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Abstract—This study presents how to use a high-efficiency
process for producing cesium iodide (Csl) crystal columns by rapid
heating method. In the past, the heating rate of the resistance wire
heating furnace was relatively slow and excessive iodine and Csl
vapors were therefore generated during heating. Because much
iodine and Csl vapors are produced during heating process, the
composition of Csl crystal columns is not correct. In order to enhance
the heating rate, making Csl material in the heating process can
quickly reach the melting point temperature. This study replaced the
traditional type of external resistance heating furnace with halogen-
type quartz heater, and then, Csl material can quickly reach the
melting point. Eventually, CsI melt can solidify in the anodic
aluminum template forming CsI crystal columns.
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1. INTRODUCTION

HE scintillator material generates photons isotropically from

the absorption of the X-rays [1], [2], and the photons can be

imaged by the detector. The luminescence and scintillation
characteristics of Csls are widely used in the existing detectors
[3]. By comparing the quantum noise and the threshold contrast
of a human eye an upper limit for the sensitivity of an imaging
system is determined [4]. Csl, which is used in the phosphor layer
of a scintillator plate, exhibits a relatively high conversion rate of
X- or y -rays to visible light. An array of pores is etched into a
silicon wafer, which is opaque to visible light [5], [6].

The scintillator can be directly coupled to a commercial charge-
coupled device (CCD) and has the fastest response time (several
ns) for real-time radiography. A high-performance detector based
on a scintillating screen optically coupled to a CCD camera has
been developed [7]. Individual sensor elements include a
photosensor such as a photodiode or a phototransistor, and a
conversion unit [8], [9]. Csl film has been one of the most
extensively used scintillators for indirect X-ray imaging because
of its needle-like micro-structure [10]. The conversion unit
converts incident x-rays into low y-energy

radiation such as green light, for which the photo-sensors have a
good sensitivity [11], [12].

In the conventional scintillation crystal fabrication techniques,
an array of micron-tubes is often fabricated on a silicon wafer
using deep reactive ion etching (DRIE) or laser drilling
technologies. The depth of the micron tube can reach 20 to 25 pum,
and the diameter is several tens of microns, and then, one can use
liquid or gas phase methods to fill the CsI material into the micron
tubes. However, the expensive equipment requirement and long
process time increase the production cost.

In order to reduce the production cost and process complexity
of scintillation crystals, the purpose of this article is to provide an
ordering arrangement of CsI scintillation columns structure and a
manufacturing method.

We suggest an anodic aluminum oxide as a candidate material
for the CsI columns template. Aluminum anodization is probably
the most controllable self-assembly process at lower cost. The
anodized aluminum oxide (AAO) possesses unique features such
as high aspect ratio, uniform pore size, and high structural
ordering degrees. Additionally, it is stable in the chemical and
thermal environment. The AAO is a type of ceramic with a high
melting point (2072 °C) [13] and hardness (9 on the Mohs scale
of mineral hardness) [14]. Anodic alumina has been named
differently, such as anodic aluminum oxide (AAQ), anodic
alumina nanoholes (AAN), anodic alumina membrane (AAM), or
porous anodic alumina (PAA) [15]. 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.

II. EXPERIMENTAL PROCEDURE

The procedure includes AAO fabrication, CsI nanoparticles
form on the AAO inner pore wall, and a CsI column forms inside
the AAO channel. The experimental procedure flow chart as
shown in Fig. 1 including pre-treatment of aluminum substrate,
AAO film formation, and Csl columns formation steps. First, in
order to obtain a flat substrate, the high purity (99.999%)
aluminum sheet was through (a) mechanical grinding, (b) stress
release, and (c) electro-polishing steps. Following, a high quality
AAO film included the fabrication steps of (a) first anodization,
(b) remove anodic oxide, (c) second anodization, (d) remove Al
substrate, (¢) remove barrier layer, and (f) pore widening. Finally,
the Csl columns formation in the AAO template also included the
operation steps of (a) Csl nanoparticles on AAO pore wall, (b)
Csl powder on AAO top surface, (c) heating, (d) Csl melt into
AAO, and (e) cooling. The detail parameters of AAO template,
CslI nanoparticles, and CsI column fabrication are discussed in the
following.

AAO template: AAO templates with pore sizes of 10 to 500 nm
were generated by anodizing a high purity aluminum (Al)
substrate (99.999%) in acid solutions of sulfuric acid (H.SOs),
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oxalic acid (COOH),, or phosphoric acid (H;PO,). The Al
substrate was first ground to #2000 by SiC waterproof paper and
then annealed in an air furnace at 550 °C for 1h. The sample was
then electro-polished in a bath consisting of 15 vol.% perchloric
acid, 70 vol.% ethanol, and 15 vol.% monobutylether with a
charge of 42 V (DC) applied for 10 min, using a platinum plate as
a counter. A 500 nm pore diameter template was then fabricated
by anodizing the polished-Al substrate at 200 V in 1 vol.% H3PO4
at -3 °C for 1h, which was the first anodization. In order to obtain
an orderly pattern on the substrate for the second anodization, the
first anodization film was removed in 1.8 wt.% chromic acid
(CrOs) + 6 vol.% H3POy4 solution at 60 °C for 40 min [16]. The
resulting substrate, with a regular pattern on the surface, was used
for the second anodization for several hours to form AAO film
with various thicknesses. Finally, the sample was put in 5 vol.%
H3PO, at 25 °C for 4h [17]. The nanotubes were widened to
ordering pores.

CslI nanoparticles: In order to facilitate the CsI melt into the
AAO template, Csl nanoparticles 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 nanoparticles were sintered in an
atmosphere furnace (400 °C for 5 min).

Csl columns: The AAO sample with CsI nanoparticles 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
rapid heating chamber and heated (650 °C for 1 min). Under these
conditions, the CsI melt could then flow into the AAO template
and solidify to CsI columns.

III. RESULTS AND DISCUSSION

It is learned that the use of resistance wire heating takes more
time to reach a specific temperature point. However, in the
heating process, a large amount of Csl or iodine vapor also
produced and escaped, resulting in waste of cesium raw materials.
In order to improve the above problems, the CsI melt obtainment
was by the rapid heating and pressure controlling process. In order
to fill CsI melt into AAO template, a pressure controllable
chamber is needed.

The ideas of fast and cost down of CsI/AAO include:
fabrication of a large area and high thickness sub-micron tubular
template by anodization method, and then filling CsI melt into
template. The CslI melt can therefore solidify to a single crystal of
sub-micron Csl column in the template. The Csl columns are
expected to have a better X-ray image resolution at lower X-ray
intensities.

Fig. 2 showed the schematic diagram of vacuum inhalation
chamber. There are two rooms in the chamber and the pressure P,
< pressure P;. The CsI powder is set on the AAO template, and
the heating template was controlled by the thermal couple and
halogen-type quartz heater. When the temperature is higher than
the Csl melting point, the CslI melt can penetrate into AAO
channel assistance by the pressure difference between P; and

P>.

Al sheet pre-treatment
(a) Mechanical grinding
(b) Stress release
(c) Electro-polishing

v
AAO film

(a) First anodization

(b) Remove anodic oxide
(c) Second anodization
(d) Remove Al substrate
(e) Remove barrier layer
(f) Pore widening

v

CsI columns into AAO

(a) Csl nanoparticles on AAO pore wall
(b) CsI powder on AAO top surface

(c) Heating

(d) CsI melt into AAO

(e) Cooling

Fig. 1 Flow chart of experimental procedure
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241 -
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Fig. 2 Schematic diagram of vacuum inhalation chamber

Fig. 3 showed a detail exploded diagram of vacuum inhalation
chamber. A vacuum heating chamber is filled in an inert gas and
for placing a heating lamp and a thermocouple. A sample
placement chamber is for the AAO/CsI sample setting. A vacuum
tube-connected chamber is for connecting the vacuum pump and
keeping the pressure in the vacuum state. Because of the pressures
difference (P,<P,) between sample placement chamber (P;) and a
vacuum tube-connected chamber (P>), it is more easily filling Csl
melt into the AAO template. The clamps are for fixing the vacuum
heating chamber, the sample storage chamber, and vacuum tube-
connected chamber. The cooling ring is for protecting the O-ring
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of soft gaskets. Fig. 4 showed the combination diagram of
vacuum inhalation chamber.

The operation process or Csl melt into AAO template are
following steps: (a) Placing the sub-micron channel of aluminum
oxide template in the sample stage and placing a Csl sheet or
powder (melting point: 621°C) on the aluminum oxide template.
(b) The rapid heating chamber is heated to 650 °C by the halogen-
type quartz heater and controled by the thermocouple.

Fig. 3 The exploded diagram of vacuum inhalation chamber; (a) a
vacuum heating chamber, (b) a sample placement cavity, (c) a
vacuum chamber, (d) a vacuum connected group, (e) cooling rings,

(f) clamps

The Csl compound has a sublimation point, melting point, and
boiling point of 600 °C, 627 °C, and 1277 °C under 1 atm. Based
on the physical properties of Csl, no vapors appear below 600 °C
under 1 atm. However, when the Csl is heated in a pressure-
controlled chamber, the vapor can be observed. In our experiment,
a large quantity of vapor was clearly observed when the chamber
pressure was higher than 1 atm.

s

Fig. 4 The combination diagram of vacuum inhalation chamber

In our previous calculation results [18], the thermodynamic
stabilities of oxide compounds in a Cs-1-O system were evaluated
by considering their Gibbs free energy. In ascending order of
Gibbs free energy, the compounds in the temperature range of 25
to 800 °C are CSzO(S) e CSzO(g) — CSzO3(s) e
CsOsyg — CsO¢g. Thus, Cs20g) is the most stable phase, and
CsOy is the least stable phase. Both Csl) and I vapors are
formed below the Csl) melting point (627 °C) at 1 atm; only I»(g),
and no Cslg) vapor, is formed below the Csl(s) melting point (627
°C) at 1.15 atm; Csl(g) and I vapors do not form below the Csl
melting point (627°C) above 213 atm. The thermodynamic
calculations suggest that no vapors appear when the temperature
is below 600 °C.

In any electrolyte, higher anodizing voltages, lower electrolyte
temperatures, and lower acid concentrations favor film growth.
However, lower applied voltages, higher acid concentrations, and
higher anodizing temperatures favor film dissolution [18], [19].
When the rate of film growth is equal to the rate of dissolution of
the film in the electrolyte, the thickness of the film remains
constant. There are many electrolytes and applied voltages used
to produce AAO, and the most common are 10 vol.% sulfuric acid
(18V), 3 wt.% oxalic acid (40 V), and 1 vol.% phosphoric acid
(200 V) [20], [21], which are used to fabricate AAO with
maximum pore sizes of 30 nm, 90 nm, and 500 nm, respectively
[22].

Fig. 5 shows AAO images; (a) large size of AAO film, (b) AAO
micro-structure, (c) side view of Csl filling in the AAO film, (d)
zoom in Csl filling in the AAO film. It is easy to prepare a small
sample of thin AAO film with nanosized pores. However, a large-
area sample of AAO film with a submicron pore size and greater
thickness is difficult to produce with a regular anodization
process. In order to increase the CslI light emission efficiency and
avoid cross-talk between Csl columns, we made a large size of
AAO film with 480 nm pore size and thick film by using an
anodization process and the electrochemical system of our design.

Fig. 5 AAO images; (a) large size of AAO film, (b) AAO micro-
structure, (c) side view of Csl filling in the AAO film, (d) zoom
in Csl filling in the AAO film
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IV. CONCLUSIONS

In this paper, we provided a novel method of rapid heating for
Csl columns fabrication. 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 [23]. In this study, we
combined the anodization and solidification technologies to
fabricate single crystal CsI columns and that is a convenience and
cost down process comparing to the DRIE or laser drilling
technologies. The Csl columns are expected to have a better X-
ray image resolution at lower X-ray intensities.
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