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From various types of scintillating materials lutetium-yttrium oxyorthosilicate (LYSO) has the highest lumi-
nosity and the greatest potential of application in high-energy radiation detectors. Due to the small critical angle
of total internal reflection the enhancement of the extraction of light outside a scintillator is a challenge. We
study numerically the influence of the effective refractive index layer on the transmittance of LYSO crystal. It is
possible to realize such layer by sub-wavelength patterning of crystal surface using for example focused ion beam.
The enhancement of transmittance of LYSO crystal up to 100% as well as the possibility to tune the positions of

transmittance maxima have been shown.
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1. Introduction

Scintillators are materials with the capability to ab-
sorb ionizing radiation, such as a-, 8- particles or - and
X-ray, and to convert a part of the absorbed energy into
visible or ultraviolet light. The basic process is called
scintillation, it comes from the Latin word “scintillare”
which means sparkle or twinkle [1]. The conversion pro-
cess usually takes from nano- to microseconds and pro-
duce short pulse of photons corresponding to proper ioni-
zing radiation. Generally the intensity of the light pulse
is proportional to the energy absorbed by the scintillator,
and could be sensed by detector and converted into a phy-
sical signal for example electrical [2]. Scintillator may be
solid or liquid, crystalline or non-crystalline and organic
or inorganic. Different kind of the scintillator are used
in various types of detectors. Organic plastic and liquid
scintillators are used to detect high-energy neutrons in
the presence of gamma radiation background [3, 4]. The
inorganic crystal scintillators are ideal for detection of
X- and ~-ray, their higher density and atomic number Z
cause better detection efficiency. One may find a num-
ber of patents for scintillating radiation detectors [5, 6],
which are used for example in medical application such
as computer tomography, radiology, positron emission to-
mography (PET) and many others [7].

Due to their good detection efficiency, inorganic cry-
stal scintillators are the most popular. In the past years
enormous effort was made to develop more efficient scin-

*corresponding author; e-mail: pawel.modrzynski@nanores.pl

Tpaper contributed to the 11th Polish-Japanese Joint Seminar
on Micro and Nano Analysis, Gniew, Poland, September 11-14,
2016

tillators for ion radiation detection, for example BGO,
GSO, or LYSO [2].

TABLE I

Physical and optical properties of chosen scintilla-
tors [2, §].

Parameter Unit LYSO | BGO | GSO
melting point [°C] 2050 1050 | 1900
density [25] 7.11 7.13 6.71
effective Z - 64 73 60
refractive index - 1.82 2.15 1.87
peak emission [nm)] 420 480 430
decay constant [ns] 40-44 300 50
radiation length [cm] 1.10 1.1 1.38
critical angle [°] 33.33 | 27.72 | 32.33
luminosity photons] | 34.000 | 8.200 | 7.400

In this paper we are interested in one of the Ce-doped
silicates, LYSO. This material compared to other popular
scintillators has desirable optical and physical properties
such as luminosity, see Table I [8].

On the other hand, while the optoelectronic sensor col-
lects signal in a small range, scintillator materials are
commonly isotropic, this means that generated visible
light is emitted at all possible angles. The light transmis-
sion is limited by the Fresnel reflection due to different
refractive index between two materials [9]. Additionally,
the extraction efficiency may be limited in other ways,
the produced light inside the material is trapped inside
the crystal due to total internal reflection (TIR). Accor-
ding to Snell’s law, light can only pass into a medium
with a lower index of refraction (ambient) when the in-
cident angle 6 is smaller than the critical angle 6. [10].
Extraction of light to the outside of scintillator crystal is
an issue.
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Recently a great potential of the photonic crystals
(PhC) has been proven, in order to increase the efficiency
of scintillator-based detectors, that PhC is an optical
nanostructure which periodically changes the refractive
index in one, two, or three dimensions. The extraction
of light outside the crystal is influenced by the periodic
arrangement of the PhC. The light is scattered at the
interfaces where the refraction index changes, the scat-
tered light waves are able to interfere with each other
(destructively or constructively). One may find number
of theoretical and experimental papers devoted to photo-
nic crystals patterns on the surface of LYSO crystals to
increase the efficiency of scintillator detectors [10-13].

Sub-wavelength gratings (SWQG) [14] also may be used
to change the crystal optical properties. Since these
biomimetic structures were found first at the eyes of
moths [15] the SWG were studied both experimen-
tally and numerically as color filters [16, 17] or anti-
reflectance [18, 19] structures. SWG are periodic structu-
res with period smaller than wavelength of incident light,
therefore they show emergent optical properties [14]. For
example light going through SWG with wavelength lar-
ger than period behaves like passing through a layer with
effective refractive index [20]. There are several different
models of calculation of the effective properties of sub-
wavelength structures. Effective optical properties are
strongly dependent on the shape of SWG [20], as is shown
in Fig. 1.
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Fig. 1. Different possibilities of SWG structures and
their effective refractive index profiles.

For rectangular-type SWG (Fig. 1) the simple linear
criterion [21] of calculation of effective refractive index
can be adapted

Neff = (1= @) Nair + Pnerystals (1)
where ¢ is a parameter from the range (0,1) and indicates
the part of a period occupied by a crystal.
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The aim of the study was to conduct numerical simu-
lation of the SWG patterned LYSO crystals in order to
determine the light extraction improvement.

2. Calculations details

Analysis of the electromagnetic wave leaving LYSO
crystal into air was studied numerically using commer-
cial OptiFDTD package (freeware 32-bit version availa-
ble from OptiWave website) within finite difference time
domain (FDTD) method. Our calculations were divided
into two parts. Firstly we considered the layer with ef-
fective refractive index ne s from the range (nqir, nLyso)
and its influence on the transmittance of the LYSO cry-
stal surface. Secondly we considered the one-dimensional
rectangular pattern with sub-wavelength (SW) period as
a possible realization of SWG with effective refractive in-
dex. Simulated layout is presented in Fig. 2a for effective
refractive index layer and in Fig. 2b for SW patterned
crystal periodic boundary conditions (PBC) were app-
lied to simulate infinite surface of LYSO crystal and ani-
sotropic perfectly matched layers (APML) were applied
in direction of the wave propagation to ensure the absorp-
tion of the electromagnetic wave leaving the simulation
wafer. The wave coming out from LYSO crystal was a
Gaussian modulated continuous wave (GMCW) centered
at 400 nm with half width equal to 7.5008 x 10716 s and
time offset equal to 2.6495x 1071 s and its origin was pla-
ced 1 pm below the crystal surface (red line in Fig. 2a,b).
We considered only TE mode of electromagnetic wave in-
cident normally at the boundary between LYSO crystal
and additional (effective or sub-wavelength) layer. Trans-
mitted power was collected by observation line (green line
in Fig. 2) placed 1 pm above the layer and it was nor-
malized with the input power of electromagnetic wave.
We used fixed values of refractive indices for LYSO cry-
stal as well as for effective layer. No spectral dependence
was considered. Refractive index for LYSO crystal was
1.82. Effective refractive indices for the layer were cho-
sen from the range between air and LYSO crystal (1.00-
1.82) with a 10% step in the first part of the calculati-
ons. Then the effective refractive index of the layer was
fixed at value 1.328 (corresponding to the SWG layer
containing 40% of LYSO crystal) and layer thickness (H)
was changed in range of 0.1 pm to 1.0 pm with 0.1 pm
step. In the second part of the calculations we considered
the periodic rectangular structuration with SW periods
P= (0'1>\LY807 0-2)\LY807 0'3)\LYSO), where )\LYSO indi-
cates the peak emission wavelength of the LYSO crystal
being equal to 420 nm. Width of the pattern (w) was set
to 0.4P. Thickness of SW pattern (H) was changed from
0.1 pm to 1.0 pm with 0.02 pm step. For all calculations
the mesh unit was set to 0.01 nm but for the calcula-
tion of the pattern with P = 0.1Apyso the mesh unit
was decreased to 0.0025 pm. Total simulation time was
3000 steps or 6000 steps for the calculations of effective
layers or patterns, respectively. Time step was equal to
2.22376 x 10717 s
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Fig. 2. Simulation layout of (a) LYSO crystal with ef-
fective refractive index layer and (b) LYSO crystal with
one-dimensional rectangular sub-wavelength structura-
tion. See text for detailed explanation of symbols.

3. Results and discussion

At first we have considered 0.2 pm thick layer with ef-
fective refractive index from the range between 1.00 (air)
and 1.82 (LYSO) with 10% step. Reduction of the re-
fractive index by 10% can be interpret as making a pat-
tern with 10% less amount of LYSO crystal in a period,
for simple patterns (e.g. rectangular SWG, Fig. 1). The
results are shown in Fig. 3. It can be seen that compa-
ring to the transmittance of pure LYSO crystal, which
is about 91% at normal incidence, sub-wavelength struc-
turing of a sample can enhance the transmission of light
outside LYSO crystal up to about 100%. Transmittance
of LYSO+effective layer system is wavelength-dependent
showing both regions of great enhancement as well as mi-
nima, where transmittance equal to the transmittance of
pure LYSO crystal.

Layer with effective refractive index equal to 1.738
(corresponding to the lack of 10% of LYSO crystal in
a period) results in small transmittance enhancement
(about 2% higher at the maximum). Further decrease
of effective refractive index (corresponding to further re-
moval of LYSO material from the SWG period) results
in further enhancement of transmittance. In our case the
layer with effective refractive index equal to 1.328 shows
the highest transmittance maximum being almost 100%.
Further decrease of effective refractive index results also
in smaller maximum transmittance.

Then we performed calculations considering effective
layer with highest transmittance. Effective refractive in-
dex was fixed at 1.328 and the thickness of the layer (or
the depth of the structuration) was changed from 0.1 pm
up to 1.0 pm with 0.1 pym step. Observation line was
placed 1 pym above the layer for all thicknesses. The re-
sults are gathered all together in Fig. 4 and connected
in pairs on every sub-plot to better present the trans-
mittance change with increase of the thickness. It can
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Fig. 3. Transmittance spectra for layers with different

effective refractive indices compared with pure LYSO
crystal.

be noticed that the transmittance spectrum has strongly
oscillatory character showing peaks with maxima about
100% and minima equal to the transmittance of pure
LYSO crystal. Also the peaks are getting narrower in
the short waves region of considered spectrum. It can be
also observed that when the layers differ by 0.1 pm their
transmittance spectra are almost opposite i.e. the max-
imum of transmittance of thinner layer is placed almost
at the minimum of the thicker layer. For very thick lay-
ers (above 0.8 um) overlapping of peaks in UV region for
two different layers can be seen. For effective layer with
thickness equal to 0.7 pm a transmittance peak centered
at 420 nm was obtained which is a wavelength emitted
by LYSO crystal after high energy radiation excitation.

In the second part we calculated the transmittance
spectra for the LYSO crystal surface with periodic, one-
dimensional SW structuration of rectangular type, as
shown in Fig. 2b. The LYSO crystal emission peak wa-
velength Aryso = 420 nm has been chosen as our wave-
length of interest for which the patterned surface should
reveal the highest transmittance. Width of the rectangu-
lar pattern (w) was set to 40% of period, therefore pro-
posed SW pattern corresponds to the effective layer with
Nesr = 1.328 and the thickness (H) was fixed as 0.2 pm.
Three different periods equal to 0.1Aryso, 0.2Aryso, and
0.3\1yso, were investigated. We decided to not enlarge
the periods to maintain the sub-wavelength character
of the pattern. Figure 5 presents obtained transmit-
tance spectra compared with the spectrum for effective
layer with n.yy = 1.328. Good agreement of all spectra
is clearly seen, and the spectrum for period 0.2Aryso
reveals the best fit to the effective layer in the short-
wavelength regime. We found that patterns with wider
periods (0.4Apyso and wider) show more deviations from
effective layer spectrum and decrease in transmittance.
When the length of the period is comparable to the wa-
velength, diffraction phenomenon occurs resulting in the
transmittance losses.
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Fig. 5. Transmittance spectra for LYSO crystal with Fig. 6. Transmittance of the LYSO crystal with sub-

sub-wavelength rectangular structuration with periods
equal to 0.1Aryso (black points), 0.2Aryso (red points),
and 0.3ALyso (blue points), where Apyso = 420 nm.
Transmittance spectrum for layer with effective re-
fractive index equal to 1.328 is shown for comparison.

wavelength structuration with different periods and
thickness for A = 420 nm.
From the previous part of our calculations we found
that the spectral position of the transmittance max-
ima can be tuned with the change of the effective layer



The Influence of Sub-Wavelength Effective Refractive Index Layer. . .

thickness. Therefore we repeated the transmittance cal-
culation for different thicknesses of SW pattern from the
range of 0.1 pm to 1.0 pm with 0.02 pm step. The trans-
mittance for the Apyso = 420 nm for different period
and thicknesses are shown in Fig. 6. It can be seen that
almost 100% transmission for A\iyso = 420 nm can be
obtained for patterns with thicknesses 0.22, 0.38, 0.52,
0.68, 0.82, and 0.98 pm. The position of transmission
maxima for Aryso are equal for all considered periods.

4. Conclusions

In this work the calculations of transmittance spectra
of LYSO crystal with additional effective layer for normal
incidence within FDTD method were presented. After
that, the sub-wavelength rectangular pattern was propo-
sed as a possible realization of the layer with effective re-
fractive index. We showed that the sub-wavelength struc-
turation of crystal surface can enhance the transmittance
up to almost 100% for the layer with effective refractive
index equal to 1.328 corresponding to the rectangular
sub-wavelength pattern with 40% of LYSO crystal. We
found that the spectral position of transmittance peaks
can be precisely tuned by changing the thickness of the
SWG layer.
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