crystals

Article

Effect of Humidity Exposure on Microstructure and
Photoluminescence Properties of Polycrystalline CsI(T1) Screens

Lina Guo "*{, Biyou Jiang !, Chunhui Tian 2, Ping Chen ! and Shuang Liu 2

check for
updates

Citation: Guo, L.; Jiang, B.; Tian, C,;
Chen, P; Liu, S. Effect of Humidity
Exposure on Microstructure and
Photoluminescence Properties of
Polycrystalline CsI(T1) Screens.
Crystals 2023, 13, 1355. https://
doi.org/10.3390/ cryst13091355

Academic Editor: Dae-Shik Seo

Received: 25 July 2023
Revised: 3 September 2023
Accepted: 4 September 2023
Published: 8 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shanxi Provincial Key Center for Modern Nondestructive Testing Engineering,

School of Information and Communication Engineering, North University of China, Taiyuan 030051, China
State Key Laboratory of Electronic Thin Screens and Integrated Devices, School of Optoelectronic Information,
University of Electronic Science and Technology of China, Chengdu 610054, China

*  Correspondence: guolina@nuc.edu.cn; Tel.: +86-15828054272

Abstract: CsI(Tl) scintillation screens have been widely applied in X-ray nondestructive testing
(NDT) because of their low cost, high scintillation efficiency, and fluorescence guide columnar
microstructures. The effect of humidity exposure on the microstructure and photoluminescence
properties of polycrystalline CsI(T1) screens was investigated in this work. The results indicate that
the grain diameter of the columnar microstructure increased with increased exposure time in a humid
environment. The degree of anisotropy of polycrystalline screens changed from (211) and (310) to
(110) orientation with exposure time. FT-IR Spectra of the exposed screens peaked at 3734 cm ™!,
3710 em ™1, 3676 cm ™1, 3647 cm™1, 3627 cm 1, 3598 ¢!, and 3566 cm ! due to the symmetrical and
asymmetrical stretching vibrations of water molecules. In addition, the photoluminescence properties
of exposed screens decreased with increased humidity exposure time due to the deliquescence
caused by water molecules. After hours of humidity exposure, the photoluminescence and imaging
properties of the screens decrease obviously and tend to reduce slowly. The moisture absorption and
deliquescence would directly affect the service reliability and the storage lifetime of polycrystalline
CsI(T1) screens.

Keywords: CsI(T1) screens; microstructure morphology; crystalline structure; photoluminescence
properties; humidity exposure

1. Introduction

Cesium iodide doped with thallium (CsI(T1)), as a category of X-ray-responsive lumi-
nescent materials [1], has been widely used in high-energy physics, non-destructive testing,
nuclear medicine, and other fields due to its high scintillation efficiency into visible light,
which can be a good match with the spectral sensitivity of Si-based readout arrays (photo-
multiplier tubes (PMTs) [2—4], thin-screen phototransistor (TFT) arrays [5], amorphous Si
photodiodes (PDs) [6], complementary metal-oxide semiconductor (CMOS) detectors [7],
Si avalanche PDs (APDs) [8], and arrays, or charge-coupled devices (CCDs)) [9] without
damaging the Scintillation detectors. As the core component of these instruments, the
advantage of CsI(T1) screens is more pronounced at high spatial resolutions because of
the microcrystalline column structures deposited through the vacuum thermal evapora-
tion method, by which the photons can be controlled in the columns reflected by grain
boundaries, therefore leading to high spatial resolutions [10,11].

A CsI(Tl) scintillator has outstanding photoluminescence, which occurs when the
incoming high-energy X-ray particles collide with ions in CsI(T1) crystals, exciting the
orbital electron of I to a higher energy level, thus forming luminescence centers [12,13].
The electron then returns to its ground energy level by emitting the extra energy as a
photon of light in the visible wave range. Its spectrum peaks at 550 nm and has the highest
matching relation with the sensitive spectral range of CCD and CMOS [14,15]. When the
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energy range of incoming particles expands, the properties of radioluminescence, cathodo-
luminescence, and ionoluminescence in CsI(Tl) scintillators would be displayed [4,16-18].
Moreover, polycrystalline CsI(Tl) screens of about seven microns thickness with high per-
formance have been achieved in order to implement the miniaturization and integration
of X-ray detectors [19-21]. However, the moisture absorptive property of CsI(Tl) crystal
would deteriorate its crystalline structure, photoluminescence performance and irradiation
imaging quality (a set of performances) [22-24]. Therefore, it is of great significance to
study the influence of the hygroscopicity ability on the microstructure morphology, crys-
talline structure, photoluminescence, and irradiation properties of CsI(Tl) screens with
micro thicknesses, especially with regard to integrated X-ray detectors applied in extreme
environments with high relative humidity.

Among alkali halide scintillators, it is well known that Nal(T1) is most sensitive to
moisture and deteriorates very easily when they are exposed to the atmosphere [25,26].
Studies on the scintillation characteristics of CsI(Na) crystals indicated the performance
deterioration of these detectors would degrade sharply in very damp conditions, which was
not observed in bulky CsI(Tl) crystals [27,28]. Triloki [29] and Tian [30] investigated CsI(TI)
thick screens after ageing in the atmosphere over a certain period of time and observed
the degradation of scintillation performance in CsI(T1) thick screens. Via atomic force
microscope (AFM), Triloki [29] and Xie [31] observed the change trend of the surface profile
and microcolumn grain size of CsI(T1) screens during humid air exposure. Nitti et al. [32,33]
studied the influence of humidity exposure on the photocathode stability, which displayed
the peak shift of transmittance spectra range from visible wave band to higher energy. It
is clear that the humidity exposure would deteriorate the photoluminescence properties
of CsI(T1) crystals, but the influence on the screens with micron thickness has not been
investigated systematically and the relevant mechanism is unclear.

In this work, the polycrystalline CsI(Tl) screens with a thickness of 3 um were success-
fully deposited, which were exposed in a humidity environment at 40 & 5% and 80 + 5%
RH for 10 x 24 h and 30 x 24 h, respectively. Meanwhile, the fresh screen and the screen
stored in an electronic dry cabinet were also prepared as contrasts. A systematic analysis
of the CsI(T1) screens has been carried out through SEM and XRD; the obtained results
show that there appear to be large-sized grains after humidity exposure and the crystalline
orientation tends to be a (110) crystal plane. The polar character of the water molecules
in the CsI(T1) screens was verified via the FT-IR Spectra, which are combined to research
the influence mechanism of humidity exposure on Csl(Tl) screens. Based on the solvation
ability of the polar water molecules and the polarity character of CsI(Tl) ionic crystals, the
ions would become unstable and diffuse actively, especially at the grain surface and grain
boundary, and ultimately lead to the deterioration of material properties. Subsequently, the
photoluminescence spectrum, relative PL intensities, and X-ray irradiation images were
improved, respectively. This work demonstrates a series of serious influences of humidity
exposure on CsI(Tl) screens of one micron in thickness, and focuses on material interactions
and the degradation mechanism within moisture absorptives.

2. Materials and Methods
2.1. Materials

The mixture of Csl and 1.0 mol% Tl powder was purchased from Beijing Hamamatsu
Photon Techniques INC and stored in a vacuum-tight container. These compounds were
initially characterized via X-ray powder diffraction (XRPD).

2.2. Preparation Methods of the CsI(TI) Screen

CsI(TI) scintillator screens were fabricated via vacuum thermal evaporation technique
onto the glass substrates from Mo boat with the mixture of CsI and 1.0 mol% T1 powder. The
vacuum chamber pressure was kept at around 3 x 10~ Pa and the substrate temperature
was at room temperature (23 °C). The temperature of the evaporator source was measured
with a quartz oscillator during deposition to maintain a uniform designated deposition rate
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of about 20 A /s. The cycle was repeated six times and the thickness of these samples was
limited to 3 um through the film thickness monitor. In order to simulate a real environment,
such as vacuum packaging, ultra-clean laboratory, and China’s north and south, the samples
were exposed at different RH values. A random “fresh” one of the samples was measured
immediately to avoid being affected by the laboratory environment. The other five samples
were placed in air of different humidities, one of which was stored in an electronic dry
cabinet at 1% RH for 30 x 24 h and the remaining four of which were exposed at 40 £ 5%
and 80 & 5% for 10 x 24 h and 30 x 24 h, respectively, wherein the RH values of 40 & 5%
and 80 £ 5% were based on the average humidity in the north and south of China. The
humid environment was created in a wet box, whose humidity and temperature could be
measured in real time.

2.3. Methods for Evaluation

Morphology, crystal structure, and photoluminescence properties of the CsI(T1) screen
samples were studied via Scanning Electron Microscopy (SEM), X-ray diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FT-IR), photoluminescence (PL), and X-ray irra-
diation. The fresh sample was measured immediately, as soon as it was removed from the
coating chamber. The other five samples were measured after humidity exposure.

SEM of CsI(T1) screen morphology was observed using a QUANTA FEG 450 in a
10 XB metallographic microscope. A high-resolution XRD (Philips PW1710) in CuKo
radiation was used to examine the screen crystallographic properties within the analysis
range 20 of 20-90°. FT-IR spectra of screen samples were obtained through A BRUKER
TENSOR 27 Fourier Transform Infrared Spectroscopy. The photoluminescence spectra
were measured through a spectrometer with Xe lamp excitation and a F900 analyzer (FLSP
920 Edinburgh Instruments Ltd., Livingston, UK), and the excitation light of samples
was at a wavelength of 300 nm. The X-ray images of an electronic device including the
black-sheathed shell and silicone wires were obtained through the CsI(T1) screen samples
coupled with a CCD imaging system under the X-ray source at 90 kVp acceleration voltage
and 30 mA beam current.

3. Results and Discussion
3.1. Microstructure Morphology

The SEM images of the microstructure morphologies of the CsI(Tl) screens exposed at
40 £ 5% RH and 80 £ 5% RH for different times are illustrated in Figure 1. The fresh screen
has an even grain diameter of about 1 um, and there are some pore defects on the surface,
as shown in Figure la. After being saved in an electronic dry cabinet for 30 x 24 h, the
pore defects significantly decrease and even grain diameter does not change significantly
(Figure 1b). After being exposed at 40 & 5% RH for 10 x 24 h, the grain diameter of the
screen increases and the micro-columnar grain surfaces curve outward slightly, as shown
in Figure 1c. Large-sized grains appear on the surface of the exposed screen and the pore
defects on the surface disappear. As the exposure time increases to 30 x 24 h, the grain
diameter becomes larger and grain surfaces remain outward (Figure 1d). The morphology
of the CsI(Tl) screens exposed at 80 + 5% RH for 10 x 24 h and 30 x 24 h are shown in
Figure le,f. Compared to the microstructure morphologies of these samples, the grain size
and surface profile are quite different. Under humidity exposure for the same time, it could
be observed that average grain size and the amount of the large-sized grains increases and
grain surface outline becomes more prominent with the relative humidity doubling from
40 + 5% RH to 80 & 5% RH. The same trend held for the screens exposed to humidity air
longer at the same relative humidity.
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Figure 1. SEM images of microstructure morphology of CsI(T1) screens with different exposure times:
(a) fresh screen, (b) 1% RH in electronic dry cabinet for 30 x 24 h, (c) 40 £ 5% RH for 10 x 24 h,
(d) 40 £ 5% RH for 30 x 24 h, (e) 80 & 5% RH for 10 x 24 h, (f) 80 &= 5% RH for 30 x 24 h.

The influence mechanism of humidity exposure on the microstructure morphologies
of the CsI(Tl) screens was studied. Csl ionic crystal has strong polarity because of the
large electronegativity discrepancy between the cesium and iodine (the electronegativity
of Cs and I are 0.79 and 2.66), though that difference is slightly decreased by the doping
of thallium ions (the electronegativity of T1: 1.62) [29]. Under humidity exposure, due to
the solvation ability of the polar water molecules, the negatively charged oxygen atom
and the positively charged hydrogen atom attract the cesium cation and iodine anion,
forming the Cs-O and I-H ion—dipole bonds, as shown in Figure 2. And then the original
physical configuration of Csl ionic crystal is destroyed. In addition, there are a large number
of dangling bonds on the grain surface of the CsI(Tl) screen, attracting the polar water
molecules to absorb and bond, thereby decreasing the surface energy [34]. On the other
hand, the grain boundaries of microcolumns are aberrant due to the preferred orientation
discrepancy of the atoms near the grain boundaries and the microstructure defects, such as
vacancy, dislocation, and bond abnormity [26,35,36]. Therefore, grain boundaries are the
other position attracting the polar water molecules.

H c\“ .‘J

CS+., \ } . _?\"

Figure 2. The model of the absorption and interaction of the polar water molecules at the top surface
and grain boundaries of the micro-columns in the CsI(Tl) screens.

The surface and boundaries trend of the microcolumnar grains of CsI(Tl) screens
exposed in humid air is illustrated in Figure 3. Due to the surface tension of the water
molecules, the surface of columnar grains subjects an additional surface pressure during the
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bonding process. Under the combination of the additional surface pressure and the grain
boundary drag, the micro-column top surfaces become the cycloid profiles, as shown in
Figure 3b and curve height would increase as the exposure time prolongs. Meanwhile, the
absorbing and diffusing of the free-polar water molecules along with the grain boundaries
could decrease the diffusion activation energy further and break the chemical potential
balance among grains. Based on the Young-Laplace equation, the convex side of the
grain boundary always has a higher chemical potential than the concave side [37,38]. The
chemical potential gradient causes the atoms crossing the grain boundary from the convex
side to the concave side, and thus the boundaries would migrate in the direction of the
grain center with a small curvature radius that eventually leads to the large-sized grains
with the concave boundaries growing larger at the expense of the adjacent small grains
during the recrystallization process, which is called the engulfment effect, as shown in
Figure 3c. Therefore, there appear to be some oversized grains, as shown in Figure 1b,c.

(a (c)

freshly prepared film

(b) cycloid curve surface
7 N\

cross section microstructure grain boundary migration

Figure 3. The change trends of the microcrystalline columns in CsI(T]) screens during the prolonged
exposure to the humid air: (a) freshly prepared screen; (b,c) screen exposed the humid air.

3.2. X-ray Diffraction Patterns

As illustrated in Figure 4, the crystal structure of the CsI(Tl) screens exposed to the
humid air at different times was investigated via XRD, in which all diffraction peaks of the six
screens match those of cubic crystal structured CsI (PDF#77-2185). Figure 4a depicts the XRD
pattern of the freshly prepared CsI(T1) screen, with great diffraction intensities at the peaks
(211) and (310). After being stored in an electronic dry cabinet for 30 x 24 h, the orientation
of the screen changes toward the (200) and (310) lattice planes, as shown in Figure 4b. For
the CsI(T1) screens exposed to the humid air (Figure 4c—f), the (110) diffraction peak becomes
the strongest, which results from the type-B2 CsCl crystal structure of Csl crystal and the
minimum surface energy of the (110) lattice plane. Additionally, there are new orientation
relationships in different relative humidity. Under the humidity of 40 & 5% RH, the lattice
orientation of new grains migrates from (211) and (310) lattice planes to (110), (200), (211),
(220), (310), and (332), which is consistent with the XRD spectrum of PDF#77-2185. As the
relative humidity increases to 80 & 5% RH, the new orientation relationship is the combination
of (110) and (211) lattice planes. In comparison, the changing trend of grain orientation to
the crystal plane with low energy is slower under relatively low humidity. Based on the rule
of minimum interfacial free energy change, the grain boundaries would migrate toward the
crystal plane with the minimum energy required [39,40].

3.3. Fourier Transform Infrared Spectroscopy

FT-IR spectra of the CsI(T1) screens with different exposure times at 40 £ 5% RH are
shown in Figure 5 for research on the states of polar water molecules in CsI(T1) screens.
The IR spectra of these CsI(Tl) screens showed peaks at the ranges of 3662-3775 cm ™! and
3560-3650 cm !, corresponding to the symmetric and antisymmetric stretching vibration
absorptions (v3 and vq) of the hydroxyls of free water molecules, centered at 3756 cm !
and 3652 cm ™! [41]. For the “fresh” CsI(Tl) screen, there were only some burrs at the
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wavenumber ranges of the hydrogen bonds, which was caused by the free water molecules
during performance testing, as shown in Figure 5a. Figure 5b demonstrates the screen
stored in an electronic dry cabinet for 30 x 24 h; the rangeability of the curve is little
changed. After the screens are exposed in a humid environment, the absorption peaks
are distinct. With the prolonged exposing time and the RH value increasing, the peak
intensities are higher, as shown in Figure 5¢c—f. This suggests that the thickness of the water
molecular layer absorbed at the screen surface and grain boundaries is very thin. Besides,
there are no absorption peaks corresponding to the hydrogen bonds among the water
molecules at the wavelength range of 3230-3550 cm ™! [34], which is because the hydrogen
bonds rupture during the ionic solvation process of water molecules. The missing peaks
indicate the characteristics of the water molecules absorbed in the screens that approach
the free water further.

(110)
PDF# 77-2185

o) B @20y (610 32
" o '3

3f 74
© 5 e ) picctmgis ey
>t | | & I A A . &
@+ I F
< i o 4
gF __Jl:.L i g o
7z

e ,l A A Iy

e R e A g G R R L R W e ¥ W

20 30 40 50 60 70 80 90

26(degree)

Figure 4. XRD pattern of CsI(Tl) screen: (a) freshly prepared, (b) 1% RH in electronic dry cabinet
for 30 x 24 h, (c,d) exposed to 40 £ 5% humid air 10 x 24 h and 30 x 24 h, (e,f) exposed to 80 £ 5%
humid air 10 x 24 h and 30 x 24 h.

As shown in Figure 5, the absorption peaks corresponding to v3 and v; of the wa-
ter molecules split into several peaks at 3734 ecm~ 1, 3710 em 1, 3676 ecm ™1, 3647 cm 1,
3627 cm ™1, 3598 cm !, and 3566 cm ™! for all exposed screens. By comparing the spectrum
curves of samples exposed at 40 = 5% RH and 80 £ 5% RH, it is clear that the increasing
intensity of the absorption peaks and the peak splitting are more apparent as the relative
humidity doubled. This might be due to the combined effect of the hydroxyl affected by
the ion-dipole bonds and dangling bonds at the micro-column top surfaces [42]. During
the formation of the I-H ion-dipole bond, the electron cloud density of the hydroxyl moves
toward the iodide ion, which leads to the shifting of the hydroxyl vibration frequency to the
lower wavenumber. Furthermore, the interaction between the water molecules absorbed at
the column surfaces could also lead to a similar shifting of the hydroxyl vibration frequency.

3.4. Photoluminescence and Imaging Properties

RL spectra comparison of the six CsI(T1) screens excited by 300 nm and their relative
intensities are shown in Figures 6 and 7. All spectrum curves are centered at 550 nm, and
there is a distinct decrease in relative PL intensity for the screens exposed to humidity.
The luminescent spectra were obtained by using excitation at 300 nm wavelength, which
displays the absence of any additional lines at selective excitation, as shown in the subfigure
of Figure 6. The CsI(T1) screen storage in an electronic dry cabinet at 1% RH for 30 x 24 h
incurs a small PL performance penalty. The intensity of the screen exposed to 40 & 5% RH
for 10 x 24 h is half as likely as the freshly prepared screen, and the decrease tendency is
also consistent for the screen exposed to the humid air for 30 x 24 h. As RH increases to
80 £ 5%, the PL intensity decreases even further, which is only one-third of the intensity
of the fresh screen for 10 x 24 h. The intensity is even reduced further with exposure
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time increasing to 30 x 24 h. The great decrease in the relative PL intensities is due to the
dissolving of water vapor on CsI(T1) screens and the consequent re-crystallization would
cause further deterioration.

a v.,,Hle vls,HZO
o - -

Transmittance ( %)

>
~
I
-
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Wavenumber(cm™)
Figure 5. Infrared transmittance graphs of CsI(T1) screen: (a) freshly prepared, (b) 1% RH in electronic

dry cabinet for 30 x 24 h, (c,d) exposed to 40 £ 5% humid air 10 x 24 h and 30 x 24 h, (e,f) exposed
to 80 £ 5% humid air 10 x 24 h and 30 x 24 h.
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Figure 6. The photoluminescent spectra of CsI(T1) screens with different exposure times in humid air:
(a) freshly prepared, (b) 1% RH in an electronic dry cabinet for 30 x 24 h, (c,d) exposed to 40 + 5%
humid air 10 x 24 h and 30 x 24 h, (e,f) exposed to 80 £ 5% humid air 10 x 24 h and 30 x 24 h.
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Figure 7. Relative PL intensities of CsI(T1) screens with different exposure times in humid air:
(a) freshly prepared, (b) 1% RH in an electronic dry cabinet for 30 x 24 h, (c,d) exposed to 40 &+ 5%
humid air 10 x 24 h and 30 x 24 h, (e,f) exposed to 80 £ 5% humid air 10 x 24 h and 30 x 24 h.

X-ray images of a small electronic device obtained via these CsI(T1) screens’ irradiation
are shown in Figure 8, which shows the wrapped metal part of the electronic device
including the main part sheathed in the black plastic shell and the silicone wire part. As
shown in Figure 8a,b, the image quality could be maintained for the screen in an electronic
dry cabinet. For the screens exposed to humid air of 40 4= 5% RH, their image qualities
deteriorate significantly (Figure 8c,d). The deterioration is more serious for the screens at
80 £ 5% RH, which could be observed through the images of silicone wires of the device in
Figure 8e,f. The phenomenon indicates that the humid air environment has a great impact
on the photoluminescence properties of CsI(T1) screens, especially for the screens with a
thickness of one micron. Therefore, the vacuum packaging and storage mode of CsI(TI)
screens during usage can be taken to protect screens and extend the service life.

(a) . (b) (c)
| —
m——

Figure 8. X-ray images of the electronic device through the screens with different exposure times in
humid air: (a) freshly prepared, (b) 1% RH in an electronic dry cabinet for 30 x 24 h, (c,d) exposed
to 40 & 5% humid air 10 x 24 h and 30 x 24 h, (ef) exposed to 80 £ 5% humid air 10 x 24 h and
30 x 24 h.
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4. Conclusions

The effect of relative humidity on luminescence performance in the structured CsI(T1)
screens has been studied. In summary, the influence of humidity exposure on the properties
of CsI(T1) screens is significant. The results show that there are some extra-large-sized grains
in the CsI(T1) screens during humid air exposure, and the top surfaces of micro-columns are
presented in the cycloid curve profiles. These phenomena are explained by the absorption
and interaction model of the polar water molecules at the top surfaces and grain boundaries
of the micro-columns in the Csl(Tl) screens. Meanwhile, there are a set of changes for the
CsI(TI) screens under humid air exposure, such as with regard to their FT-IR spectra, crystal
structures, and photoluminescence properties. The crystalline structure presents the (110)
orientation with minimum surface energy in the type-B2 Csl structure. FT-IR peaks, split-
ting at 3734 cm 1, 3710 cm !, 3676 cm ™1, 3647 cm !, 3627 cm !, 3598 cm !, and 3566 cm !,
which corresponds to the absorption peaks of a free water molecule, indicating humidity’s
influence on the CsI(T1) crystal structure. In addition, photoluminescence performance
decreases sharply and X-ray image performance deteriorates. Therefore, the packaging and
storage of CsI(Tl) screens require special attention for X-ray-imaging applications.
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