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Abstract

Future high-energy physics (HEP) experiments as well as next generation medical imaging applications are more and more
pushing towards better scintillation characteristics. One of the problems in heavy scintillating materials is related to their high
electronic density, resulting in a large index of refraction. As a consequence, most of the scintillation light produced in the bulk
material is trapped inside the crystal due to total internal reflection. The same problem also occurs with light emitting diodes
(LEDs) and has for a long time been considered as a limiting factor for their overall efficiency. Recent studies have shown that
those limits can be overcome by means of light scattering effects of photonic crystals (PhCs). In our simulations we could show light
yield improvements between 90 - 110% when applying PhC structures to different scintillator materials. To evaluate the results, a
PhC modified scintillator was produced in cooperation with the NIL (Nanotechnology Institute of Lyon). By using silicon nitride
(Si3Ny) as a transfer material for the PhC pattern and a 70 nm thick Indium Tin Oxide (ITO) layer for the electrical conductivity

during the lithography process, we could successfully fabricate first samples of PhC areas on top of LYSO crystals.
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1. Introduction

The main limiting factor for the light yield in heavy inorganic
scintillators is their high refractive index (n,, = 1.8 — 2.3) rel-
ative to the ambient medium (typically air or optical grease,
namp = 1.0 — 1.3). According to Snell’s law, light can only
radiate into the ambient medium when the incident angle © is
smaller than the critical angle ®. = asin(namp/Nerysiar) (see fig-
ure 1). The light extraction efficiency of a plane crystal-air in-
terface can therefore be calculated as shown in the following
formula:

1 (%
neff=§f0 sin®dO (1)

In this formula, isotropic light emission is assumed over a
solid angle of 47 and Fresnel reflection is neglected. To get
the efficiency, light is integrated over all angles which can ir-
radiate into air (® < ®.). If we do the calculations for LYSO
(cerium-doped Lutetium Yttrium Orthosilicate) which has a re-
fractive index of 1.85, we get an extraction probability of less
than 8% at one side of an indefinite plane crystal-air interface
(see figure 1). But recent studies have shown that those limits
can be overcome due to light scattering effects of photonic crys-
tal (PhC) slabs [1, 2]. In particular, our simulations, which were
performed on a full-vectorial Maxwell solver' in combination

ICAMFR - (CAvity Modelling FRamework), http://camfr.sourceforge.net/
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with a Monte Carlo program for light propagation simulation?,
were showing an improvement between 90 - 110% in the light
yield of different scintillating materials.
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Figure 1: Reflected and emitted light at a crystal-air interface when having
isotropic light emission within the crystal. Due to total internal reflection, all
light which hits the crystal-air interface with an angle larger than ®, can not
escape the crystal.

In the second part of this work, an actual sample of a PhC
on top of a scintillating crystal (LYSO) was produced. To fab-
ricate the nanometer scale pattern, an electron-beam lithogra-
phy (EBL) process was used. A silicon nitride (SizNy) layer
was applied on top of the scintillator crystal as a pattern trans-
fer material and a scanning electron microscope (SEM) for the

2LITRANI - http://gentit.home.cern.ch/gentit/litrani/
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patterning of a polymethylmethacrylate (PMMA) resist. By us-
ing reactive ion etching for the pattern transfer, we could suc-
cessfully fabricate several PhC samples with an area of up to
200%200 um?.

2. Simulations

In the simulations, we followed a two step approach. In the
first step, we wanted to get an idea about the light yield and
the angular light distribution in non-modified scintillators. This
was investigated by using a Monte Carlo light ray tracing pro-
gram. In the second step, the transmission properties of dif-
ferent PhC structures were calculated using a PhC simulation
software. A combination of the two programs was then used
to optimize the PhC structure towards optimal light extraction
properties over all angles of emission and polarization.

2.1. Monte Carlo simulations

Since we were interested in the angular distribution of im-
pinging photons at a crystal-air interface of unstructured mate-
rial, a Monte Carlo program (LITRANI) was used. LITRANI
can simulate optical photons in arbitrary three dimensional ge-
ometries of different isotropic or anisotropic materials. When
taking the real world measurements of our LYSO crystal sam-
ple of 1.3x2.6x8 mm?® and the absorption, reflection, and dif-
fusion parameters of a Tyvek® wrapping, the simulations were
showing an angular distribution at one of the 1.3x2.6 mm? sized
sides like shown in figure 2. The light distribution is showing
that a large fraction of the light is impinging at an angle larger
than ®, (see figure 2). Therefore, a PhC which introduces trans-
parency in that region of angles could already bring significant
improvement to the overall extraction efficiency. The results
were also showing that most of the photons, which are hit-
ting the crystal-air interface at a reflecting angle, are circling
within the walls of the crystal and get at some point absorbed
by the wrapping or by the crystal itself. We could also see that a
small fraction of those photons (5-10%, depending on the crys-
tal wrapping) can escape the crystal at the second or third time
they hit the detector coupling side of the crystal.

2.2. Rigorous coupled-wave analysis

In the second part of the simulation, the transmission prop-
erties of the PhC slab were computed using a full-vectorial
Maxwell solver based on the eigenmode expansion method
(CAMFR)*. The simulation software, which is available as
freeware and runs under Python’, uses the rigorous coupled-
wave analysis (RCWA) method to calculate the transmission
properties of a PhC slab [3]. RCWA is a frequency based
method, where the electromagnetic fields are described as a sum
over coupled waves. The periodic permittivity function of the
PhC structure in RCWA is represented using Fourier harmonics.

3Tyvek is the name of a registered trademark of DuPont; the material con-
sists of flashspun high-density polyethylene fibers.

4CAMFR - (CAvity Modeling FRamework), http://camfr.sourceforge.net/

Shttp://www.python.org/
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Figure 2: Angular distribution of incident photons at the crystal-air interface

for a LYSO crystal of the size 1.3x2.6x8 mm?>. The normalized number of

photons is plotted over all possible angles of incidence (6 = 0 — 90°). While
almost no light is traveling perpendicular to the surface, the number of photons
are increasing with the factor sin(®) up to approximately 40° and then declines
again towards 90°.

Each coupled wave in the simulation is then related to a Fourier
harmonic, which allows the full vectorial Maxwell’s equations
to be solved in the frequency domain. The solution is then rep-
resented for each harmonic, and therefore has to be summed up
over the number of harmonics used in the simulation [4].

This light transmission calculation is then used in combina-
tion with the light distribution from the Monte Carlo simulation.
In particular, the number of photons we get from the LITRANI
simulation is weighted with the transmission of the PhC slab
for the given angle. The result can be seen in figure 3, where
the light extraction of a plane crystal-air interface and a PhC
interface is plotted over all angles of incidence. It can be seen,
that we lose some photons in the range of 0 — 30° compared to
the unstructured crystal, but we gain much more photons in the
angular range of 30 — 80° due to light diffraction on the PhC
grating.
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Figure 3: Comparison of extracted photons of a crystal-air interface with- and
without PhC grating. The uppermost curve is the angular distribution from
figure 2; the curve, that drops to zero for angles higher than ®,, indicates the
photons from the non-structured crystal surface. From the third curve we can
see that, due to the grating of the PhC structure, a large fraction of photons can
escape the crystal also at incidence angles larger than ..

The two simulations were then used to optimize the param-
eters of the PhC structure (lattice constant, diameter of holes,
thickness of the slab). A hexagonal structure of holes showed
the best transmission properties compared to lines or squares.
The optimized PhC parameters for a LYSO crystal can be seen
in figure 4.



3. Lithography

To evaluate the simulation results small PhC areas were cre-
ated on LYSO scintillators using electron-beam lithography
(EBL) and reactive ion etching (RIE). EBL is appropriate for
arbitrary 1D or 2D patterns with dimensions corresponding to
our designs.

3.1. Sputtering of a transfer material

Since the scintillator material itself can not easily be etched
by RIE (reactive ion etching) techniques, a 300 nm layer of
Si3N4 (silicon nitride) was deposited on top of the crystal as a
transfer material for the PhC pattern (see figure 4). The tech-
nique used in this case is called sputter deposition. Sputter de-
position is one of several methods of physical vapor deposition
(PVD). It is widely used in the semiconductor industry to de-
posit thin films of various materials. In our case ITO (indium
tin oxide) is deposited first on our target material (LYSO scin-
tillator) and S i3 V4 (silicon nitride) on top of the ITO layer (see
figure 4). Since ITO is a good electrical conductor and is opti-
cally transparent, it is used to get rid of the charges which occur
in the electron-beam process. We have chosen to use SizNy as
a pattern transfer material since it has an index of refraction of
1.82 at the emission wavelength of LYSO (420 nm), which is
very close to the index of refraction of the LYSO crystal (1.85)
and therefore is not disturbing the light extraction by additional
diffraction.

3.2. The patterning process

To enable the handling and patterning of the small LYSO
samples (1.3x2.6x8 mm?) using a standard nanofabrica-
tion process, the LYSO samples are embedded in a poly-
dimethylsiloxane matrix (PDMS). The polymethylmethacrylate
(PMMA) A4 electro-sensitive resist is then deposited by spin
coating. Because of the specific shape and hight of the sample,
and due to the low thermal conductivity of PDMS, the sample
is then baked in an oven at 170 degrees, during 30 minutes.
In the patterning process, the electron beam of a Field-Effect
Gun SEM (scanning electron microscope) connected to an El-
phy Plus external system [5] is used to expose the desired pat-
tern into the resist. The exposed resist is then developed in a
mixture of MIBK:IPA(1:1) [6] during 45 seconds.

3.3. Reactive ion etching

The pattern itself is then etched into the substrate by reactive
ion etching (RIE). RIE uses a fluorine-containing chemically
reactive plasma to transfer the PhC-pattern from the PMMA re-
sist into the S i3N4. The plasma is generated in a vacuum cham-
ber by an electromagnetic field and a mixture of different reac-
tive gases. Since the high-energy ions from the plasma are mov-
ing in the direction of the electromagnetic field, an anisotropic
etch profile can be created. The anisotropic etching ensures a
constant hole diameter from the top to the bottom of the PhC
slab, in contrast to the typical isotropic profiles of wet chemical
etching.

3.4. Results

The results of the nanolithography can be seen in the SEM-
image of figure 5. The lattice constant a = 340 nm and the hole
diameter D = 200 nm of the design could be verified on sev-
eral small patches of the final sample (<200x200 um?). Due to
irregularities in the thickness of the mask, the PhC parameters
were not equally distributed over larger areas. Depending on
the thickness of the resist, the pattern was undergoing over- and
underexposure on larger surfaces.

,ﬁ
300nm

70nm ] . ITO

hole depth:
S i 1 300nm

Scintillator S

hole diameter:
200nm

x

Figure 4: Layout of the PhC structure on top of the scintillator. The holes of the
PhC are etched into the S i3 N4 layer. An about 70 nm thick ITO layer is applied
before to ensure good electrical connectivity from the Si3N4 to the surrounding
area.
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Figure 5: SEM image of a photonic crystal on top of a LYSO scintillator. The
PhC pattern consists of hexagonally placed round holes of air embedded in
Si3Ny4. The lattice constant @ = 340 nm and the hole diameter D = 200 nm
could be confirmed.

4. Conclusion

From the simulation part of this work a minimum light yield
improvement by a factor of about two is expected for different
scintillating materials (see table 1). The PhC lattice parame-
ters a and D were optimized for optimal light extraction of the
scintillator over all angles of incidence. In the second part of
our work several samples of PhC structures could be produced
using nanolithography techniques. In the latest sample the pa-
rameters of the lithography process could be adapted to produce
several small PhC areas on top of a LYSO crystal.



Scintillator || Relative scintillator PhC
material light-yield dimensions parameters
improvement

LYSO 2.08 1.3x2.6x8 mm® | a=340,
D=200

LuAG 1.92 1.3x2.6x8 mm’ | a=430,
D=250

BGO 2.11 1.3x2.6x8 mm’ | a=380,
D=220

LuYAP 2.10 1.3x2.6x8 mm°> | a=300,
D=170

Table 1: Light yield improvement for different scintillators by applying PhC
structures at the detector-faced side of the crystal. The PhC lattice parameters
are: the lattice constant a, the hole diameter D, and the depth of the holes which
was set to 300 nm for all materials (see figure 4).

5. Outlook

Due to irregularities in the deposition of the PMMA resist,
we could verify the desired PhC parameters just on small areas
(10x10 pm? to 200x200 um?) in the middle of the scintilla-
tor surface. These irregularities could be assigned to border
effects due to the small size of the scintillating crystal surface
(1.3x2.6 mm?). Experiments were showing that the spin coat-
ing of the PMMA leads to an accumulation of the resist at the
edges of the crystal so that the thickness can get too big for the
EBL at these areas. By reducing the overall thickness of the
resist layer from the actual 500 nm to 100-150 nm, this effect is
believed to vanish. Once this problem is solved, a bigger PhC
area is planned for the next sample, which covers a large frac-
tion of the crystal surface (30—50%). The aim for the next sam-
ple will therefore be the verification of the simulation results by
performing angular distribution and light yield measurements
for a PhC covered scintillator.
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