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In this Letter, monolayers of arrays of periodic polystyrene (PS) spheres are designed to couple

onto the surface of cerium-doped lutetium-yttrium oxyorthosilicate scintillator to improve the light

extraction efficiency. The enhancement of extraction efficiency up to 38% relative to the reference

case without polystyrene spheres is achieved. Combining with the simulation for the transmission

as well as its dispersion relation, detailed analysis of the effect of whispering gallery modes and

diffraction on the extraction mechanism are given. As a result, the optimal diameter of 414 nm

is obtained based on a trade-off between the transmission loss and the diffraction enhancement.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793303]

Cerium-doped lutetium-yttrium oxyorthosilicate

(LYSO) with advantages of high light output (�30 000 ph/

MeV), good energy resolution (�10%), and short decay time

(�40 ns) has become an excellent scintillator for the applica-

tions in medical imaging and high energy physics experi-

ments.1 In spite of the high internal quantum efficiency of

LYSO, the light extraction efficiency is rather low due to its

high refractive index (1.83), which leads to a small critical

angle (hc). The extraction efficiency from one side of the

crystal-air interface is as low as 7.5% according to an ap-

proximate formula (1/4n2).2 In order to obtain a significant

increase of light extraction, photonic crystals have been

widely used in inorganic semiconductor light-emitting

diodes (LEDs)3–5 and organic electroluminescence devi-

ces.6,7 Although the research on the enhancement light

extraction efficiency in LEDs has attracted great attention,

the application of photonic structures to the field of scintilla-

tors is scarcely reported.8–10 For practical purposes in

scintillation detection systems, large-area patterned photonic

crystals fabricated in low cost are highly desirable.

Therefore, two-dimensional photonic crystals consisting of a

monolayer of self-assembled hexagonal-close-packed (hcp)

dielectric spheres prepared in a very economical and effec-

tive way holds a great promise.11

An array of periodic wavelength-scale dielectric spheres

exhibits special photonic characteristics because of both

whispering gallery (WG) modes due to Mie resonance of

individual spheres and Bragg diffraction arising to the peri-

odic arrangement.12 Based on the ability of controlling the

redistribution of electromagnetic field in such systems, the

arrays of periodic dielectric spheres obtain important appli-

cations in, such as solar cells,13,14 biological and chemical

sensors,15 photocatalysis,16 and field emission devices.17 In

this Letter, monolayers of periodic arrays of polystyrene (PS,

n¼ 1.59) spheres are self-assembled onto the top surface of

LYSO scintillator for the improvement of light extraction

beyond the total internal reflection. The underlying physical

mechanism for light extraction is discussed in detail.

Commercially available LYSO single crystal scintillator

was cut and polished into 3� 10� 20 mm pieces. The mono-

layers of PS spheres with different diameters were coated

onto the LYSO single crystal substrates using a modified

self-assembly method.18 SEM images of the samples show a

monolayer of hcp PS spheres coating on the scintillator. The

emission spectra were recorded by a fiber spectrometer under

the excitation wavelength of 360 nm from an ultraviolet

LED. The numerical simulations were performed based on a

rigorous coupled wave analysis (RCWA) method.

The simulated transmission spectra at 415 nm (peak of

LYSO emission band) shown in Fig. 1 exhibit a significant

transmittance amplitude of light beyond the critical angle hc

thus suggesting that the monolayers of PS spheres indeed

enables to outcouple of light trapped in the scintillator.

However, it should be noted that the transmission enhance-

ment beyond the hc achieved by this structure is at the cost

FIG. 1. Simulated transmission at 415 nm as a function of incident angle for

the LYSO scintillator coated with the monolayers of PS spheres with differ-

ent diameters.
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of the reduction of transmission below the hc. There are

many dips with different number and width dependent on the

diameters of spheres shown in the transmission spectra. It is

evident that the dips increase in numbers and become wider

with the increasing diameters of the spheres. The simulated

and experimental transmission spectra in the normal direc-

tion are shown in Fig. 2. In order to obtain insight into the

nature of the dips, the simulated transmission spectra include

a monolayer of PS spheres (d¼ 414 nm) coated on the scin-

tillator and a free standing monolayer of PS spheres. The

transmission spectra are presented in terms of both wave-

length and reduced frequencies x ¼
ffiffiffi

3
p
� d=ð2 � kÞ. For the

free standing monolayer (Fig. 2(a)), the four sharp transmis-

sion dips at x¼ 0.874, 0.854,0.717, and 0.711 correspond to

the leaky modes, which can strongly confine the electromag-

netic field within or in the surroundings of the spheres

depending on the Mie resonances (WGM) of individual

spheres and the coupling among the spheres.19 When putting

the monolayer of PS spheres onto the scintillator substrate

(Fig. 2(b)), these transmission dips show a slight frequency

shift and the width are significantly broaden, which suggests

that additional openings of dissipation channels through the

substrate due to the converting of evanescent waves into

propagating waves.20 This also implies that the confinement

of electric field by the spheres is broken, and as a result, the

field is expanded into the substrate. Besides these dips, there

is a broad Fabry-Perot-type oscillation with small amplitude,

covering the whole range of wavelength, which is due to the

contrast of effective refractive index of spheres and the sub-

strate. With the diameters of sphere increases, these dips

below hc in Fig. 1 become sharp and numerous because that

the high-order WG modes (large l value) could be excited,

which exhibit sharp profiles due to strong localization and Q

factor. The experimental transmission spectrum (Fig. 2(c))

shows the characteristic dips at the same wavelengths com-

pared with the simulated spectrum. These dips exhibit a little

broadening, which is due to the size distribution of PS

spheres in the experiment. The evident discrepancy is an

overall low transmittance in the experimental spectrum

compared with the simulated spectrum since the experiment

involves the Fresnel reflection at the scintillator-air interface

in the whole spectrum and the intrinsic absorption of LYSO

for the wavelength below 410 nm.

The achievement of outcoupling to air is attributed to

the diffraction effect. The diffraction could take place when

the frequency x is higher than 1/nsub (0.546) for the normal

incidence. While the incident light meets the periodic struc-

ture of dielectric constant, the wave vector will be split into

different harmonics. The harmonics satisfying the following

condition could be radiated into air:

jk== þ nG0j <
2p
k0

; (1)

where k// is the in-plane wave vector, k0 is the wavelength in

vacuum, n is an integer, and G0 ¼ 2p=d is the reciprocal lat-

tice vectors with d the lattice constant. The light into air has

an emergence angle as

hair ¼ arcsinððk0=2pÞjk== þ nG0jÞ: (2)

The simulated angle dependence of the transmission

spectra for p polarized incidence in the C-M direction of re-

ciprocal space shown in Fig. 3 exhibits the WG modes (black

solid lines), which is consistent with the dispersion relation

described in Ref. 12. The emission spectra in the normal

direction under excitation of an ultraviolet LED are shown in

Fig. 4, which exhibit broad band emissions of Ce3þ peaked

at 415 nm. All the samples coated with monolayers of PS

spheres give rise to a significantly enhanced emission and

the spheres with diameter of 414 nm perform the best. The

enhancement ratios in the normal direction for different

diameters of spheres with a function of wavelength are

shown in the inset of Fig. 4. In this simulation, the multi-

reflection by the lower interface between scintillator and air,

the multi-diffraction by the monolayer spheres, and the

absorption in the bulk of scintillator are taken into account.

The simulation is consistent with the experimental result,

which exhibits an evident wavelength-dependence. The large

enhancement ratio for 414 nm spheres is in the range of 400–

480 nm, which covers the main emission band of LYSO,

leading to a significant extraction enhancement. Although

the enhancement for 500 nm spheres is also observed, the

FIG. 2. Simulated transmission spectra in the normal direction for a free

standing monolayer (a), and for a monolayer of PS spheres (d¼ 414 nm)

coated on the scintillator (b). Experimental transmission spectrum in the nor-

mal direction for a monolayer of PS spheres (d¼ 414 nm) coated on the scin-

tillator (c).

FIG. 3. Simulated transmission spectra of monolayer of PS spheres

(d¼ 414 nm) coated on the scintillator as a function of incident angle for p
polarized incident in the C-M direction of reciprocal space. The black solid

lines indicate the WG modes.
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maximum locates at 520 nm, which is out of the main emis-

sion of LYSO.

The enhancement ratio of angle-integrating emission in-

tensity at 415 nm by the monolayers of PS spheres relative to

the reference sample is shown in Fig. 5. The experimental

extraction efficiency increases by up to 38% for an optimal

diameter with 414 nm. Although the experimental results are

in agreement with the simulation in general, it is worthwhile

to note that the size distribution of PS spheres in the experi-

ment can cause some discrepancy with simulation. In the

present experiment, the size distribution of the spheres has a

standard deviation below 10%. The effect of size distribution

would lead to broadened dips in transmission for the individ-

ual spheres and form average lattice constants for the arrays,

which can be accurately dealt with using a method of the

weighted average of size distribution.14

In order to ensure a high extraction efficiency, we must

consider the trade-off between the transmission increase

beyond the hc and the transmission decrease below hc.

Looking back into the Fig. 1, when the diameter increases,

the number of transmission dips significantly increases as a

consequence of the excitation of higher order WG modes,

which gives rise to the detriment to the light extraction.

Therefore, in order to obtain an optimal result, it is required

that the diameter should be small enough for ensuring that

only low order WG modes can be excited, and at the same

time, it should be large enough for ensuring that the diffrac-

tion can take place effectively. As a result, experimental and

simulated results suggest that the optimal diameter is close

to the wavelength involved.

In summary, a monolayer of periodic arrays of PS

spheres is an effective structure to enhance the light extrac-

tion of LYSO scintillator. The experimental results show the

maximum enhancement of light extraction of up to 38% can

be obtained for the PS spheres with the diameter of 414 nm.

Balancing the loss and the attribution to the light extraction,

it is concluded that the spheres with diameter close to the

emission wavelength could be an optimal choice.
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FIG. 4. Emission spectra excited by an ultraviolet LED for the structures

with different diameters in the normal direction. The inset represents the

enhancement ratio with respect to the reference sample, which shows a good

consistence between experiment and calculation.

FIG. 5. Experimental and simulated enhancement ratio of light extraction at

415 nm emission with various diameters of spheres.
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