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ABSTRACT 

The cesium iodide (CsI) scintillator can converts incident X-ray into visible light with very high conversion
efficiency of optical photons. The incident energy, response time, film thickness, sample size, and spatial resolution
require in engineering and medical applications are difference. A smooth and flat surface and single crystal structure 
of CsI enhance the X-ray to visible light conversion. However, the regular CsI is soft and extremely hygroscopic; it 
is very difficult to polish to obtain a smooth and optical flat plane. In order to obtain a good quality of CsI scintillator
for X-ray application we used an ordering channel as template and formed sub-micron CsI wire in the template. The
fabrication process including: (1) Ordering structure of nano or sub-micron channels were made by an anodization 
method; (2) fill CsI scintillated film on the channel by CsI solution, (3) fill CsI melt into the channel formation
single crystal of sub-micron crystalline scintillator after solidification. The non-vacuum processes of anodization and 
solidication methods were used for the sub-micron CsI scintillator column formation that is cost down the scintillator
fabrication. In addition, through the fabrication method, the ordering structure scintillator of scintillator can be made 
by anodic treatment and die casting technology with low cost and rapid production; moreover, the film oxidized 
metal tubes of the tubular template can be further manufactured to nano tubes by adjusting electrolyte composition, 
electrolysis voltage, and processing time of anodic treatment, and the aperture size, the thickness and the vessel
density of the nano tube can be controlled and ranged from 10 nm to 500 nm, 0.1 μm to 1000 μm, and hundred
million to thousand billion tube/cm2, respectively. 
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1. INTRODUCTION
In an X-ray detector assembly, an amorphous silicon detector substrate is coated with a vapor phase deposited

X-ray scintillator material. The scintillator material generates photons isotropically from the absorption of the X-rays.
Scintillator is a product of high-energy physics technology, which is used for transforming X-ray to an electronic
signal or a visible light; therefore, the visible light transformed from X-ray can be further converted to an electronic
signal by conventional optics device, for example, charge-coupled device (CCD). The scintillation occurring in the
scintillator is a fluorescence induced by radiation. When a high-energy wave irradiates the scintillator, the ground 
state electrons in the scintillator would be excited and then migrate from ground state to excited state. Therefore,
those excited electrons can further migrate to light-emitting excited state through non-light-emitting way, and then 
decay to lower energy state or base state for emitting photons (400~1100 nm).[1-3]

Since crystalline scintillator includes high energy gap, the photons still cannot be effectively emitted although
large electrons in conduction band migrate to valence band, or, the emitted photons cannot become visible light due
to their high energy. Therefore, for increasing the emitting efficiency of visible light, a small amount of the activator 
is doped into crystalline scintillator for reducing the energy gap. [4, 5] 

Because scintillator is able to transform X-ray to visible light, it is widely applied in medical equipments,
nuclear medicine, and security detection technologies. Currently, Scintillators are divided into CsI scintillator,
CsI(Na) scintillator and CsI(Tl) scintillator, wherein the CsI scintillator has been became the most conventionally 
used scintillator for its advantages of easy to be process, large size, sensitive to radiation, and high light-emitting 
efficiency. Generally, a good scintillator includes the following properties: (1) transforming a radiation wave to a
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detectable light by high scintillation effect; (2) linear transform; (3) the production of the detectable light is
proportional to energy of the radiation wave; (4) including transparency and low self-radioactivity; and (5) short 
light-decaying time. [6, 7] 

Moreover, various application fields demand different requirements to the scintillators on incident radiation 
energy (keV), reaction time (ms), thickness (μm), area (cm2), and spatial resolution (1 p/mm). for example,
crystallography:8–20 (keV), <0.5 (ms), 30–50(μm), 30×30 (cm2), 10 (lp/mm); mammography: 20–30 (keV), <0.1 
(ms), 100–150 (μm), 20×25 (cm2), 15-20 (lp/mm); dental Imaging: 50–70 (keV), <1 (ms), 70–120 (μm), 2.5×3.5
(cm2), 7-10 (lp/mm); nondestructive testing: 30–400 (keV), <0.1 (ms), 70–1000 (μm), 10×10 (cm2), 5-10 (lp/mm); 
and Astronomy: 30–600 (keV), <0.05 (ms), 70–2000 (μm), 30×30 (cm2), 4-5 (lp/mm), the detail physical 
characterizations  of scintillator is in the table 1 [8-12].

Table 1. The physical properties of NaI(Ti), CsI(Ti), and CsI(Na) scintillation crystals.

Chemical formula NaI (Tl) CsI (Tl) CsI (Na) 
Density, g/cm3 3.67 4.51 4.51 
Melting point, ℃ 651 621 621
Maximum wavelength (λmax), nm 410 560 420
Refraction Index at λmax 1.85 1.84 1.84 
Relative amount of light output, % 100 45 85 
Output light amount, Photon/MeV 4.1-5.0 x 104 4.5-5.1 x 104 3.5-4.2 x 104 
Decay time, ms 0.23 1.0 0.63 
Afterglow (after 6 ms), % 0.5-5.0 0.5-5.0 0.5-5.0 
Background , pulse/sec/kg ≦ 3.0 ≦ 3.0 ≦ 3.0 

In addition, anodic treatment is conventionally applied in surface corrosion resistance, painting, electrical
insulation, electroplating, and wear resistance. The anodic oxide film made by anodic treatment usually includes
porous-structure, therefore a post sealing process must be applied to the anodic oxide film for facilitating the anodic
oxide film become a dense membrane. Anodic treatment has the advantages of low cost and rapid production, and 
capable of being applied in producing large area products, such as dye-sensitized solar cells, thermal conductive
sheets and thermal insulating components. Besides the anodic treatment, die casting process is also a low cost, rapid 
production technology. 

The template of anodic aluminum oxide (AAO) is a type of ceramic with a high melting point (2072 °C) and 
hardness (9 on the Mohs scale of mineral hardness). Anodic alumina has been named differently, such as anodic 
aluminum oxide (AAO) [13-17], anodic alumina nanoholes (AAN) [18], anodic alumina membrane (AAM) [19, 20],
or porous anodic alumina (PAA) [21]. The anodic oxide film consists of two layers: the outer porous thick layer and
the inner thin layer, which is dense and dielectrically compact, and thus it is called as the barrier layer or dielectric
layer. The barrier layer thickness is typical between 0.1 and 2% of that of the entire film [22]. Depending on the
electrolytes, anodizing time and voltage, AAO could be formed as compact alumina, thick porous alumina, or 
etching types. Compact alumina (no pores) is formed in a very weak acid or neutral solution, and its thickness is
determined by the applied voltage. Thick porous alumina forms in a medium-strength acid solution, and its thickness
is determined by the anodizing time, pore density increases when anodizing time increases, but decreases when
higher anodizing voltage, lower electrolyte temperature (hard coating). For etching alumina formed in strong acid or
basic solutions, the thickness is determined by the diffusion limits of electrolyte, and the pore density increases when 
the anodizing time increases. It is generally accepted that the thickness of barrier-type alumina is mainly determined
by the applied voltage (1~1.4 nm/V) [23], even though there are slight deviations depending on the electrolytes and 
temperature. The maximum attainable thickness in the barrier-type alumina film was reported to be less than 1 μm, 
corresponding to the breakdown voltage in the range of 500~700 V (DC) [24-26]. Akahori [27] has demonstrated
that the melting point of this inner oxide layer is 1000  C, also the AAO template is stable around 800 °C [28],
which is much lower than that of the bulk alumina.

On the other hand, traditional CsI scintillator process would cause some drawbacks in the CsI scintillator, for
example, yellow discoloration, air pores, cloudiness, etc., and the yellow discoloration, the air pores and the 
cloudiness would impact the output of visible light and further reduce the efficiency of the CsI scintillator. In 
scintillator, the yellow discoloration is resulted from the combination of oxygen ions and thallium ions in the surface
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of scintillator, the air pores are caused by air or impurity remaining in the scintillator, and the cloudiness is an
atomization induced by gathering of small oxygen bubbles. 

According to the traditional CsI scintillator process includes many drawbacks, the semiconductor process
technologies are used for manufacturing the scintillators, which includes the steps of: firstly, forming micron tube 
array on a silicon substrate by way of deep reactive ion etching (DRIE) or laser drilling, wherein the micron tube 
array is used as a waveguide film, and includes an aspect ratio of 20˜25 and a tube diameter of few microns. Next, 
vapor (or liquid) deposition is used for filling CsI material into the micron tube array, so as to complete a CsI
scintillator. However, the mask, lithography, exposure, etching, and crystal growth equipment adopted in 
semiconductor process technology result in high manufacturing time and cost to CsI scintillator.

Accordingly, in view of the traditional CsI scintillator process and the semiconductor process technology for
making CsI scintillator still have shortcomings and drawbacks, the inventor of the present application has made great
efforts to make research and eventually provided a scintillator with sub-micron column structure and a
manufacturing method, wherein the anodic treatment and the die casting technology having the advantages of low 
cost and rapid production are utilized for manufacturing a high-value scintillator with sub-micron column structure,
and this scintillator with sub-micron column structure can also be applied in medical equipment, nuclear medicine,
and security detection technologies.

2. THE CESIUM IODIDE FABRICATION PROCESS AND CHARACTER

 

IZATIONS
The experimental procedure included AAO template fabrication and CsI sub-micron column fabrication. The 

experiment steps are: 
(1) Fabricating a tubular template having a thin film oxidized metal tubes by processing an anodic treatment.
(2) Adjusting the tube diameter of the thin film oxidized metal tubes by a chemical etching process.
(3) Forming a thin film scintillator on the inner walls of the thin film oxidized metal tubes by a chemical

impregnation process. 
(4) Filling a liquid phase of scintillator material into the thin film oxidized metal tubes by a die casting process; so as

to form a scintillator column in each thin film oxidized metal tube.
The high quality AAO template fabrication steps are: Al foil (99.999%) → mechanical-polishing → 

annealing → electro-polishing → 1st anodization → remove AAO → 2nd anodization → remove aluminum 
substrate → remove barrier layer → both sides pore widening. the detail experimental operation and parameters as
discuss in the following.  

The AAO quality was depended on the purity of Al substrate. A higher Al purity for example, 99.999% (5N) 
a higher quality AAO with uniform pore diameter can be obtained. However; the 5N Al foil is expensive on the
marked. In order to have a various thickness and cheap Al foil we rolled bulk Al to Al foil by a rolling machine
(Figure 1). The staring from 2 cm thickness bulk Al to 0.3 mm Al foil which has a uniform thickness pure Al grains 
of microstructure. 

Figure 1. The Al foil was rolled form Al bulk by a rolling machine; (a) rolling machine, (b) Al foil.

The AAO templates with 15 nm, 60 nm, and 400 nm diameters were generated by anodizing a pure aluminum 

(a) (b)
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57 4nm

NCTU SEI 15.0kV X80,000 100nm WD 12.5mm

(Al) substrate (99.999%) in acid solutions of sulfuric acid (H2SO4), oxalic acid (COOH)2 or phosphoric acid (H3PO4).
The Al substrate was first grind to #1000 by SiC water proof paper then annealing in the air furnace at 550℃ for 1 hr.
The sample was then electro-polished in a bath consisting of 15 vol.% perchloric acid (HClO4, 70%), 70 vol.%
ethanol (C2H6O, 99.5%) and 15 vol.% monobutylether ((CH3(CH2)3OCH2CH2OH), 85%) applied 42 volt (DC) for
10 min, used platinum plate as a counter. The 15 nm pore diameter template was then fabricated by anodizing the
polished Al substrate at 18V in 10 vol.% H2SO4 at 15℃ for 20 min which is called the first anodization. In order to 
obtain an order pattern on the substrate for the second anodization, the first anodization film was removed in the 1.8
wt.% chromic acid (CrO3) + 6 vol.% H3PO4 solution at 60℃ for 40 min. 

The substrate with regular pattern on the surface was used for the second anodization for several hours to 
form a various AAO film thickness. The Al substrate can be remove when the sample was put in a saturated copper
chloride (CuCl2) + 10 vol.% hydrochloric acid (HCl) for 30 min. Finally put the sample in the 5 vol.% H3PO4 at 25
℃ for 20 min a nanotubes were widened to a ordering array and a good quality AAO film forming. As same as the
above process, for 60 nm pore diameter AAO template, the electrolyte is 3 vol.% (COOH)2 at 25℃, and applied
voltage is 40 V, the time of pore widening is 90 min. And for 400 nm pore diameter AAO template, the electrolyte is 
1 vol.% H3PO4 at 0℃, and applied voltage is 200 V, the time of pore widening is 120 min [29]. Figure 2 showed the
AAOs have nano-pore of 10 nm and the sub-micron pore of 357 nm structure. The ordering pores which can be a 
host or template for the assistance of CsI wire or column fabrication. 

Figure 2. SEM images of AAO template. (a) AAO with pore diameter of 10 nm by 10 vol.% H2O4 electrolyte at 18V
anodization, (b) AAO with pore diameter of 357 nm by 1.5 vol.% H3PO4 electrolyte at 180V anodization.

Figure 3 showed the process of cesium iodide (sodium) tablet formation by vacuum melting and ingot-
making process. (a) The 1: 0.3 mole ratio of sodium iodide (NaI) : cesium iodide(CsI) powder are into the quartz 
tube. ( b) In order to avoid volatilization during melting of iodine vapor pressure over the case of the tube caused by 
explosion of a quartz tube, the quartz tube is the use of a mechanical pump to maintain the pressure inside the pipe 
within the range of 10-1 ~ 10-2 torr. ( c) Because the melting point of CsI and NaI are 621 ℃ and 651 ℃ the 
available butane burner can melt the mixture powders. (d) The use of the mixed powder is heated torch for about 10 
seconds after the visible a red solution in a quartz tube, in order to avoid the loss of iodine vapor heating and melt 
mixing the shaking time should be controlled within 30 seconds. (e) Removed the heater and closed the vacuum 
valve on the quartz tube the melt can naturally solidify to a NaI/CsI solid. (f) wait for the iodine vapor (boiling point: 
184 ℃) and iodine drops (boiling point: 113 ℃) stable in the quartz tube. (g) Break out the tube and get the solid
NaI/CsI. (h) the use of an agate mortar rod cesium iodide / sodium iodide ground into a powder, and the powder into 
a mold to tungsten steel spindles hydraulic machine plus 100 kgf / cm2, holding pressure 0.5 min of spindles. (i) 
Finally, cesium iodide / sodium iodide tablets were placed in a quartz tube at 400 ℃ for 8h forming a homogeneous
NaI/CsI tablet. 

(a) (b)
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(a) (b)

(e)

(c)

(f)

Figure 3. the CsI (Na) powder fabrication by the vacuum melting process; (a) CsI/ NaI mixture powder in a quartz
tube, (b)quartz tube in a vacuum state , (c) heating the vacuuming quartz tube which CsI/ NaI mixture powder has
inside ,(d) CsI/ NaI mixture melt forming, (e) cooling the melt, (f) solid CsI/ NaI mixture compound  forming, (g) 
remove the CsI/ NaI mixture compound from the quartz tube, (h) homogeneous CsI/ NaI powder forming, (i)
homogeneous CsI/ NaI tablet forming.

Figure 4 showed the CsI (Na) tablet formation by a uniaxial compressive method; (a) homogeneous CsI/ NaI 
powder in a mold, (b) the mold with CsI/ NaI powder inside on a compressive mechane, (c) CsI/ NaI sheet forming, 
(d) NaI sheet on an AAO surface. CsI sub-micron column fabrication steps are: the starting materials are CsI powder, 
NaI powder, and high-purity Al foil. The Al foil was then through anodization formation AAO template. And, 1 
mole CsI + 0.03 mole NaI mixing powder was then through shaping and sintering formation CsI (Na) ingot.  In order 
to observe the CsI (Na) column inside AAO template the following experiment steps were needed. (1) CsI (Na) ingot 
put on the AAO surface, (2) heating CsI (Na)/AAO at 630 °C, applied a hydraulic pressure (10 kgf/cm2) to the CsI
(Na) melt, (3) cooling CsI (Na)/AAO sample at 30 °C/min of cooling rate. According to above steps we can obtain 
the CsI (Na) nano or sub-micron CsI (Na) column [30-32]. 
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Figure 4. CsI (Na) tablet formation by a uniaxial compressive method; (a) homogeneous CsI/ NaI powder in a mold,
(b) the mold with CsI/ NaI powder inside on a compressive mechane, (c) CsI/ NaI sheet forming, (d) NaI sheet on an 
AAO surface.

We also compared the quality and microstructure of CsI columns that formed under normal pressures of 1
atm and applied pressure of 10 kgf/cm2. When the CsI/AAO sample was under a lower pressure at high temperature, 
large amounts of CsI(g), I2(g), and CsOx(g) vapors were produced on and in the AAO, so not enough CsI melted on the 
AAO surface, leading to discontinuous CsI columns inside the AAO template. For example, Figure 5 showed SEM 
images of CsI columns inside AAO at 1 atm and 650℃ experimental conditions with poor CsI filling in the AAO
template. (a) Top view of partial CsI columns inside AAO, (b) side view image of partial and discontinue CsI 
columns inside AAO. However, when the CsI/AAO sample was under a higher pressure at high temperature, the
CsI(g), I2(g), and CsOx(g) vapors can be reduced; therefore, a continue and high filling ratio of CsI in AAO can be 
obtained. For example, figure 6 shows SEM images of CsI columns with good filling of the AAO template,
produced under pressure of 10 kgf/cm2 at 630ºC. The applied pressure to the casting mold that assisted to the CsI
melts into AAO template and form CsI column. 

(a) (b)

(c) (d)
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Figure 5. SEM images of CsI columns inside AAO at 1 atm and 650℃ experimental conditions with poor CsI filling
in the AAO template. (a) Top view of partial CsI columns inside AAO, (b) side view image of partial and discontinue 
CsI columns inside AAO.

Figure 6. SEM side view image of CsI columns inside AAO at 10 atm and 650℃ experimental conditions with well
CsI filling in the AAO template. (a) Lower magnification image, (b) Higher magnification image.

3. CONCLUSIONS
In this paper we have been clearly and completely introduced the scintillator with sub-micron column 

structure and the manufacturing method. In summary, the fabrication method of sub-micron column CsI has the 
following advantages: 

1. It utilizes anodic treatment and die casting technology with low cost and rapid production to manufacture a
high-value scintillator with sub-micron column structure, and this scintillator with sub-micron column 
structure can also be manufactured by mass production.

2. By using the manufacturing method, the scintillator with sub-micron column structure or nano-column
structure can be made for being applied in medical equipment, nuclear medicine, and security detection 
technologies.

3. The AAO template can be further manufactured to nano-tubes by adjusting electrolyte composition,
electrolysis voltage, and processing time of anodic treatment, and the aperture size, the thickness and the
vessel density of the nano-tube can be controlled and ranged from 10 nm to 500 nm, 0.1 μm to 1000 μm, 
and 108 to 1012 tube/cm2, respectively.

(b)(a) 

(a) (b)
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