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A B S T R A C T

Europium and Sodium co-doped CsI and CsI(Na) thick films are deposited by thermal evaporation on the quartz
substrate coated with a nano-reflective layer. The morphology and crystal structure of the deposited films, using
the SEM images and the X-ray diffraction patterns, exhibited no distinguishable differences. Inductively coupled
plasma optical emission spectroscopy ICP (OES) was utilized to measure sodium and europium concentrations
in the deposition. Moreover, their optical properties were investigated by UV absorption, excitation, and
emission spectroscopy in the wavelength region of 200–800 nm. The results indicated that Eu-sensitizing
material enhanced the absorption and photoluminescence intensity of the CsI(Na) columnar-structure film
compared to that of conventional CsI(Na) scintillator. This increase was attributed to both the Eu ’s high
quantum efficiency and the energy transfer between the activator and sensitizer. Ion beam-induced luminescence
(IBIL) measurements also confirmed the photoluminescence results. Gamma rays spectroscopy testified to the
improvement of CsI(Na, Eu) scintillation efficiency in comparison with the traditional CsI(Na) scintillator.

1. Introduction

CsI(Na) is a remarkably efficient scintillation material that has been
widely investigated and used for decades. In almost all physical param-
eters, it is identical to CsI(Tl) and possesses its favorable characteristic
of not cleaving and being relatively soft and machinable. From the
scintillation standpoint, CsI(Na) has the highest light output next to
the thallium-doped NaI. The light output is comfortably into the blue
region of the spectrum and there are no significant problems with self-
absorption of the scintillation light. It has a higher mass attenuation
coefficient than NaI(Tl) and high 𝛶 and X-ray stopping power of
host lattice from relatively high physical density (4.53 g/cm3) and
high atomic number [1–5]. It plays an important role, as scintillation
counters, in the formation of the films [6–9]. CsI(Na) bulk crystal has an
efficient blue luminescence, which has been studied by two approaches.
The first approach is self-trapped exciton (STE) of pure CsI crystal
perturbed by the possible effects of Na+ ion, and the other is energy
transfer from the CsI host material to Na nanoparticles [4,10].

Most current scintillators suffer from poor scintillation properties
which limit the accuracy of their functional capacity. Therefore, it
is more desirable to either invent new scintillator or improve the
scintillation properties of existing ones or both. It has recently been
found that co-doping of traditional scintillation materials can improve
their properties [11–14]. To the best of our knowledge, there is no
published work on sensitized CsI(Na). In this research, the feasibility
of modifying scintillation properties in CsI(Na) scintillator material by
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co-doping with Eu2+ is deduced from Eu high quantum efficiency due to
4f 6 5d → 4f 7 transitions [13,15]. As the literature indicates [16–18],
CsI(Eu), for excitation at 240 nm, has a weak broad emission band (
around 410–480 nm) at room temperature (RT), which is intensified
in the region of 441–448 nm at low temperature. The Eu-doped CsI
scintillator could not be an efficient scintillator at RT since a small stocks
shift, self-absorption, and scintillator efficiency loss; however, as a co-
dopant, it increases the luminescence intensity [19].

In this research, we study Eu and Na co-doped CsI crystals as a
sensitizer in the form of thick films by using the physical vapor depo-
sition (PVD) method. The deposited film properties are characterized
morphologically by using the SEM and XRD analyses, and then, optically
by ICP (OES), UV absorption, excitation, photoluminescence and IBIL.
The response to 137Cs gamma rays is studied in order to obtain their
scintillation light yield.

2. Experimental

2.1. Preparing thick films

The quartz substrates in the dimensions of 1′′× 1′′× 0.04′′, were
coated by different thin layers (50 nm-TiO2, 50 nm-Al, 50 nm-Ag), using
electron beam gun evaporation to provide the best reflective layers
through UV–Vis analysis. Then, the films were deposited by thermal
evaporation in the vacuum (10−5 torr) and the reactive atmosphere

https://doi.org/10.1016/j.nima.2018.11.105
Received 3 June 2018; Received in revised form 18 November 2018; Accepted 21 November 2018
Available online 14 December 2018
0168-9002/© 2018 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.nima.2018.11.105
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2018.11.105&domain=pdf
mailto:Std_elkhodadoost@khu.ac.ir
https://doi.org/10.1016/j.nima.2018.11.105


E. Khodadoost and M.E.A. Araghi Nuclear Inst. and Methods in Physics Research, A 920 (2019) 7–13

to prevent O2 contamination. The general process utility of this kind
of deposition has been commonly used for decades [20]. The crushed
CsI(Na) and CsI(Na, Eu) single crystals were used as raw materials. The
optimal concentration of Na activator was 0.02% mol and the intended
amount of Eu sensitizer was about 0.001% mol, by referring to the
literature [13,21]. The heat treatment was performed at 250 ◦C for 20
min.

2.2. Characterization

Inductively coupled plasma-optical emission spectroscopy (ICP-OES;
Model 730-ES, Varian), in the wavelength region of 167–785 nm, with
CCD detector, was used to detect Na and Eu concentration, in the films.
The instrument detection limit was 1 ppb. All the films were dissolved
in deionized water.

The crystal structure of the samples was characterized by X-ray
diffractometer (XRD; Model Panalytical Company X’Pert PRO MPD) at
the 2𝜃 range of 5–90◦. The surface morphology was observed using a
scanning electron microscopy (SEM; Model Tescan—Mira III). The UV–
Vis analysis was performed using Perkin-Elmer UV–Vis spectrometer.
Photoluminescence and UV-excitation spectra were recorded in the
wavelength region of 200–800 nm, in the Varian Cary Eclipse model
at RT.

Ion beam induced luminescence (IBIL) measurement was performed
using the micro beam facility of the Van de Graff Laboratory (Tehran,
Iran) and based on an Oxford micro beam triplet setup. This instrument
has a proton beam of 2.5 MeV and ∼100 PA current, with a spot
size of 10×10 μm2 on the sample surface. For each measurement, an
area of 1×1 mm2 was scanned for 30 min. The system was set on a
collimating lens of 2.3 cm focal length at 135◦ to the beam direction,
which was used to guide the IBIL to the outside of the reaction chamber.
A fiber optic (with 400 μm diameter) was connected to the collimating
lens for collecting the sample luminescence and transmitting it to the
spectrometer. In order to collect the IBIL spectra of samples within the
desired area, the beam was well focused on a spot size and spectra were
record for 1 min. IBIL measurements of the samples were carried out
at RT condition. The IBIL images of samples were captured through an
OPTIKA PRO 5 CCD.

The pulse height spectrum of CsI(Na) and CsI(Na, Eu) thick films
was obtained under excitation with 662 keV gamma rays from a 137Cs
source (20 μCi). The film coated surface was optically coupled to a
photomultiplier tube using silicone grease. The film surface’s other
side was covered by Teflon reflective layer. Nano coated layer, Teflon
layer and silicone grease layer were used to reflect scintillation photons
back in to the sample, to improve the scintillation efficiency, this
consideration is photon management. The source was located along
the cylindrical axis of the scintillator and a photomultiplier (PMT;
Model FEU 31, Russia) at a 10 cm distance from the surface of the
sample crystal. Nuclear electronic system consisted of a high voltage
supply (CC228 01Y BEIJING Hamamatsu, China), preamplifier (IAP
3001 Iran), amplifier (IAP 3600 Iran), MCA (a HVMCA NT-124), and
a data acquisition system. NTMCA software was used to analyze the
integrated spectrum. To ensure the results, all measurements were
repeated twice under the same conditions by using the same thick films.

3. Results and discussion

3.1. UV-reflection

TiO2, Al, and Ag crystals were used to coat onto the quartz substrate
through electron beam gun evaporation. These reflective layers were
chosen because of their high reflectance. The external reflective nano-
layers were used to reflect scintillation photon back in to the layers
which improve the scintillation efficiency [22].

According to Fig. 1, by measuring the UV-reflection intensity, TiO2
had a better response and hence was chosen in this research.

Fig. 1. UV-reflection intensity of TiO2, Al and Ag coated layers on quartz substrate.

3.2. Morphology and structure

The surface morphology of the deposited films was studied by
scanning electron microscopy (SEM) as depicted in Fig. 2. CsI(Na)
and CsI(Na, Eu) films seemed to have a column structure that can be
appropriate to capture light. The columns’ thickness was estimated to
be about 500 μm and their diameter was about 3–10 μm, as seen in SEM
images. So, according to Section 2.1, the size of thick films is almost the
same, i.e. 1′′× 1′′× 500 μm.

As mentioned above, films were made of the CsI(Na) and CsI(Na,
Eu) crushed single crystals. When deposition occurred, the column-
structure crystals were formed—i.e. the evaporated crystals grew in a
vertical direction in the deposited layers. As reported for the other alkali
halide films like CsI(Eu) and CsI(Tl) [16,23–25], it is seen that no any
defects like as displacement, impurity, or inclusion have no impact on
the formation of the column structure. As seen in Fig. 2, the sample
morphology has no distinguishable differences as the sensitizer was
added.

It should be noted that the crystal quality of the host material (CsI)
is not changed by adding the activator and sensitizer. Measuring X-ray
diffraction patterns can verify this claim (Fig. 3). The diffraction peaks
observed at 2𝜃 of 39.473◦ and 84.895◦ are related to the (100) and
(200) diffractions of CsI crystals. It is also observed that the preferred
growth has been occurred along (100) direction. By doping Na and Eu
into CsI, it was found that X-ray diffraction patterns are not changed,
as illustrated in Fig. 3, which can be related to the very low amounts of
activator and sensitizer.

ICP (OES) was used to confirm the existence of Na and Eu in the
composition of the deposited films. The ICP data indicated that Na and
Eu concentrations remain close compared to that of the crystal.

3.3. Excitation and absorption

As shown in Fig. 4, for emission at 430 nm, the excitation spectrum
has two regions of 230–275 nm and 370–400 nm at RT. The excitation
peak wavelengths of CsI(Na, Eu) are at 232 nm and 380 nm, and for
CsI(Na) are at 240 nm and 373 nm. CsI(Na) excitation bands can be
formed, using several configurations of various defect positions [2].

The absorption spectra of CsI(Na) and CsI(Na, Eu) films are shown
in Fig. 5. For CsI(Na), there are two absorption bands in the range of
2.95–3.35 eV and from 3.75 to 5.5 eV, while for CsI(Na, Eu), there are
three absorption bands in the range of 2.95–3.35 eV then around 4 eV
and from 4.75 to 5.5 eV. It is deduced that by adding Eu as a sensitizer
to CsI(Na), the new absorption sub-levels due to 4f → 5d transitions [18]
were created which overlap with CsI(Na) absorption levels.
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Fig. 2. Cross-sectional SEM images of (a) CsI(Na) and (b) CsI(Na, Eu) films.

Fig. 3. X-ray diffraction patterns of CsI (dashed line) and CsI(Na, Eu) (solid line) films.

The optical band gaps can be calculated according to the absorption

spectrum, using the Tauc method [26], as shown in the inset of Fig. 6.

The main band gaps of 3.1 eV for CsI(Na, Eu) and 2.95 eV for CsI(Na)

film were obtained in the energy band range of 2–5 eV via analyzing

Fig. 6 in Origin Pro software. By co-doping Eu and Na to CsI, it could

be seen an increase in the number of available states with almost the

same absorption gap of energy (≈ 3.18 eV) in the region of 3.5–4.75 eV

in Fig. 6, hence the absorption intensity is enhanced.

Fig. 4. The excitation spectrum of CsI(Na) (dashed line) and CsI(Na, Eu) (solid line) films
at 430 nm.

3.4. Photoluminescence

The excitation and Pl spectrum were measured at 90◦ from the edge
of film to decrease the interference from the reflected and transmitted
light. The experimental setup has been illustrated in Fig. 7.

There is a slight hump in both thick films of CsI(Na) and CsI(Na,
Eu) UV-emission spectra near 315 nm (∼ 3.9 eV) in Fig. 8, which
was intensified and seen better at a low temperature. It was known
as an intrinsic band of pure CsI bulk crystal [10]. By doping, with
Na+ replacing Cs+, its higher electronegativity as well as its smaller
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Fig. 5. UV absorption spectrum of CsI(Na) (dashed line) and CsI(Na, Eu) (solid line) films.

Fig. 6. Plotting graph of ((𝛼h𝜐) ^2) for CsI(Na) (dashed line) and CsI(Na, Eu) (solid line)
absorption spectrum.

Fig. 7. Excitation and luminescence measuring setup.

size made perturbation in the lattice. The spectrum indicates a wide
emission band in CsI(Na) with the main peak near the 435.3 nm, in
its center that coincides with the blue emission at 420 nm in CsI(Na)
bulk crystal, which was known as a characteristic of Na+-activated CsI
(extrinsic band). Configuration of a self-trapped hole (STH) (Vk-center)
near substitutional Na+ in CsI is the main reason for the blue emission,
which has been studied in CsI(Na) bulk crystal by Monnier et al. [4]. As
a matter of fact, in comparison to bulk crystal, the thickness effect is a
possible reason for an emission wavelength shift and the broadening of
the CsI(Na) film.

The emission of CsI(Na, Eu) film in the region of 427.5 nm has a
little shift as compared with CsI(Na). Moreover, there is a significant

Fig. 8. Luminescence peak of CsI(Na) (dashed line) at 435.3 nm and CsI(Na, Eu) (solid
line) at 427.5 nm (Ex. 230 nm).

enhancement in UV luminescence intensity of the CsI(Na, Eu) film,
which confirmed the creation of additional centers as a result of the
Eu doping into CsI(Na) film. Therefore, the luminescence properties of
CsI(Na) columns differ from those of CsI(Na, Eu).

The addition of sensitizer has new effects (in addition to activator) on
the crystal field because of the approach of the perturbation on the lat-
tice. Divalent Eu2+ substituted for the monovalent Cs+, accompanied by
a vacancy as a charge compensator and vacancy-Eu2+ dipole is formed.
The differences in the radii of Cs+ and Eu2+ ions (∼ 28%) [16] can also
lead to a new lattice distortion. Co-doping of CsI perturbed the crystal
field by complex formation of exciton, activator and sensitizer during
excitation in the (CsI, NaI, EuI2) ternary system. The recombination
energy for Na and Eu-localized in the host lattice can be described in
the following form:

(Eu2+-vacancy) + STH + e− → [Eu2+-vacancy] + h𝜐Eu2+ ,
Na+ + STH + e− → [Na+] + h𝜐Na+ , STH + e− → h𝜐0
Energy is released in the lattice by a recombination of captured

electron and Vk-center (STH) on Na+ and Eu2+-vacancies, and a recom-
bination of the captured electron and Vk-center (STH) of intrinsic band
of pure CsI.

In this research, for the 500 μm film with respect to co-doping (0.02%
mol Na) and (0.001% mol Eu) concentration, there are an estimated
number of 250 activator ions (Na) and about 10–12 sensitizer ions (Eu)
in a row. So it is expected to have an intensive emission from Na centers,
but a weak emission from Eu ones. As a result, Eu centers seem to have
no significant effect on emission wavelength shift or intensity but this
is in contradiction with what is illustrated in the PL spectrum of CsI(Na,
Eu), CsI(Na) films at RT at exc. 230 nm in Fig. 9.

In this regard, it can be justified using another approach. In the
other approach, there is an interaction between Na and Eu at RT. The
energy transfer between a sensitizer and an activator occurs if a suitable
interaction and energy difference between both systems exist. The
exchange interaction is a part of this interaction; therefore, the resulting
transfer is proportional to ∫ 𝑔𝑆 (𝐸) 𝑔𝐴(𝐸)dE [27], which represents the
spectral overlap, depending on exchange interaction between Eu and
Na, as seen in Fig. 8. With attention to the luminescence intensity of
Eu and Na, it is perceived that there is a high spectral overlap between
absorption transition of Na →Na* (with normalized function 𝑔𝑁𝑎 (𝐸) )
and emission transition of Eu*→Eu (with normalized function 𝑔𝐸𝑢 (𝐸) );
so, resonance condition will occur. It seems that in addition to Eu high
quantum efficiency, the incorporation of Eu by interaction with Na and
their high spectral overlap represent new channels for recombination in
the region of 430 nm, which increases the blue luminescence intensity.
It most likely has a direct impact on the improvement of scintillation
light yielded by collecting and recognizing more photons.
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Fig. 9. Spectral overlap of Na and Eu doped CsI.

Fig. 10. Luminescence peak of CsI(Na) (dashed line) and CsI(Na, Eu) (solid line) films at
432 nm (Ex. 380 nm).

It should be mentioned that the small peaks in the luminescence
spectra of CsI(Na) and CsI(Na, Eu) in Fig. 8 at 520 nm is probably related
to the emission of the undesirable accumulation of Na nanoparticles,
during the thick film deposition. With an increase in the excitation
wavelength from 230 nm in both thick films, luminescence was turned
off near 270 nm but again in the region of 370–400 nm it appeared and
was heightened at exc. 380 nm, as seen in Fig. 9; but it was less intense
than before because the luminescence and excitation in this region
overlap and re-absorbance occurs. As seen in Fig. 10, the luminescence
wavelength is measured at 432 nm.

3.5. Ionoluminescence

The IBIL of the prepared films was investigated via proton beam of
2.5 MeV and ∼ 100 PA current, with a spot size of 10×10 μm2 on the
sample surface, and presented in Fig. 11. The intrinsic bands, which are
characteristic of pure crystals, were lost because of high temperature in
this surface spot. The existing peaks in CsI(Na) as seen in Fig. 11, in the
region of 443 and 488 nm, probably indicate the activator defect, and
two peaks near 435 and 483 nm and their higher intensities for CsI(Na,
Eu) are associated with the occurrence of energy transfer. Owing to the
high temperature produced during the test, the emergence of new peaks
and a red wavelength shift can be attributed to phonon effects. These
results verify the photoluminescence data.

Furthermore, the IBIL images of the samples were captured by CCD.
Fig. 12 clarifies that CsI(Na, Eu) has better resolution than CsI(Na). Dif-
ferent color areas are the luminescence characteristics of the deposited
films. An enhancement in the blue band width and its better resolution
in CsI(Na, Eu) film as compared with CsI(Na) is results of the adding Eu
as a sensitizer.

Fig. 11. IBIL spectra of CsI(Na) (dashed line) and CsI(Na, Eu) (solid line) layers.

3.6. Pulse height spectrum

The energy spectra of 661.6 keV 𝛾-rays from a 137Cs source (20
μCi), was obtained with the same dimensions of 1′′×1′′× 500 μm CsI(Na)
and CsI(Na, Eu) thick films, was displayed in Fig. 13. The light yield
(LY) and energy resolution, ΔE/E, of the full energy peak for Cs 𝛾-peak
with a scintillator coupled to a photomultiplier tube, were measured by
the method of comparison [28]. The CsI(Na, Eu) energy resolution was
evaluated 12.59% and the value of 12.21% was obtained with CsI(Na).
It should be noted that in spite of the comparable energy resolution of
the films, there is a better photoelectron yield for CsI(Na, Eu) which is
about 10% more than CsI(Na). The studies of tested CsI(Na) and CsI(Na,
Eu) samples are summarized in Table 1, and NaI(Tl) light yield (100%)
is taken as the reference [29].

As a result, in the case of energy transfer by co-doping activator
and sensitizer to CsI, Na+ ion is excited to a metastable level 𝐸1after
excitation, if Eu2+ ion has high absorption in this excited bandwidth and
also high fluorescence (high emission quantum yield) from a level lying
close to 𝐸1, it will accept part or all of the excitation energy deposited
on 𝐸1, consequently, emission from activator will be enhanced, the
Eu sensitizer creates new recombination centers, so more scintillation
photons were detected. It is essential to mentioned that, the undesirable
increase in energy resolution is possible to origin from inhomogeneities
in the deposited layer thickness, located in the PVD chamber statistically
or inhomogeneities in Eu2+ impurity distribution and its associated
defects in CsI(Na).

4. Conclusion

CsI(Na) and CsI(Na, Eu) films were deposited on the TiO2 coated
quartz substrate by thermal evaporation, from the crushed single crys-
tals as raw materials. The films’ impurity concentration was measured
by ICP-optical emission spectroscopy and the obtained data proved their
close to that of raw materials. The SEM results showed a columnar
structure, which is useful to capture and recognize photons. The surface
morphology and structure of films are not affected by the addition of
new impurities. It should be noted that the absorption and luminescence
properties of these columns are changed by co-doping. Considering
energy transfer – i.e. exchange interaction between Eu as a sensitizer
and Na as an activator – it was observed a high-spectral overlap
between absorption transition of Na and emission transition of Eu,
which enhanced the blue luminescence intensity. In fact, the emergence
of these new recombination centers along with the Eu high quantum
efficiency, relying on its 4f 6 5d → 4f 7 transitions, have a direct role in
increasing the luminescence band. The IBIL results and their microscopic
images confirmed the obtained photoluminescence data. The response
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Fig. 12. The microscopic IBIL images of (a) CsI(Na) and (b) CsI(Na, Eu) films were captured by CCD.

Table 1
Characteristics of CsI(Na) and CsI(Na, Eu) scintillators.

Na (mol%) Eu (mol%) Emission
wavelength (nm)

Light yield
(LY%)

Energy resolution
ΔE/E (%)

CsI(Na) 0.02 – 435 85 12.21
CsI(Na, Eu) 0.02 0.001 427 95 12.59

Fig. 13. Pulse height obtained for gamma radiation from 137Cs source with (a) CsI(Na)
and (b) CsI(Na, Eu) thick films.

to 137Cs gamma rays verifies that the scintillation efficiency of CsI(Na)
traditional film is improved by Eu co-doping. CsI(Na, Eu) light yield
enhancement up to 10%, may have a direct impact on reducing the
exposure of patients to the harmful radiation in medical imaging.
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