα(r)(1 − fβ(r))δ(ω − ωαβ). In

this spectral function, fα is the occupation factor of micro-
scopic state α with energy Eα, Jαβ represents the matrix el-
ement of the current density operator (J ≡ e

mψ
†(−i~∇)ψ),

ωαβ = [Eα − Eβ ]/~, and tr denotes matrix trace. Impor-
tantly, besides the position dependence of the current den-
sity matrix element, the occupation functions can also depend
on position, as they depend on the HEP energy loss density
(specifically, how much energy is deposited in the vicinity
of r). Interestingly, Equation 1 would be proportional to the
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strength of thermal emission upon substitution of S(r, ω) by
the imaginary part of the material permittivity, multiplied by
the Planck function. However here, the primary difference is
that S(r, ω) describes a non-equilibrium state, rather than the
thermal equilibrium state of the material.

To better understand the core components of nanophotonic
scintillation enhancement, let us simplify it further, by consid-
ering the case where the density of excited states is uniform
over some scintillating volume VS (in which case we may
drop the spatial dependence of S such that S(r, ω)→ S(ω)).
This volume can be thought of as the characteristic volume
over which excited electrons are created (like in Figure 1(b)).
Then we may write

dP (i)

dωdΩ
=

π

ε0ω
× S(ω)×

[
V

(i)
eff (ω,Ω)/λ3

]
, (2)

where V (i)
eff (ω,Ω) =

∫
VS
dr |E(i)(r, ω,Ω)|2/|E(i)

inc(ω,Ω)|2.
Having dimensions of volume, and being proportional to the
absorbed power over VS (in the limit of weak absorption,
so as not to perturb the field solutions), we often refer to
V

(i)
eff (ω,Ω) (shortened as Veff) as the effective volume of field-

enhancement or the effective volume of absorption. Equa-
tion 2 states that the scintillation spectrum, under this approx-
imation, is a simple product of a microscopic factor, set by
the non-equilibrium steady-state distribution function S(ω),
and an effective absorption volume Veff, which is set only by
the (structured) optical medium surrounding the scintillating
medium.

Our framework to calculate scintillation according to Equa-
tion 1 consists of three components, as illustrated in Fig-
ure 1(b-d, g): energy loss of a beam of HEPs, creation
of excited electrons, and subsequent light emission (which
is computed by calculating field enhancement from incident
plane waves, via electromagnetic reciprocity). As a technical
matter, we note that we compute the HEP energy loss den-
sity by Monte Carlo simulations of energy loss (as is stan-
dard, see Refs. [36]), the electron energy levels and spec-
tral function through density functional theory (DFT), and
the nanophotonic field enhancement through finite-difference
time-domain and rigorous coupled-wave analysis methods. In
principle, these components are coupled together, as described
in the SI, Section A.

More details on each component of the complete workflow,
depicted in Figure 1(g) can be found in the Methods and in
the SI, Sections A, B and G. The description of scintillation
provided here − using calculations of electronic structure,
energy-loss, and electromagnetic response − is to the best of
our knowledge, the first to provide an ab initio and end-to-end
account of scintillation in nanophotonic structures.

EXPERIMENTAL OBSERVATION OF STRONGLY
ENHANCED SCINTILLATION

We now present experiments demonstrating shaped and en-
hanced electron-beam-induced scintillation by silica defects,

showing how our model accounts for features which may
only be understood from a framework combining microscopic
and nanophotonic details. Following this, we present ex-
periments demonstrating enhanced X-ray-induced scintilla-
tion and imaging in cerium-doped yttrium aluminium garnet
(YAG:Ce).

Enhanced electron-beam-induced scintillation

We first experimentally demonstrate scintillation from
silicon-on-insulator nanophotonic structures due to bombard-
ment by electrons (here, with energies in the range of 10-40
keV). Electrons with a few tens of keV energies are a conve-
nient platform to demonstrate nanophotonic scintillation, as
they readily lose almost all of the energy to the nanophotonic
structure. Such lower energy particles penetrate materials less
deeply, leading to a strong overlap between the spatial re-
gion of HEP energy loss density and the region of high field-
enhancement (the latter of which is within a few hundred nm
of the surface).

Our experimental setup to measure scintillation is based on
a modified SEM (an earlier version of which was reported in
Refs. [15–17, 19]), shown in Figure 2(a,e): a focused elec-
tron beam of tunable energy (10-40 keV) excites the sample
at a shallow (∼ 1◦) angle and the resulting radiation is col-
lected and analyzed with a set of free space optics. The light
is collected by an objective lens which accepts radiation emit-
ted in a cone of half-angle 17.5◦. Under the shallow-angle-
conditions of electron incidence in our experiments, the ef-
fective penetration depth of the electrons is on the scale of a
few hundred nanometers (Figure 2(b)), far below the nominal
mean free paths of 40 keV electrons in silica or silicon, which
are on the order of 20 µm. This leads to strong overlap of the
energy loss with regions of field enhancement. Control over
the incidence angle also enables tuning this overlap between
the HEP energy loss density and Veff.

The first structure we consider is a thin film of 500 nm Si
atop 1 µm SiO2 atop a Si substrate. The second structure dif-
fers from the first in that the top Si layer is patterned to form
a square lattice (design period ∼430 nm; see Figure 2(c)) of
air holes (diameter ∼260 nm) of various etch depths (∼25,
35, and 45 nm). We refer to them as “thin film” (TF) and
“photonic crystal” (PhC) samples of same thicknesses, respec-
tively. Scintillation in these structures occurs in the buried sil-
ica layer, and in particular, by a class of commonly occurring
defects called self-trapped holes (STH) [37]. Such defects
have been studied extensively due to their consequences for
silica fibers. They display distinct emission at red and green
wavelengths, which, in addition to our other observations, en-
able us to attribute our observations to STH defect scintilla-
tion (and thus, rule out other mechanisms of electron-beam-
induced emission (such as coherent cathodoluminescence; see
SI Section C)).

We now show how nanophotonic structures shape and en-
hance scintillation in silica. The scintillation spectrum of the



5

FIG. 2: Experimental demonstration of nanophotonic shaping and enhancement of electron-beam-induced scintillation . (a) A modified
scanning electron microscope (SEM) is used to induce and measure scintillation from electron beams (10-40 keV) bombarding scintillating
nanophotonic structures. (b) Electron energy loss in the silicon-on-insulator wafer is calculated via Monte Carlo simulations. Inset: Zoomed-in
electron energy loss in the scintillating (silica) layer. (c) SEM images of photonic crystal (PhC) sample (etch depth 35 nm). Tilt angle 45◦.
Scale bar: 1 µm (top), 200 nm (bottom). (d) Scintillation spectrum from thin film (TF) and PhC samples with varying etch depths (but same
thickness). (e) The scintillation signal is coupled out of the vacuum chamber with an objective and then imaged on a camera and analyzed with
a spectrometer. (f-g) Comparison between theoretical (left) and experimental (right) scintillation spectra for green and red scintillation peaks.
Inset: Calculated scintillation spectra (per solid angle) at normal emission direction, showing the possibility of much larger enhancements over
a single angle of emission.

sample in the visible range, for both TF and PhC samples,
is shown in Figure 2(d). The TF scintillation measurements
shown in black in Figure 2(f, g) display two main sets of
features at green (∼ 500 nm) and red (∼ 625 − 675 nm)
wavelengths. At red wavelengths, there is a clear double-peak
structure, while at green wavelengths, the scintillation spec-
trum displays multiple peaks. These multiply-peaked spectra
differ considerably from prior observations of STH scintilla-
tion [37]: while they occur roughly at the same wavelength,
prior observations show only one peak at the red and green
wavelengths [61]. The multiple peaks of the spectrum (and
even its shoulders) are well accounted for at both red and
green wavelengths even by the simplified Equation 2, and

specifically by multiplying the shape of the STH spectrum
in bulk by the Veff calculated for the TF. The bulk spectrum
is inferred from previous observations [37] and confirmed by
our DFT calculations (see Figure 3(d)). The multiply peaked
structure of Veff thus arises from thin-film resonances, which
enhance the absorption of light in the buried silica layer. The
agreement between theory and experiment in Figure 2(f, g)
unambiguously indicates a strong degree of spectral control
over scintillation even in the simplest possible ”nanostructure”
(namely, a thin film).

In contrast to the TF scintillation, the scintillation from the
PhC samples displays very strong and spectrally-selective en-
hancement. We report an enhancement of the red scintillation
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peak in the PhC sample, compared to the TF, by a factor of
∼ 6 (peak at 674 nm) and of ∼ 3 integrated over the main
red peak (665 ± 30 nm) as shown in Figure 2(d). This feature
is reproduced by our theoretical framework via enhancement
of Veff around the red scintillation peak, using the same fitting
parameters as those taken from the TF results of Figure 2(f,
g). Comparatively, the green peak remains at a value similar
to those in the TF spectra. Little enhancement is expected for
the green wavelength, due to the high losses at those shorter
wavelengths.

The observed enhancement can readily be attributed theo-
retically to the presence of high-Q resonances at the red wave-
length, which lead to enhanced absorption of light in the far-
field. Importantly, the positions of the many subpeaks in the
scintillation spectra are accounted for by the peaks of Veff.
Somewhat larger uncertainties are introduced in the patterned
structure because of the strong degree of angular shaping of
the radiation associated with certain wavevectors in the PhC
bandstructure (see inset of Figure 2(g), showing the predicted
scintillation spectrum at normal emission). As a result, the
spectrum depends on the exact angular acceptance function
of the objective. There is also a more sensitive dependence
on the exact distribution of electron energy loss compared to
the thin-film case, due to the well-localized nature of the res-
onances leading to scintillation in the patterned structure.

Having shown scintillation control and enhancement based
on nanophotonic structures, we move to show another core
element of our general framework for scintillation: the mi-
croscopic transition dynamics associated with the scintillation
process, their effect on the non-equilibrium occupation func-
tions, and the corresponding effect on observable properties
of the scintillation spectrum. In the specific case of silica de-
fects, we can utilize spectral observables such as dependence
of the scintillation on the electron energy, as well as the ra-
tio of green to red scintillation peak powers (defined as η)
as a function of deposited HEP energy, to test assumptions
about the microscopic properties of the scintillation mecha-
nism. We can even infer the energy level structure of the
scintillating defects by combining these measurements with
ab initio electronic-structure calculations and models of the
excited electron kinetics (e.g., rate equations).

Figure 3(a) shows the evolution of the scintillation spec-
trum for various energies. At high-energy pumping (∼40
keV), red scintillation in the PhC sample dominates, while
we observe that decreasing the pumping energy results in a
gradual increase of the green peak scintillation (and of η). We
took similar measurements for high and low-current pumping
(at a constant pumping energy of 40 keV) of PhC and TF sam-
ples and compiled our results in Figures 3(e). There, one can
observe that for the TF sample, the green peak scintillation al-
ways dominates (η > 1), while, for the PhC sample, there is
a cross-over for a certain value of the deposited beam power
(represented by η crossing unity).

To account for these observations, we consider a descrip-
tion of the defect levels in terms of a three-level Fermi sys-
tem, featuring two lowest occupied levels (denoted 1 and 2

FIG. 3: Probing the microscopics of electron-beam-induced scin-
tillation in silica. (a) Energy-dependent scintillation spectra (PhC
sample, etch 25 nm). (b) Top: 3D molecular model of STH defect
in silica. Si: Silicon, O: Oxygen, ρ: spin-polarized density. Bottom:
Calculated STH defect energy levels via density functional theory
(DFT). (c) Simplified three-level system modelling the microscopics
of scintillation from STH defect in silica. (d) Bulk scintillation spec-
trum calculated with DFT. (e) TF (left) and PhC (right) scintillation
peak ratios as a function of deposited beam powers through electron
pumping. The dashed line corresponds to the mean model prediction
and the shaded area to the prediction from the model parameters ±
their standard deviation (TF, PhC: uncertainty on Γ31/Γ32). Inset:
Maximum signal of green and red scintillation peaks versus current
in TF sample.

in Figure 3(c)) coupled to an upper “pump” level (denoted
3) through the high-energy electron beam, which acts as a
pump. These three levels correspond to energy levels from
our electronic structure calculations of the STH defects in sil-
ica (based on DFT, see SI Section F). The relative rates of the
transitions 3→ 1 (Γ31) and 3→ 2 (Γ32) – which depend on
the pump strength and the emission rates (which depend on
Veff) – dictate the strength of the green and red emission, re-
spectively. We arrive at the results of Figure 3(e) by solving
for the steady-state values of these transition rates using rate
equations (see Methods) and extracting the corresponding η,
as a function of the incident beam power.

The agreement between theory and experiment enables us
to understand the crossover as resulting from a combination of
(1) the relative enhancement of red transitions from the PhC,
and (2) the nonlinear transition dynamics of excited electrons
in the defect. In particular, data from both samples indicate
that the pump rate for the “green transition”, Γ13, is faster
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than its red counterpart, Γ23 (with consistent ratio values of
∼ 3.2 for the TF and ∼ 3.35 for the PhC). The existence of
a cross-over deposited beam power between domains where
η > 1 and η < 1 translates into an enhancement of the ratio
of decay rates Γ32/Γ31 in the PhC sample. Comparing model
parameters fitting the TF experimental data to models fitting
the PhC data, we estimate that the decay rate ratio is enhanced
by a factor of ∼ 2.3 ± 1.0. This value is in agreement with
the Veff-enhancement predicted by our theory and by our ob-
servation of enhanced scintillation from the red defects in the
experimental data.

By patterning nanophotonic scintillators, one can thus tai-
lor microscopic properties and selectively enhance scintilla-
tion from microscopic defects. This also suggests that scin-
tillation rates can be selectively enhanced using nanophotonic
structures, a feature that is particularly sought after in some
medical imaging modalities [38]. Moreover, our results indi-
cate that the measured scintillation may be used to sort out
competing models of the electronic structure, especially in
complex defects such as this one, which are hard to model
due to self-interaction effects (see SI Section F).

Observation of strongly enhanced scintillation induced by
X-rays

We now move on to another example of a nanophotonic
scintillator designed using our theoretical framework, show-
ing its application to enhancing scintillation induced by high-
energy photons such as X-rays. Such HEPs lose their en-
ergy much differently from massive charged particles (such
as electrons). We present experimental results demonstrating
enhancement of X-ray induced scintillation and correspond-
ing X-ray image brightness enhancement generated by a com-
mon scintillator, YAG:Ce. These results immediately trans-
late into brighter and thinner X-ray scintillators which could
potentially lead to low-dose and high-resolution X-ray imag-
ing.

We used the experimental configuration shown in Fig-
ure 4(a): X-rays traverse a specimen, leading to spatially-
dependent absorption of the incident X-ray flux. This absorp-
tion pattern is geometrically magnified until it encounters the
YAG:Ce scintillator. This absorption pattern is then translated
into scintillation photons which are imaged with an objective
and a CCD camera.

The nanopatterned scintillator is constructed by etching a
two-dimensional PhC into YAG (via Focused Ion Beam (FIB)
lithography; see Methods), at the surface of the scintillator
facing the objective. The PhC period is 430 nm and the
total patterned area is 215 µm × 215 µm (in Figure 4) or
430 µm × 430 µm (in Figure 5). Let us now apply our gen-
eral framework to predict the enhancement of scintillation that
a PhC could provide.

In the case of YAG:Ce, the intrinsic scintillation properties
have been long characterized and our experiments reveal only
weak dependence of the scintillation on incident X-ray energy

(see influence of X-ray filter in SI, Section H). Thus, the full
theoretical apparatus we demonstrate for electron scintillation
is not needed to adequately describe our results. Primarily,
the electromagnetic response (using reciprocity) is needed to
account for the experimental results, and is the part of our gen-
eral framework that leads us to order-of-magnitude enhance-
ment of X-ray scintillation. We discuss in greater detail our
numerical methods and comparison to experiment in the SI,
Section H.

According to the scintillation framework developed in the
previous sections, nanophotonic scintillation enhancement is
to be expected when the absorption of light is enhanced. In
Figure 4(b) we show the calculated wavelength-dependent
scintillation in YAG:Ce (averaged over the angular accep-
tance of the objective, as in Figure 2) for an unpatterned self-
standing thick (20 µm) film, as well as for the PhC sample.
Here, the calculated enhancement is by a factor of∼ 9.3±0.8
over the measured scintillation spectrum. In our calculations,
we attribute the main error bar to the uncertainty on the hole
depth (±10 nm as can be extracted from our AFM measure-
ments, shown fully in Figure 4(a, Right) and in cross-sections
in the SI). However, we should note that there are several other
sources of uncertainty in the fabricated samples: the hole di-
ameter and periodicity, and the optical absorption of YAG:Ce
(taken in our calculations to be the value provided by the wafer
supplier). We also measured and compared to our theory scin-
tillation enhancements from multiple nanophotonic scintilla-
tors with various thicknesses, hole shapes, depths and pat-
terned areas (see additional experimental data and Table I in
the SI).

Here, the X-ray scintillation enhancement originates in
light out-coupling enhancement (or by reciprocity, in-
coupling enhancement). In particular, the PhC allows more
channels (i.e. a plane-wave coupling to a resonance) into the
scintillator crystal, compared to a flat interface. The multi-
ple channels translate into sharp resonant peaks in the calcu-
lated absorption spectrum (raw signal shown in the SI, Sec-
tion H). This is to be contrasted with the origin of electron-
beam-induced scintillation enhancement in silica, where the
enhancement can be tied to the presence of a single, or small
number of high-Q resonances. This effect is of the type often
leveraged to design more efficient LEDs and solar cells that
approach the “Yablonovitch limit” in both ray-optical [39, 40],
and nanophotonic [41, 42] settings. There, it is well known
that the device efficiency is optimized by designing a struc-
ture that leads to strong absorption over the spectral range of
the emission [39, 43].

In Figure 4(c), we show the experimentally measured scin-
tillation scanned along a line of the sample. The regions “off”
indicate unpatterned regions of the YAG:Ce, while “on” indi-
cates the PhC region. Here, the signal is enhanced on average
by a factor of ∼ 9.1 over the unpatterned region, consistent
with the predictions of Figure 4(b).

To demonstrate the potential of our approach to X-ray
imaging, we fabricated a larger-scale pattern on a 50 µm
wafer which exhibits a scintillation enhancement of 2.3 (see
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FIG. 4: Nanophotonic enhancement of X-ray scintillation. (a,
Left) X-ray scintillation experimental setup: light generated by
X-ray bombardment of a cerium-doped yttrium aluminium garnet
(YAG:Ce) scintillator is imaged with a set of free-space optics. A
specimen may be positioned between the source and the scintillator
to record an X-ray scan of the specimen. (a, Right) Atomic force
microscopy image of patterned YAG:Ce scintillator (20 µm thick-
ness). Scale bar: 1 µm. (b) Calculated scintillation spectrum of the
PhC, integrated over the experimental angular aperture. Calculations
are performed for measured etching depths ± a standard deviation
(corresponding to 40, 50, and 60 nm). The shaded area corresponds
to possible scintillation enhancements in between those values. The
calculated spectra are convolved with a moving-mean filter of 1.33
nm width (raw signal shown in the SI). (c) Measured scintillation
along a line of the sample, including regions on (red) and off (blue)
the PhC. The scintillation from the PhC region is on average about
×9.1 higher than the unpatterned region. All signals were recorded
with X-ray source settings: 40 kVp, 3 W.

measurement and theory in SI, Section H). We recorded
single-shot X-ray scans of biological and inorganic specimens
through the PhC, showing no evident decrease in resolution,
while increasing the image brightness by the same factor.
Equivalently, the required X-ray dose or exposure time to get a
given number of counts on the detector is reduced, as is shown
experimentally in the SI, Section H.

Our framework allows us to further gain understanding of
the scintillation mechanism at play, directly leveraging known
techniques in absorption enhancement. One could expect even
greater scintillation enhancements on the order of ∼ 4n2 in
the ray-optics approximation [39] or ∼ 4πn2 for periodic
structures on the wavelength scale [41, 42] (where n is the
index of refraction). For example, for a high-index material
such as doped GaAs, which also scintillates at room temper-
ature [44], enhancements on the order of ∼ 50 and ∼ 150
could be respectively achieved in the two regimes (over a 2π
collection solid angle).

FIG. 5: X-ray scintillation imaging with nanophotonic scintilla-
tors. (a, b) Measured X-ray images of a (a) TEM grid on scotch tape
and of a (b) flower bud. The white square delimit the PhC area. (c,
d) Flat-field corrected zoom-in of the X-ray image in the PhC area.
Geometric magnification on those images is ∼ 2. Compared to the
unpatterned regions, the images are brighter above the PhC region,
and show no evident decrease in resolution. The particular nanopho-
tonic scintillator used for this experiment was patterned over an area
of 430×430 µm and resulted in a scintillation enhancement of ×2.3
(measured with respect to unpatterned scintillator of same thickness).
All signals were recorded with X-ray source settings: 60 kVp, 5 W.

DISCUSSION

We have presented a general framework to model, tailor,
and enhance scintillation by means of nanophotonic structures
integrated into scintillating materials (nanophotonic scintil-
lators). While we mainly focused on the demonstration of
spectral shaping and enhancement of scintillation, our results
could be extended to show angular and polarization control
as well. We have demonstrated nanophotonic scintillators en-
hancing electron-beam-induced and X-ray-induced scintilla-
tion. The theoretical framework we used to describe our ex-
perimental results combines Monte Carlo simulations of the
energy loss density [36] with DFT calculations of the micro-
scopic structure and full-wave calculations of the electromag-
netic response of the nanophotonic structures probed in this
work.

We note that this type of “full” analysis has to the best
of our knowledge not been performed to explain scintillation
(nor incoherent cathodoluminescence) experiments, likely
due to the prohibitively expensive computations associated
with simulating ensembles of dipoles radiating in 3D struc-
tures. The reciprocity framework we use (also commonly
used in areas of thermal radiation, LEDs, and photolumines-
cence [34, 45–49]) strongly simplifies the analysis, and makes
a full modeling of the scintillation problem tractable. We con-
clude by outlining a few promising avenues of future work
that are enabled by the results provided here. Further elabo-
ration and initial results, for each of these avenues, is detailed
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in the SI.
The first area, inspired by our simplified calculations based

on reciprocity, is numerical optimization of nanophotonic
scintillators. Our framework, which relies on the calculation
of Veff (which is relatively amenable, even in 3D), enables the
inverse-design of nanophotonic scintillators. Methods to cal-
culate the forward (Veff given a nanophotonic structure) and
backward (gradients of Veff with respect to degrees of freedom
describing the nanophotonic structure) problems are detailed
in the SI, Section E. The experimentally reported enhance-
ments can be further improved upon by inverse-designing
the nanophotonic structure via topology optimization of Veff
[50]. In the SI, we show the kind of results that could be
expected from topology-optimized nanophotonic scintillators:
we find that 10-fold, and even nearly 100-fold selective en-
hancements of scintillation in topology-optimized photonic
structures are possible. By considering different emission
linewidths and frequencies, one can selectively design opti-
mized nanophotonic structures which enhance one of the scin-
tillating peaks, at a single-frequency or over the entire scin-
tillation bandwidth. Beyond our reciprocity-based approach,
low-rank methods can be utilized for the inverse-design of
nanophotonic scintillators with very large angular ranges [51].
Beyond scintillation, our techniques may find applicability in
other imaging modalities involving random incoherent emit-
ters, such as surface-enhanced Raman scattering [52].

Another promising area of research enabled by our find-
ings is nanophotonically-enhanced and -controlled UV light
sources. In the SI, Section F, we show how UV scintillation in
materials such as hBN enables strongly enhanced scintillation
with a spectrum that can be controlled simply by the position
of the electron beam relative to the patterned features in the
hBN arising from changes in the overlap between the HEP
loss density and Veff. The prospect of realizing optimized and
compact nanophotonic UV scintillation sources is particularly
exciting for applications in water purification and sanitization
[53].

To summarize, nanophotonic scintillators provide a versa-
tile approach for controlling and enhancing the performance
of scintillating materials for a wide range of applications.
The framework developed here applies to arbitrary scintillat-
ing materials, nanophotonic structures, and HEPs, solving for
the process end-to-end using first-principles methods. The
electron-beam and X-ray scintillation experiments provide the
proof-of-concept tests of the promising prospects of this field.
Our work may open a panoply of exciting applications, from
high-resolution, low-dose X-ray imaging to efficient ultravio-
let electron-beam-pumped light sources.

SUMMARY OF METHODS AND MATERIALS

Experimental

Electron-beam experiments. We use a modified CamScan
CS3200 custom Scanning Electron Microscope (SEM) from
Applied Beams (Oregon). The electron emitter is a LaB6
emitter cathode operated with settings producing the highest
currents (typically > 20 µA). Measurements are performed at
the highest magnification (equivalent to spot mode). The sam-
ple is mounted on a 6-axis, fully eucentric stage, at a working
distance of about 70 mm.

A Nikon TU Plan Fluor ×10 objective with a numerical
aperture (NA) of 0.30 was used to collect light from the area of
interest. The spectrometer used was an Acton SP-2360–2300i
with a low-noise, deep-cooled PIXIS camera. Monochrome
images of the radiation were collected with a Hamamatsu
CCD, in order to align the optical setup and spatially resolve
the observed radiation.

The objective is mounted on a 5-axis (XYZ, two tilt angles)
homemade positioning stage. The focal spot of the objective
is aligned with the electron beam focus (and sample surface).
Two piezoelectric motors allow the objective to move in a
plane parallel to the sample surface. A compact motorized
actuator controls the distance of the objective to the sample
surface. Two additional manual adjustment knobs allow con-
trol the alignment of the objective focal plane with the sample
surface. The current is measured through a Faraday cup in
the SEM stage, connected to a Keathley 6485 picoammeter.
The picoammeter is triggered to acquire current signals dur-
ing a time interval corresponding to the optical acquistion time
(10 averaged acquisitions of 1 second duration, unless other-
wise specified). A calibration measurement is performed with
a calibrated light source of known power spectral density to
convert the measured spectra to absolute power spectral den-
sities and efficiencies. More information on the experimental
setup can be found in the Supplementary Information, Section
B. All spectra recorded with the spectrometers were averaged
over 10 acquisitions of 1 second each.

X-ray experiments. Experiments were carried inside the en-
closure of a ZEISS Xradia 520 Versa micro-CT machine. The
same objective (Nikon TU Plan Fluor ×10) was mounted on
the detector stage, and positioned to record an image of the
surface of the scintillator. The scintillator and specimen were
mounted on the same sample stage. Visible filters were taped
directly at the back of the objective. In the images shown in
Figure 4 and 5, no X-ray filters (”Air” setting) and a narrow
bandpass visible filter (AVR Optics FF01-549-15-25) were
used. Additional data showing the influence of visible and
X-ray filters is given in the SI, Section H.

Sample

The sample wafer for electron-beam-induced scintillation
was purchased from MEMS Material and Engineering, Inc.
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(Sunnyvale, CA). The wafer was fabricated by a fusion bond-
ing - grinding - polishing process. The wafer is made of a
device layer (p-doped polished silicon, 〈100〉 orientation, re-
sistivity 1-30 Ω.cm, thickness 0.5 ± 0.025 µm), on top of an
oxide layer (amorphous silica, thickness 1.0 µm ± 5%), on
top of a handle wafer (p-doped silicon, 〈100〉 orientation, re-
sistivity 1-30 Ω.cm, thickness 625 ± 10 µm). The pattern-
ing was produced by Dr. Timothy Savas with optical inter-
ference lithography. The YAG:Ce crystal used in the X-ray
experiment was purchased from Crytur and patterned with a
VELION FIB-SEM. Fabrication parameters are given in the
SI, Section H. One reason we employed the VELION FIB-
SEM is that nanofabrication techniques to pattern YAG:Ce
are limited. Another reason is that the VELION’s FIB field
has astigmatism and distortion corrections, enabling more ac-
curate large-area FIB patterning. Finally, we selected the Au+

FIB because it conveniently matched the Au later that would
subsequently be removed with Au selective etchant.

Fitting to experiments

Electron-beam-induced scintillation. The experimentally
obtained spectra in Figure 2(d) were accounted for based on
Equation 1 of the main text. The red and green peaks of STH
were separately fitted (hence, no assumption is made about the
relative oscillator strengths of the two peaks). The spectral de-
pendence of S(r, ω) was taken as a sum of two Gaussians at
the red and green peaks, on account of inhomogeneous broad-
ening of the defect levels. Fits were obtained taking the red
and green peak energies to be 1.95 and 2.6 eV respectively,
with respective FWHM of 0.25 eV and 1.2 eV. Both the peak
energies and widths are consistent with previous experimental
measurements of STH spectra [37], as well as with our DFT
calculations. The function Veff, as defined in Figure 1 is cal-
culated using rigorous coupled-wave analysis.

The function V (i)
eff (ω,Ω) is calculated through the volume-

integrated field enhancement of a plane wave incident from
the far-field at angles Ω = (θ, φ) with polarization i ∈ {s, p}
and frequency ω. The integration volume (particularly, the
effective depth inside silica) is fitted to provide a good agree-
ment with experiment, and accordingly the integrand of Veff is
integrated to a depth of 500 nm inside the silica layer, which
is within a factor of 2 of the effective depth predicted from
CASINO and is within the uncertainty of the incident angle
of the electron beam. The theoretically predicted signals are
averaged over the numerical aperture of the objective (17.5◦)
and summed over polarizations. The data is best explained
assuming that the samples have a small (∼ 8◦) misalignment
of their normal to the axis of the objective, with the 25 nm
sample oppositely oriented from the other samples.

X-ray-induced scintillation. Absorption maps are calcu-
lated with rigorous coupled-wave analysis, with geometrical
parameters extracted from SEM/AFM measurements. The re-
ported value of the loss in the unpatterned YAG:Ce film is of
Im(ε) ∼ ×10−6 (information provided by Crytur). Geomet-

rical parameters are extracted via an atomic force microscopy
measurement fitted to as sin2 profile. Error bars on the pre-
dicted enhancements are calculated by varying the geometri-
cal parameters according to the measured error bars from the
characterization.

Monte Carlo HEP Energy Loss Simulations

HEP energy loss was calculated for energetic free-electrons
impinging on the (unpatterned) silicon-on-insulator wafer us-
ing the open source CASINO Monte Carlo software [36].
Calculations of the position-dependent energy loss density,
dE
dV (x, y, z) were done for electrons incident at shallow an-
gles of incidence (∼ 1◦ measured with respect to the substrate
plane) by averaging over results from 250,000 incident elec-
trons. The data was used to calculate the marginal electron
energy loss distribution per depth dE

dz =
∫
dxdy dE

dV shown in
Figure 2(b). We note that these calculations were also used to
model scintillation in patterned samples, thus effectively ne-
glecting the influence of the shallow pattern on the electron
energy loss map.

Calculations were also performed to find the energy loss
density as a function of the incident electron energy, which
was used as input in the fits of Figure 3(e). Similar calcu-
lations were also done for predictions of enhanced lumines-
cence of boron nitride in the SI, Section F.

Density Functional Theory (DFT) Calculations

DFT calculations [54, 55] were performed on one bulk and
three cluster models of STH. Cluster calculations used the
Boese-Martin exchange correlation functional with 42% ex-
act exchange [56] to take into account self-interaction effects.
Dangling bonds were passivated with hydrogen atoms to mit-
igate their effect on the electronic structure. A 20 Hartree
plane wave cutoff was used and Coulomb truncation [57] was
implemented to mitigate the effects of cluster-cluster interac-
tions. The defect transitions observed were attributed to lo-
calized states at the oxygen atoms – verified by calculations
of the spin density.

Bulk models, shown in Figure 3, with constrained 1
Bohr/unit cell magnetization yielded trapped hole defects
without the need for hybrid functionals. These models yielded
the same transition energies as above but used the PBE ex-
change correlation functional [58]. Additional details on the
various DFT models and calculation results are shown in the
SI, Section G.

Three-level rate equation model

Based on DFT calculations, a simplified three-level system
is designed to model electron pumping and subsequent radia-
tive emission from defect states in silica. The model is pic-
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tured in Figure 3(c), corresponding to calculated energy lev-
els from the DFT model in Figure 3(a, bottom). The following
rate equations are used to model the system:

dp1
dt = −Γ13 p1(1− p3) + Γ31 p3(1− p1)
dp2
dt = −Γ23 p2(1− p3) + Γ32 p3(1− p2)
dp3
dt = Γ13 p1(1− p3)− Γ31 p3(1− p1)

+Γ23 p2(1− p3)− Γ32 p3(1− p2)

(3)

such that the total occupation probability is conserved over
time d

∑
i pi
dt = 0 with the initial condition p1 = p2 = 1 and

p3 = 0. This set of equations describe a three-level system,
where 1 (resp. 2) is the ground state corresponding to green
(resp. red) emission, 3 is a shared excited state to which elec-
trons are sent via free-electron pumping. Band electrons can
relax from the excited state 3 to one of two ground states 1
and 2, corresponding to the green and red peak emission, re-
spectively.

We can solve the steady-state of equation 3 to estimate the
ratio of green to red emission at the steady-state:

η =
Γ31 (1− p1)

Γ32 (1− p2)
. (4)

Calculations were performed using the DifferentialEqua-
tions.jl package in Julia [59] and fit using the LsqFit.jl pack-
age.

We use this model to gain further microscopic understand-
ing of the observed experimental data, in conjunction with the
general nanophotonic scintillator theory described in the main
text. We chose η as an experimental observable, since it can
be calculated from equation 3 and – assuming green and red
peak defects are localized in the same region – the observable
is independent of a few experimental unknowns (beam size,
number of excited emitters). Electrons in state 3 can then ra-
diatively decay into state 1 or 2.

We assume that Γ is proportional to the electron beam en-
ergy deposited in the luminescent material: Γ ∝ I × E ×
ηene(E) where I is the incident electron current, E its acceler-
ation voltage, and ηene(E) the fraction of energy (normalized
to the incident energy E) deposited by an electron in the sil-
ica layer, calculated via Monte-Carlo Simulations of electron
scattering in the TF sample [36] (see corresponding Methods
section).

In a first numerical experiment shown in Figure 3(e, left),
we utilized scintillation data measured on the TF sample at
various incident voltages and currents. This data was used to
estimate the ratio of pumping rates Γ13/Γ23 = 3.2 ± 0.09.
This values indicates an intrinsic preference of the system to
excite the green defect through electron pumping.

In a second numerical experiment shown in Figure 3(e,
right), we utilized scintillation data measured on the PhC
sample at various incident voltages and currents. This data
was used to estimate the ratio of decay rates enhancements
Γ32/Γ31 and to confirm the value of Γ13/Γ23. When let-
ting both parameters be optimized, we obtain a value of

Γ13/Γ23 = 3.35± 0.13, similar to the original value. We can

also estimate the value of
(

Γ32

Γ31

)
PhC

(
Γ32

Γ31

)−1

TF
∼ 2.3 which

corresponds to the scintillation rate enhancement of the red
defects. This value is in agreement with our calculations and
experimental demonstration of Veff scintillation enhancement
of the red defects. The relative error on this estimate is of±0.4
(uncertainty coming from the first numerical experiment) and
of ±0.9 (uncertainty coming from the second numerical ex-
periment). Therefore, results from the three-level model are
a strong indication of the microscopic nature of the observed
scintillation spectrum.

We verified the robustness of our fits by trying different dif-
ferential equation solvers and fitting methods, and did not ob-
serve any significant change in the values obtained for the pa-
rameters of interest, which indicates the consistency of our
approach. For instance, another local optima of the opti-
mization, which we did not detail for the sake of brevity,
had the following parameters: Γ13/Γ23 = 4.43 ± 0.94 (TF
data only), Γ13/Γ23 = 4.42 ± 0.17 (PhC data only), and(

Γ32

Γ31

)
PhC

(
Γ32

Γ31

)−1

TF
∼ 4.06, with relative error on this esti-

mate of ±1.42 (uncertainty coming from the second numer-
ical experiment) and of ±7.15 (uncertainty coming from the
first numerical experiment). Though the error bar in Figure 3
only shows the relative model uncertainty with respect to the
value of Γ32

Γ31
(which is the main decay rate variable relating

to our experimental observables), we observe that the relative
error on other parameters is comparable or lower.
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“Smith-Purcell radiation from low-energy electrons,” ACS Pho-
tonics, vol. 5, 5 2017.

[20] F. J. Garcı́a De Abajo, “Optical excitations in electron mi-
croscopy,” Reviews of Modern Physics, vol. 82, pp. 209–275,
2 2010.

[21] G. Li, B. P. Clarke, J.-K. So, K. F. MacDonald, and N. I. Zhe-
ludev, “Holographic free-electron light source.,” Nature com-
munications, vol. 7, p. 13705, 12 2016.

[22] C. I. Osorio, T. Coenen, B. J. M. Brenny, A. Polman, and A. F.

mailto:chrc@mit.edu
mailto:nrivera@mit.edu


13

Koenderink, “Angle-Resolved Cathodoluminescence Imaging
Polarimetry,” ACS Photonics, vol. 3, pp. 147–154, 1 2015.

[23] Y. Yang, C. Roques-Carmes, S. E. Kooi, H. Tang, J. Beroz,
E. Mazur, I. Kaminer, J. D. Joannopoulos, and M. Soljačić,
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W. Krolikowski, “Čerenkov third-harmonic generation in χ(2)
nonlinear photonic crystal,” Applied Physics Letters, vol. 98,
p. 241114, 6 2011.

[48] S. Zhang, E. R. Martins, A. G. Diyaf, J. I. Wilson, G. A. Turn-
bull, and I. D. Samuel, “Calculation of the emission power dis-
tribution of microstructured OLEDs using the reciprocity theo-
rem,” Synthetic Metals, vol. 205, pp. 127–133, 7 2015.

[49] A. C. Overvig, S. A. Mann, and A. Alù, “Thermal Meta-
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