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The scintillator can be directly coupled to a commercial CCD and has the fastest response time (several
ns) for real-time radiography. Most scintillator material production uses an expensive vacuum
deposition process or a single-crystal growth method. This work reports the development of a cost-
effective way to prepare sub-micron scintillator cesium iodide (CsI) columns in a ceramic anodic
aluminum oxide (AAO) template by a positive pressure penetration method. Positive pressure can
decrease the iodine vapor pressure and increase the Csl sublimation point up to the CsI melting point.
Because the Csl melt is confined to an AAO channel with a high aspect ratio, the melt easily solidifies into
a stable single-crystal CsI column. The SEM images showed Csl in a single crystal with a column diameter
of 440 nm, smooth surfaces, and no grain boundaries. This positive pressure penetration method enables
fabrication of a single-crystal Csl column with controllable size.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic crystal scintillators have medium to high stopping
power due to their high density and atomic numbers. The cesium
iodide Csl scintillator material is commonly used in X- or y-ray
detectors. An X-ray detector using the CsI material is well suited to
a computed tomography system [1,2]. CsI has a simple cubic
structure, and the cations of Cs* are located at each of the corners
of a cube, while the center of the cube is a single anion of I". The
percent ionic (%IC) character of a bond between the elements Cs
and [ may be approximated by the expression [3], where X; and Xcs
are the electronegativities for the I and Cs

%IC = (1 —exp[—(0.25)(X; = X)) x 100 1)

Because X;=2.5 and Xcs=0.7, the CsI compound includes 55.5%
ionic bonding and partial covalence bonding. Due to the amount of
ionic bonding in Csl, CsI can be dissolved in polarized H,O to form
Csl aqueous solution. Csl has a high solubility in water, and the
solubility increases as temperature increases. For example, the
solubility of Csl in H,O ranges from 44 to 205 wt% at 10 and 90 °C,
respectively [4].
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Dendrites, bobbles, and grain boundaries form easily in an ionic
compound when an uncontrolled melt solidifies. For example, a
cesium iodide (CsI) melt easily forms three-dimensional defects on
the free surface. The defects in the dendrites or bobbles in the
grains form inside the CsI as the melt solidifies. Such defects can
affect the X- or y-ray path in the Csl crystal and decrease the
scintillation characteristics.

In our previous research [5-7], we have made pure metals,
alloys, and Csl columns by vacuum and mechanical injection
methods. The SEM images showed each Csl column has smooth
surface without any grain boundary of single crystal structure. The
XRD pattern showed most of Csl columns in AAO template
presented to (110) and (200) planes [8]. This work reports the
development of a convenient low-cost approach to fabricating a
Csl single crystal column using a positive pressure penetration
procedure and an anodic aluminum oxide (AAO) template.

2. Experimental procedure

The procedure includes AAO fabrication. Csl nano-particles
form on the AAO inner pore wall, and a Csl column forms
inside the AAO channel. The following details describe the forma-
tion of AAO, Csl nano-particles, and a Csl column. The experi-
mental chemicals including HCIO4, CH3(CH,)30CH,CH,0H, C;HgO,
CrOs, H3POy, CuCly,HCl, and Csl bought from Merck Company in
reagent grade.
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Fig. 1. The vapor pressures of Csl and I powders from 200 to 700 °C were calculated based on the Clausius Clapeyron Equation; (a) the Cslsy sublimation vapor pressures are 1 atm
and 1.15 atm at 600 °C and 627 °C, (b) the Iy sublimation vapor pressures are 179 atm and 213 atm at 600 °C and 627 °C.

Fig. 2. The experimental setup for Csl column fabrication by CsI melt, AAO, and a high temperature positive pressure chamber; (a) AAO/Csl nano-particle template, (b) CsI powder
on the AAO template, (c) AAO template/Csl powder in a positive chamber, and (d) heating Csl powder to the melting point.

AAO template: AAO film was made by anodization procedure,
the steps including: (a) electrolytic polishing of Al substrate (15 vol
% HClO4+ 15 vol% CH3(CH;)3;0CH,CH,0H + 70 vol% CoHgO, at 42 V),
(b) 1st anodization (1 vol% HsPO4, at 200V), (c) removal of 1st
anodization film (1.8 wt% CrOs+6 vol% H3PO4+92 vol% H,0 at
70 °C), (d) 2nd anodization (1 vol% H3PO4 at 200V), (e) pore
widening (5 vol% H3PO,, for 4 h), and (e) removal of Al substrate
(8 wt% CuCl, +5 vol% HCl+85 vol% H,0, for 3 min).

Csl nano-particles: In order to facilitate the Csl melt into the
AAO template, CsI nano-particles were first formed on the AAO
inner pore wall by wet deposition method (1 wt% Csl, at 25 °C for
3 min) and then the Csl nano-particles were sintered in an atmo-
sphere furnace (400 °C for 5 min).

Csl column: The AAO sample with Csl nano-particles adhered
and Csl powder on the surface was put on a quartz slice first, and
then the AAO sample/quartz combination was placed inside a
positive pressure chamber (10 atm Ar gas) and heated (650 °C for
1 min). Under these conditions, the CsI melt could flow into the
AAO template. The microstructure and composition of the fabri-
cated samples were studied using scanning electron microscope

(SEM, JEOL 7400) and X-ray energy dispersive spectroscopy (EDS,
Inca X-Stream).

3. Results and discussion

The sublimation, melting, and boiling points of cesium iodide
compound are 600 °C, 627 °C, and 1277 °C under 1 atm, respec-
tively. Therefore, the Csl vapor appears before the melting point.
When the chamber pressure is less than 1 atm, the Csl has a lower
sublimation point. The relationship between the sublimation point
and pressure can be evaluated by the Clausius Clapeyron equation
[9], where P, AH, T, R, and C are pressure (atm), enthalpy of
vaporization (J/mole K), temperature (K), gas constant (8.314/]),
and integration constant, respectively

(d lnP=$—;dT or lnP=_—AH+C) )

RT

Because Csl has vaporization enthalpy of 33,205 (J/mole K) [10]
at 600 °C under 1 atm, the integration constant of Csl can be



140 C.Y. Chen et al. / Materials Letters 148 (2015) 138-141

NCTU SEI 5.0kvV X1,000 10pm ‘WD 6.8mm

Barrier layer

g S Eetwrd W e

NCTU Tum WU o./mm

Fig. 3. SEM images of CsI columns with poor filling in AAO under 1 atm pressure at 650 °C; (a) top view of CsI partially filling the AAO template, (b) side view of Csl columns
partially filling in AAO template, (c) side view of partial and discontinuous CsI columns in AAO, and (d) discontinuous CsI columns inside the AAO bottom.
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Fig. 4. SEM images of Csl columns with good filling of AAO template under 10 atm pressure at 650 °C; (a) top view of Csl filling AAO template, (b) side view of CsI columns
inside AAO, (c) Csl column with diameter of 440 nm, and (d) EDS spectrum of Csl columns inside AAO.
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calculated as 4.57, and the Clausius Clapeyron equation for Csl is
expressed as

—3993.9

InP= +4.57 3)

According to this calculation, I has a vaporization enthalpy of
41,570 (J/mole K) [10] at 184 °C under 1 atm. The integration
constant of I can be calculated as 10.94, and the Clausius Clapeyron
equation for I is expressed as

—41570.3

InP= +10.94 4)

Based on Egs. (3) and (4), Fig. 1 shows the vapor pressures of
Cslig) and I(g) from 200 to 700 °C. The Cslg) vapor pressures are
1atm and 1.15atm (Fig. 1(a)) and the Iy vapor pressures are
179 atm and 213 atm at 600 °C and 627 °C (Fig. 1(b)). The results in
Fig. 1 shows that below 1 atm, the Csl) and I¢g) vapors form below
the Csl(s) melting point of 627 °C. Increasing the reaction chamber
pressure can increase the Csl sublimation point up to the melting
point and decrease the vapor pressure of I).

Fig. 2 shows the experimental setup of the CsI submicron
column formation in the AAO template. (a) Using the pre-
deposited Csl nanoparticles of AAO as a template, (b) the Csl
powder is put on the AAO template, (c) the AAO template/Csl
powder is placed in a positive chamber, and (d) the Csl powder is
heated to the melting point and held for several minutes. The Csl
melt can then permeate into the AAO channels and solidify as
submicron Csl columns. It is interesting that when the Csl melt is
confined to an AAO channel, it grows as a stable single wire
without any dendrites, consistent with previous theoretical pre-
dictions [7].

We also compared the quality and microstructure of Csl columns
that formed under pressures of 1 atm and 10 atm. Fig. 3 shows SEM
images of CsI columns that formed on the AAO template under 1 atm
pressure at 650 °C. As we discussed above, when the CsI/AAO sample
was under a lower pressure at high temperature, large amounts of
Cslg), Ix(g), and CsOyg) vapors were produced on and in the AAQO, so
not enough Csl melted on the AAO surface, leading to discontinuous
Csl columns inside the AAO template. Fig. 3(a) shows a top view
image of the CsI/AAO sample with a low quality of Csl filling in the
AAO template, and Fig. 3(b) shows a side view image of Csl columns
only partially filling the AAO template. Fig. 3(c) shows a side view
image of partial and discontinuous CsI columns in the AAO template.
Fig. 3(d) shows that the Csl melt was able to penetrate to the bottom
of the AAO template, but the Csl columns were discontinuous.

According to the curves in Fig. 1, Csls) has a sublimation point of
1450 °C, which is higher than its melting point of 627 °C at 10 atm
pressure. Pure sy has a sublimation point of 308 °C. However, the Iy
from Csl compound has a sublimation point higher than 308 °C

under 10 atm. Fig. 4 shows SEM images of Csl columns with good
filling of the AAO template, produced under pressure of 10 atm at
650 °C. The higher pressure in the chamber prevented the vapors
from forming in the chamber. In detail, Fig. 4(a) is a top view image
of Csl filling the AAO template; Fig. 4(b), a side view image of Csl
columns inside AAO; Fig. 4(c), Csl with a column diameter of 440 nm
and a smooth surface, with no grain boundary, indicating it is a single
crystal Csl column; and Fig. 4(d), an EDS spectrum indicating Cs, I, Al,
and O in the Csl columns inside the AAO template.

4. Conclusions

This novel and simple method offers a cost-effective approach
to the fabrication of high-value Csl columns. A Csl melt can
penetrate into AAO channels of various sizes and solidify into Csl
nano-wire or sub-micron Csl columns. Because the Csl column can
produce greater quantities of photo-electrons than Csl nano-wire
for the scintillator use described in this paper, we chose to use a
pore size of 450 nm on the AAO template to produce sub-micron
Csl columns. The positive pressure limits the formation of CsI and
Iog) vapors before the melting point of Csl is reached, allowing the
production of a high quality CsI column.
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