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A B S T R A C T

We have demonstrated that the scintillation light output of CsI(Na) crystals can be enhanced by photonic
crystals consisting of arrays of nanospheres. The photonic crystals on the surfaces of the CsI(Na) crystals
were prepared by a dry-transfer technology which is a suitable method for hygroscopic scintillators. Under
the excitation of X-ray, compared with a reference sample, a 2.79-fold wavelength-integrated enhancement
has been obtained for the optimal photonic crystal parameters. The increased light output could improve the
performance of scintillator-based detectors.

1. Introduction

CsI(Na) crystals have unique physical properties, such as rela-
tively high density (4.53 g/cm3), high scintillation light yield (38,500
ph./MeV), good plasticity, and excellent irradiation resistance [1–
3]. Thus CsI(Na) crystals are ideal scintillation materials which can
be widely applied to different domains, such as nuclear radiation
detection, high-energy physics experiments, detection of dark matter,
nuclear medical imaging and space exploration [4–11]. Recently, it
is reported that a fast decay component of CsI(Na) crystals could be
dominant when their grain diameters decrease to micron-scale [12–14].

Scintillators with high refractive indices often suffer from a poor
light extraction efficiency because the scintillation light with an in-
cident angle larger than the critical angle will be trapped inside the
crystals due to total internal reflection (TIR), and thus cannot reach
the photodetectors, such as photomultiplier tubes and photodiodes. For
example, CsI(Na) has a refractive index of 1.8. The extraction efficiency
from one side of the crystal–air interface is as low as 7.7% according
to an approximate formula (1/4 n2) [15].

Photonic crystals (PhCs) have been used to improve the extraction
efficiency through the coupling of the evanescent field and the periodic
structures of PhCs [16–19]. The preparation methods of PhCs on the
surfaces of scintillators include self-assembly, interference lithography,
hot embossing and electron beam lithography [19–24].

In this paper, we demonstrate an enhanced light output for CsI(Na)
scintillators by using PhCs prepared with a dry-transfer technology. The
scintillation time profiles and the emission spectra of the samples are
characterized. The enhancement mechanism is discussed in detail.
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2. Methods of experiments and numerical simulations

CsI(Na) single-crystal samples used in the experiments have a
dimension of 𝛷30 mm × 2 mm. PhCs in the present investigation
are composed of hexagonal close-packed arrays of polystyrene (PS)
nanospheres with selected diameters of 300, 400, 500 and 600 nm.
The PhCs were coated onto the surfaces of the CsI(Na) samples by
a dry-transfer technique which is a suitable method for hygroscopic
scintillators. The arrays of nanospheres prefabricated on the surfaces
of silicon wafers were dry-transferred to the surfaces of the CsI(Na)
samples in order to avoid touching water. Finally, a conformal layer
of titanium oxide (refractive index n = 2.6) with a thickness of 30 nm
was deposited on the array of nanospheres by atomic layer deposition
(ALD) technology to increase the refractive index contrast [25].

Fig. 1 shows the experimental setup for the measurement of the scin-
tillation time profiles excited by pulsed X-ray. Pulsed electron beams
with an energy of 30 MeV generated in an accelerating tube were used
to produce pulsed X-ray. The frequency of excitation pulses is set to
be 10 Hz. The scintillation light from the samples without wavelength-
resolution was collected by a photomultiplier tube (ETL9850B, U.K.).
The waveforms of the output signals were recorded by an oscilloscope
(DPO70604C).

The emission spectra were measured with a portable X-ray source
manufactured by Moxtek Inc. The X-ray source was operated under the
voltage of 30 kV and the current of 250 μA. A spectrometer (Newport
74216) and a photomultiplier tube (Newpor77360) were used to record
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Fig. 1. Experimental setup for the measurement of scintillation time profiles excited by pulsed X-ray.

the emission spectra of the samples. The photomultiplier tube was
operated under the working voltage of −800 V. The samples fixed at
1.5 cm away from the slit with a width of 1 mm of the monochromator
were excited by the X-ray source placed 13.5 cm away from the
samples.

The numerical simulations for the transmission spectra with differ-
ent polarizations were performed based on a rigorous coupled wave
analysis (RCWA) method. Periodic boundary conditions were used.

3. Results and discussion

The simulated transmission spectra for s-polarization, p-polarization
as a function of incident angle at the wavelength of 420 nm for the
CsI(Na) samples coated with PhCs and a reference sample without a
PhC are shown in Fig. 2.

For the reference sample, the transmission drops to zero beyond the
critical angle of 33.7◦. For the samples coated with PhCs, several extra
transmission peaks appear for both s-polarization and p-polarization
beyond the critical angle, which implies that some scintillation light
trapped inside the crystals as a result of TIR could be out coupled by
the PhCs, leading to an enhanced extraction efficiency. These peaks
belong to the whispering gallery modes due to the Mie resonance
of individual nanospheres and the Bragg diffraction arising from the
periodic arrangements [26]. The evanescent field near the interface
can be coupled into the arrays of nanospheres, which can be further
coupled into the air by the periodic arrangements [21]. The angles of
these peaks are strongly dependent on the period of PhCs (the diameters
of nanospheres for a hexagonal close-packed array). Different periods
also exhibit different diffraction efficiencies. In addition, it is found
that several transmission dips appear below the critical angle, which
results in some extra diffraction back into the crystals. However, the
back-diffracted light can be re-extracted by the PhCs, which enables an
enhanced ultimate extraction efficiency.

Fig. 3(a) shows the X-ray excited emission spectra with a broad
band peaking at about 420 nm which is attributed to a typical emission
band from the Na-related exciton of CsI(Na) crystals [27–29]. The
emission intensity of the samples coated with PhCs is significantly
enhanced in the entire spectral range. Fig. 3(b) shows the enhance-
ment ratio with respect to the reference sample. The sample with the
PhC (diameter of nanospheres D = 400 nm) exhibits the maximum
enhancement ratio. One can find two obvious enhancement bands
peaking at 440 nm and 630 nm. The spectrally-integrated enhancement
ratio reaches 2.79. The PhCs with different diameters (D values) give
rise to different enhancement ratios which are highly wavelength-
dependent. Such wavelength-dependence is the inherent characteristic
of diffraction due to the periodic structures of PhCs [21].

Figs. 4(a) and 4(b) present the X-ray excited decay time profiles
of the CsI(Na) samples coated with PhCs and the reference sample for
both voltage amplitude and normalized amplitude, respectively. All of

Fig. 2. Simulated transmission spectra for s-polarization (a), p-polarization (b) and
their averages (c) as a function of incident angle at the wavelength of 420 nm for the
CsI(Na) samples coated with PhCs and a reference sample.

the decay time profiles are well fitted with a double-exponential decay
function according to the Eq. (1).

𝐼(𝑡) = 𝐼0 + 𝐴1𝑒
−(𝑡−𝑡0)∕𝜏1 + 𝐴2𝑒

−(𝑡−𝑡0)∕𝜏2 (1)

Where, 𝐼0 is the background signal, 𝑡0 is the starting point of decay
time, 𝐴1 and 𝐴2 are the amplitudes, 𝜏1 and 𝜏2 are the decay time
constants.

The fitting parameters are shown in Table 1. For the reference
sample, the decay time constants are 572 ns and 3019 ns. The former
is the typical decay characteristic of the Na-related exciton emission
in CsI(Na) [30]. The latter is a slow component, possibly due to some
deep traps in the crystals. It is found that the decay time constants of
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Fig. 3. X-ray excited emission spectra (a) and the enhancement ratio (b) for the CsI(Na)
samples coated with PhCs.

Fig. 4. X-ray excited scintillation time profiles of the CsI(Na) samples coated with PhCs
and the reference sample for the voltage amplitude (a) and the normalized amplitude
(b). The inset in (a) is a double-exponential decay fitting for the reference sample.

Table 1
Fitting parameters of the scintillation decay time profiles.

CsI(Na) samples 𝜏1/ns 𝜏2/ns 𝐴1∕𝐴2 𝐼0 (V)

Reference 572 3019 4.05 0.04
PhC (D = 300 nm) 612 3090 3.66 0.06
PhC (D = 400 nm) 620 2984 3.17 0.11
PhC (D = 500 nm) 606 2949 3.53 0.06
PhC (D = 600 nm) 577 3014 3.81 0.07

Fig. 5. Spectrally-integrated enhancement ratio by PhCs with different diameters from
the measurements of the emission spectra and the scintillation time profiles.

the Na-related exciton emission increase for the CsI(Na) samples coated
with PhCs. The longest decay time constant is 620 ns for the PhC with
D = 400 nm. While, the decay time constants of the slow component
have a slight decrease, except for the case of PhC with D = 300 nm.
The different changing trends suggest that the variation of the time
constants seems unlikely to be related with the PhCs. It is perhaps
due to the difference of the scintillators themselves. The background
signal 𝐼0 increases for the CsI(Na) samples coated with PhCs, which is
probably due to a pile-up effect at the excitation frequency of 10Hz.
Despite a low frequency of excitation pulses of 10 Hz applied, a longer
lasting afterglow component may exist, forming the background signal
which can also been enhanced by the PhCs.

The decay time profiles for the voltage amplitude shown in Fig. 4(a)
also provide the intensity information, which can be used to calculate
the light output enhancement ratios since the samples were measured
under identical conditions. The enhancement ratios as a function of
diameter of nanospheres from the measurements of the decay time
profiles and the emission spectra are plotted in Fig. 5. These two
measurements show basically consistent results with the optimal PhC
parameter of diameter (D = 400 nm). The slight divergences of the en-
hancement ratios could be attributed to the different spectral responses
of the photomultiplier tubes and the spectrometers.

4. Conclusion

The scintillation light output of CsI(Na) crystals can be signifi-
cantly enhanced by the PhCs which consist of arrays of nanospheres.
A dry-transfer technology was used to prepare the PhCs on the sur-
faces of CsI(Na) crystals due to their hygroscopic characteristics. For
the optimal PhC parameter, a 2.79-fold enhancement was achieved.
Such enhanced light output of CsI(Na) crystals is advantageous to the
practical applications especially under the situations of weak signal
detections.
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