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Abstract

:

In this study, we investigated the luminous properties of undoped cesium iodide (CsI) and Na-doped CsI (CsI:Na) films deposited by thermal vacuum evaporation and treated with different substrate temperatures, post-annealing temperatures, and deposition rates. The quality of the deposited films was evaluated by their XRD pattern, SEM cross-section/surface morphologies and UV/X-ray luminescence, the spectra of which were used to derive the luminescence mechanism of the deposited films. The 310 nm luminescence demonstrates that the exciting light arises from the electron–hole recombination through the self-trapped exciton (STE) process, which is characteristic of the host polycrystalline CsI. The broad-band luminescence from ~400 to 450 nm demonstrates the other electron–hole recombination between the new energy states created by doping Na in the forbidden gap of CsI. When we deposited higher quality films at a substrate temperature of 200 °C, the undoped CsI films showed preferred crystal orientation at (200), and the CsI:Na films co-evaporated by 1 wt.% NaI at (310) and had the highest UV/X-ray luminescence.
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1. Introduction


Undoped cesium iodide (CsI) has been widely used for efficient scintillation [1,2] because cesium (Cs) and iodide (I) have high atomic numbers and large stopping power [3,4]. It strongly absorbs UV light, X-rays, and gamma-rays and presents very fast luminescence emission on the order of 10 ns [5,6,7,8]. When excited by a higher-energy photon, some of the electrons in the valence band jump over the forbidden gap to the conduction band. In the de-excitation process of the larger width of the forbidden gap, the photons emit UV light in the energy region of 3.7 to 4.3 eV [9,10]. An energy state is generated in the forbidden gap by adding sodium (Na) or thallium (Tl) dopant to the CsI film to convert X-rays and gamma rays into visible light and to increase the luminescent effect [11,12]. Thus, the excited CsI:Na films emit a visible blue light of about 3 eV (λ = 431 nm) that shows recombination of the primary emission of CsI disturbed by the dopants [9,11].



The luminescence properties and preferred crystal orientations are different because of the different fabrications and thicknesses of the films [13]. In our research, the problem of different crystal orientations has also plagued us for many years [14,15,16,17]. However, the complicated preferred peaks for CsI crystal are (110), (200), (211), (220), (310), (222), and (321). The lattice planes corresponding to the CsI powder are (110), (200), (211), (220), (310), (222), and (321) [18,19].



In our previous studies, we successfully mixed CsI powder with a small amount of NaI co-evaporated by thermal vacuum deposition because the boiling point of NaI 1304 ± 5 °C is near that of CsI 1277 ± 5 °C [19,20]. However, moisture can significantly alter the alkaline halide structure [14]. The luminescent light from the film then spreads and broadens, resulting in a reduction in the resolution of the image used as an X-ray image converter [21]. Furthermore, the nanoparticles of NaI are more hygroscopic in the air than other alkali halides. An anti-moisture process after the deposition process of CsI:Na film is necessary because the hygroscopic nanoparticles remarkably decrease the luminescence scintillation and generate cracks in the cylindrical structure [9,12,22,23,24,25]. In previous studies, the protective SiO2, Al, and parylene-N layers subsequently deposited on the CsI or CsI:Na film in the same vacuum chamber was investigated, respectively [14,15,16,17,19]. The parylene-N layer can protect the films as a columnar structure. In this paper, we studied the scintillation mechanism of CsI:Na films from their optical and structural properties.



The nature of the inherent luminescence and the mechanism of CsI have been studied since the twentieth century [26,27,28]. The luminescence process is due to the attenuation of two types of self-capturing excitons (STE) [5,9,10,27]. One is the on-center STE, the electrons of which were captured at Vk- centers at room temperature. The other is the off-center STE with F-and H-center pairs formed by the molecular ion I2− at a temperature of less than 100 K [29]. Adiabatic potential energy surface (APES) indicates the variation of the luminescence spectra with temperatures resulting from the re-distribution of the electron population between on- and off-center STEs. The Onsager mechanism has also been used to describe the temperature dependence of the scintillation light [30,31]. The CsI and CsI:Na scintillators emit photons with a wavelength between 280 and 350 nm in the de-excitation process, according to the evidence of some investigations summarized in Table 1. In spite of the higher excitation energy of Am-241 gamma rays [32] or the lower excitation energy of 277 nm UV light [33], the emission of STE was still within the range 285 to 435 nm. This study shows that the wavelength of the STE with interference from the sodium dopant is longer than that of the undisturbed STE because sodium activators produce energy levels after Na doping in CsI film. That is discussed in Section 3.4.



Furthermore, the separating column structure of CsI film, which suppresses lateral light scattering due to the total internal reflection from their boundary surfaces, can be used as light guides for the scintillation light generated by X-ray excitation to increase the spatial resolution of the X-ray image [36]. In this study, the higher deposition rate also promotes the formation of columnar structure and higher packing density of the films. The deposited films preferably have not only a columnar structure but also moisture resistance [37].




2. Materials and Methods


The CsI and CsI:Na films can be evaporated out of a box-type molybdenum boat (15 × 20 × 70 mm3) with a perforated cover. The undoped CsI powder or its mixture with 0.5, 1, or 2 wt.% NaI powder, with a total weight of about 50 g, was placed in the boat. Before the vacuum, thermally resistant evaporation, B270 glasses and silicon wafers were cleaned with alcohol in an ultrasonic bath, blow-dried with dry nitrogen gas, and then placed in a substrate holder positioned approximately 25 cm above the boat.



The chamber was evacuated to a base pressure of 4 × 10−6 Torr by using a diffusion pump. The molybdenum boat was preheated with a current of about 50 A with a 12 VAC power supply for about 30 min to outgas the evaporated material. The moisture released from the mixture of deposited CsI and NaI materials reduced the oxygen composite in the films. The vacuum pressure lightly increased during the preheating process. The outgas process finished when the pressure decreased again to the base pressure with continuous pumping. The molybdenum boat was then heated using an electric current of about 200 A to deposit the films.



We divided the experimental results into four parts with thicknesses ranging about 5 to ~176 μm and at deposition rates ranging from 3 to 110 nm/sec, as shown in Table 2. The thicknesses were about 15 μm in Part 4, as the substrate platform was rotated during the deposition, and the evaporation source was about 100 mm away from the axis of rotation to achieve thickness uniformity.



These as-deposited films were labeled with CsI:Na(x%), where x (values from 0.5, 1, to 2) is the weight percentage (wt.%) of the amount of co-evaporated material in NaI. The substrate temperature (Ts) or post-annealing temperature (Tp) in the vacuum was room temperature (RT) to 300 °C. The post-annealing process increased the temperature rate by about 15 °C/min, and we kept the final temperature for one hour and then naturally cooled it to room temperature.



By preventing the hygroscopic CsI:Na films from absorbing the moisture in the atmosphere, we sequentially evaporated a parylene-N layer on the films in the same vacuum chamber, using the thermal decomposition method. A homemade ceramic evaporator boat 10 × 10 × 40 mm3 in size was covered with a perforated molybdenum foil [15]. Before the pumping of the vacuum chamber, the parylene-N dimer ~5 g was transferred into the ceramic evaporator boat. During the thermal decomposition process, the dimer was sublimated by thermal radiation from the perforated Mo foil heated by a high electric current of 100 A and was pyrolyzed into a monomer [38,39] through the small holes of the foil. The monomer vapor formed a polymer on the surface of the CsI:Na film. The polymer layer was deposited at about 1 μm thickness at a rate of ~0.7 nm/sec and a working pressure of 8 × 10−4 Torr.



The samples were investigated by a Fourier transform infrared (FTIR) spectrometer Perkin-Elmer 100 (Perkin Elmer, Inc., Waltham, MA, USA) from 3250 to 3750 cm−1 to measure the moisture absorption on the films. Morphologies of the surfaces and cross-sections of the films were observed by a scanning electron microscope (SEM) Hitachi S-3400N (Hitachi Ltd., Chiyoda-ku, Tokyo, Japan). An X-ray diffractometer Rigaku Multiflex (Rigaku Co., Spring, TX, USA) was used to obtain the sample’s X-ray diffraction (XRD) patterns. The luminescence properties of the films were measured by using a PL system with a 275 nm UV LED (LG Innotek Co., Jung-gu, Seoul, Korea) built in-house, as shown in Figure 1.



The LED source was driven by the forward voltage of 8 VDC and cooled down by a thermoelectric cooling module with a CPU fan to keep the operating temperature less than 60 °C. The UV LED provides a flux of 10 mW, more radiant than that of a PL (photoluminescence) system derived by a monochromator, and its FWHM of 12.0 nm is narrower than that of a general UV light source. The X-ray luminescence spectra of the samples were collected using a homemade X-ray excitation luminescence system, as shown in Figure 2. We put the sample on the XRD hollow stage of the X-ray diffractometer Rigaku Multiflex. The sample film was placed face down on the stage. The incident angle of the irradiating X-ray was about 45°. The emitting luminescence from the film was collected by a UV collimating lens to be analyzed using a spectrometer USB2000 (Ocean Optics, Inc., Largo, FL, USA).




3. Results and Discussion


3.1. Columnar Structure


In this study, the heating substrate temperature (Ts) is an important factor that determines the orientation of the polycrystalline film. The very clear nucleation of the CsI polycrystalline in the orientation results from low surface energy during deposition [12,23]. The CsI films were deposited at <0.1 mTorr without a heating substrate. Its cross-section as shown in Figure 3a illustrates the complex fabric structure Zone T of the Thornton model at Ts/Tm ratio = 0.35, where Tm is the melting point of 600 °C (894 K) of the CsI material [40]. With the increase in Ts to 200 °C (473 K), the cross-section in Figure 3c shows the simpler columnar structure as Zone II at Ts/Tm ratio = 0.53. The complex fabric structure having a saw-tooth multi-layer surface shown in Figure 3b is rougher than the simple structure having a grainy texture shown in Figure 3d.



Cesium iodide is the ionic compound of cesium and iodine and a deliquescent material. When the film reacts with moisture in the air, its luminescence property greatly decreases. Moreover, many cracks on the film’s surface enhance moisture absorption due to capillary action. The cracks result from the film’s stress, as shown by XRD in Section 3.3.3. We found that various deposited materials, such as SiO2, Al, and parylene-N, act as a protective layer against moisture. Large cracks appear on the surface, as shown in Figure 4a, because of the reduced flexibility of the inorganic SiO2 film. The aluminum metal film has good ductility but fills the cracks incompletely, as shown in Figure 4b. The cracks hardly appear on the protective layer of parylene-N shown in Figure 4c. The moisture resistance of the aluminum layer is less than that of the parylene-N layer, as shown in Section 3.2.



The Na dopant strongly influences the CsI structure, inhibits the poly-crystallinity, and becomes more hygroscopic. Figure 5 shows that the CsI:Na films have various columnar structures and surface morphologies with various amounts of Na dopant. The Na dopant of CsI:Na(0.5%) has apparently changed the surface shown in Figure 5a and cross-section shown in Figure 5b. CsI:Na(1%) (Figure 5c) exhibits an obvious poly-crystalline structure compared with the smooth CsI:Na(0.5%) (Figure 5a) and the condensing CsI:Na(2%) (Figure 5e). Moreover, CsI:Na(1%) (Figure 5d) exhibits a columnar structure more pronounced than that of CsI:Na(0.5%) (Figure 5b) and CsI:Na(2%) (Figure 5f). The aggregate structure of CsI:Na(2%) results from more moisture penetrating the columnar structure.




3.2. Moisture Absorption


Figure 6 shows the composites measured by an energy dispersive spectrometer (EDS). The undoped CsI film not only has equal amounts of cesium (40.31 at.%) and iodide (39.53 at.%) but also has oxygen (5.46 at.%), as shown by the absorbed moisture [15]. During the thermal deposition process, the combination ratio of the two atoms of the CsI film remains almost the same. The 5.46 at.% oxygen may show the hygroscopicity of the CsI film. It also shows that the CsI film contains a CsIO3 species. Cesium atoms may react with H2O that comes from the deposited powder or the deposition vacuum chamber, as shown by the XRD pattern in the next section.



Figure 7a shows the forming block aggregation structure of the CsI films protected by the ~1 µm aluminum layer when exposed to air from 1 to 50 days. The CsI films protected by the parylene-N layer remain in the columnar structure of ~3 μm and have a thickness of ~14 μm as shown in Figure 7b. Parylene-N exhibits hydrophobic surface properties, relatively low gas permeability, transparency at wavelengths above 400 nm, and relatively high tensile strength in the temperature range of −200 to 200 °C. The high compliance and stability properties make parylene-N an ideal protective layer for CsI film affected by moisture [41]. However, a porosity column structure of the CsI films shown in Figure 7b still absorb moisture, which can be measured by FTIR because of the ~3500 cm−1 infrared absorption by the water in the film. In Figure 8a, T0 is the transmittance value of the film containing no moisture between the two peaks of the transmittance curve, and T is the lowest transmittance at ~3500 cm−1 of the film containing moisture.



The density of water (pw) in the film can be determined by the following correlation formula [42,43]:


   p w  =    ln (     T 0   / T  )    α w   d f     



(1)




where αw is the water vapor absorption rate of 1.27 × 104 cm−1 at ~3500 cm−1, and df is the film thickness. Figure 8a shows the FTIR spectrum of the undoped CsI film exposed to air for 5 days. The packing density (p) is the density of the film at the ratio of the volume occupied by the bulk film to the total film’s volume, which can be expressed as follows:


  p =  1 −   p w  =  1 −     ln (     T 0   / T  )    α w   d f     



(2)







Figure 8b shows that the packing density is stable at 0.98847 ± 0.000419 on average when the sample is exposed to air for 5 days. In our previous study, the packing density of the CsI film without a protective layer quickly decreases to 0.745 for 5 days [20]. That is, the parylene-N layer successfully prevents moisture intrusion of the CsI film. It can be proved by XRD in Section 3.3.2 that less Cs2O is formed on the surface of the element cesium oxidized after exposure to the air [44].




3.3. X-ray Diffraction Affected by Heat, Thickness, and Na Dopant


The CsI powder exhibits complex crystalline orientations along the (110), (200), (211), (220), (310), (222), and (321) planes [17]. The primary crystalline orientations are at (110) [18]. CsI and CsI:Na films have many crystalline orientations. Table 3 shows the primary crystalline orientations for distinguishing the polycrystalline properties of the films. A decrease in the number of crystalline orientations regularly occurs in the deposition process. Triloki et al. investigated the CsI films deposited at thicknesses of 4 to 500 nm from the single crystalline orientation (110) to the complex crystalline orientations of (110), (200), (211), (220), and (321). The thickness clearly affects the crystalline orientations of the film [44,45].



3.3.1. XRD of Undoped CsI Film


In our studies, the CsI deposited films with thicknesses much larger than 500 nm exhibit different crystalline orientations of (110), (200), (211), and (310) according to the deposition process. From the experimental data of Part 1, the primary peak (200) appears without heating, at Tp from 100 to 300 °C, and at Ts 100 and 300 °C conditions. The primary peak (110) only shows at a lower thickness of 5 μm at Ts 150–250 °C in our studies. With the increase in the CsI thickness to 8 μm in Part 2, the primary peak tends to (200) without heating and in the Tp processes. Increasing the thickness to greater than 70 μm and decreasing the deposition rates to 25 nm/sec can reduce the loss of the evaporated material during the deposition process in Part 3. The primary peak (211) changes to (200) with Ts such that the thermal energy may improve the film’s crystallinity. Compared with Figure 3, the film of the primary peak (211) without heating shows a structure more defective than that of the primary peak (200) with Ts 200 °C. In order to uniformly deposit a larger substrate in Part 4, the thickness is reduced to about 20 μm because the sample is rotationally deposited at Ts 200 °C, and the distance between the substrate and the rotary axis is increased. The undoped CsI film shows a primary peak (200).




3.3.2. XRD of CsI:Na Film


The CsI:Na(1%) films deposited without heating in Part 1 also have the primary peak (211), which belongs to a poor crystalline structure due to the relatively rough structure as compared with the undoped CsI film. With the increase in the deposition rate from 30 to 110 nm/sec in Part 2, they almost belong to the primary peak (310) because the higher deposition rate somewhat increases the condensation energy of the film.



In Part 3, CsI:Na(1%) film of thickness larger than 70 μm deposited at Ts 150 °C has a primary peak (200). With the increase Ts to 200 °C, the CsI:Na(1%) and CsI:Na(2%) films have a primary peak (310). In Part 4, about 20 μm of the CsI:Na(1%) and (2%) films deposited at Ts 170 or 200 °C also have a primary peak (310). That is, the thermal condensation energy enhances the peak (310) growth.



Figure 9 shows the XRD pattern of the films doped with various Na concentrations deposited at Ts 200 °C. The undoped CsI and CsI:Na(0.5%) films have a strong (200) primary peak and a weak primary peak (310) at 2θ = 64° shown in Figure 9b. However, the Na dopant inhibits the (200) peak and enlarges the primary peak (310) in the CsI:Na(1%) film, as shown in Figure 9c. This tendency shows that the Na dopant seemingly makes the CsI crystalline. In Figure 9d, the (310) crystalline transform effect decreases with increasing the amount of NaI co-evaporated to 2 wt.%. Simultaneously, the (200) peak may disappear, but the small peaks (110) and (211) appear. As mentioned above, sufficient condensation energy from the high deposition rate or substrate temperature (200 °C) is an important factor in the transformation to the (310) crystalline structure for the CsI:Na(1%)films.



The average crystallite size is calculated by using the Debye–Scherrer equation [46] as follows:


D = kλ/(βhklcosθ)



(3)




where D is the volume-weighted crystallite size, k is the shape factor 0.89, and λ is the wavelength of CuKα X-ray radiation, βhkl is the full width at half maximum (FWHM) of the XRD peak, and θ is the Bragg angle. From the calculations of all samples, the average crystallite sizes of CsI thin films are in the range of 40 to 50 nm.



The XRD pattern in Figure 9 represents the vertical axial scale with log10 for clearly illustrating the other small XRD signals. At first, the CsIO3 XRD peak appears for the CsI film as oxygen species react with CsI during deposition because of the absorption of molecular H2O. Since the surface is protected by the parylene-N layer, there is no Cs2O at 2θ = 51° in the XRD pattern [45].




3.3.3. The Strain of CsI:Na Film


The XRD curve can also be used to determine the residual stress and strain of the film by XRD offset from its corresponding crystal data, which indicates that uniform stress is generated in the film because of thermal evaporation. Figure 9a shows a little high-strain shoulder at 2θ = 42°, which has been formed in the prepared undoped CsI film shown at the boundary of the substrate in Figure 3b. The high strain may cause cracks on the surface, as shown in Figure 4. However, the Na dopant decreases the strain and the intensity of the (200) peak, as shown in Figure 9b–d, because of the high hygroscopicity in the air. The optimum crystalline form, CsI:Na(1%), has the smallest (200) and highest (310) peaks among the samples, which may result from the lattice parameters of NaI 6.47 Å, which is larger than that of CsI 4.57 Å at room temperature, according to the Landolt–Bornstein tables [47].





3.4. Analysis of PL and XL Illumination by Energy Band Path


To sum up the PL and XL experimental results, STE and defect bands co-exist for the undoped CsI film, in addition to the conduction band and the exciton levels in Figure 10a. The defect band has a larger width because the imperfect film in the natural environment and STE is formed by a specific I2− center. Sodium activators produce energy levels after Na doping in CsI film as shown in Figure 10b. Paths 1 and 2 represent the electrons excited in PL and XL, respectively.



3.4.1. Fluorescence Spectrometry of UV Luminescence


The photon energy of the UV light at 5 eV is lower than that of CsI at 6.2 eV, and the electrons cannot reach the conduction band and STE position via the conduction band. However, an exciton level is produced in the polycrystalline CsI film because of the intrinsic defect produced in the deposition of the undoped CsI film [48]. The UV light could excite the electrons to the exciton level. Its energy sufficiently excites the electrons to the exciton level via Path 1 in Figure 10a. The thermalized electrons then de-excite from the defect band in a deep trap near the middle of the forbidden gap and the shallow trap close to the edges of the forbidden gap to the valence band. They are attracted by holes back into the valence band to emit light at 400 nm of the slow component [49].



When Na is doped into the CsI films, the excitation light of the CsI:Na is also at 400 nm, but their luminance intensities are much greater than that of undoped CsI film. This is because sodium fills the defects and enhances the luminescence intensity [50]. An additional activator-excited state is generated between the exciton and the defect levels, as shown in Figure 10b. The thermal activation hopping of the STE causes photon energy to transfer from the host CsI material to the Na nanoparticles at the excited state, which results in the enhancement of Na-related luminescence at 400 nm [51]. The luminescence of CsI:Na(1%) film has the largest intensity among the samples because of the optimal Na dopant in the CsI film, as shown in Figure 11. The excess dopant Na contrarily inhibits the luminescence intensity, as in the sample CsI:Na(2%).



However, about 310 nm fluorescence correlated with the intensity of the fast component is still detected because a small number of electrons, which are in the excited state before irradiation due to the natural undoped film’s property, have enough energy to switch to the conduction band and emit light through the intrinsic STE band [49]. The 310 nm component is intrinsic to the STEs, and the 400 nm peak is produced by the radiative transition from the activator-excited state to its ground state, as studied by Sawant et al. [50].




3.4.2. Fluorescence Spectrometry of X-ray Luminescence


The X-ray of 0.15404 and 0.15446 nm is used for excitation in the XL experiment. The photon energy of about 8 keV is much greater than that of the CsI bandgap. Upon irradiation of the films with the high-energy light, a large number of electrons absorb sufficient photon energy to reach the conduction band via Path 2 in Figure 10 and freely move in the conduction band. In undoped CsI films, some of the electrons move to STE and increase the 315 nm emission, as shown in Figure 12. The fluorescence excitation in XL becomes much higher than the excitation in PL.



When CsI:Na films are irradiated with X-ray, the 315 nm intensity somewhat decreases with an increase in the amount of Na dopant. In contrast, the additional luminescence peaks at 420 nm, which forms through activator-excited states caused by the Na dopant, increases as the Na dopant increases for the CsI:Na(0.5%) sample. The luminescence of the undoped sample is the weakest, and that of the CsI:Na(1%) is the strongest. The excess Na-doped sample CsI:Na(2%) inversely decreases the luminescence. These results confirm that the emission intensities of Na-doped films are greater than that of the undoped CsI film. Moreover, a shoulder luminescence peak at about 450 nm shown in Figure 12 corresponds to the other defect level, which is also produced by the Na dopant. The trend in intensity change is similar to that at 420 nm.



The wavelength of 420 nm is longer than 400 nm with irradiation by the 275 nm UV light, although the excitation photon energy of the X-rays is much larger than the UV light. The electrons absorb higher energy when irradiated by X-rays. They hop farther through thermalization to the higher excited state, which is conversely closer to the ground state for de-excitation. That results in the luminescence wavelength in XL being longer than that in PL [28]. This phenomenon is discussed in the section below.




3.4.3. Comparison of PL and XL


Figure 13 schematically illustrates the luminescence principle by a potential energy diagram. According to the Frank–Condon principle, the electrons absorb the energy of the excitation light, resulting in a vertical transition from the ground state to the excited state without any change in configurational coordinate X, which is the mean distance between the luminescence centers and surrounding ions.



The electron relaxes toward the minimum energy state through the thermalization process. The electron returns to the ground state through two possible processes: (1) emitting lower-energy photons with respect to excitation through a radiative process and (2) non-radiative process if the electron absorbs thermal energy to reach point F at potential curves of the excited states, which is near point F at the ground potential curve of the ground state [27].



The potential energies of the ground and excited states are described with two excited states in Figure 13. If the luminescence center is in the STE state, then the excited electron only moves from A to ES and BS of the minimal potential in PL by irradiating the lower-photon-energy UV. The emitted photo-energy of fluorescence through de-excitation to point DS is


hωPL ≅ ES − Eex



(4)




where ES is the energy gap thermalized from the conduction band to the STE, and Eex is the bounding energy of excitation. In XL, the higher photon energy easily excites the ground electron to the excitation potential BS; the several N extra phonon-energy hΩphonon which is less than the ionization energy remains in the potential well to let the electrons move into the somewhat higher potential BS’ through the thermalization process [52]. Hence, the electron vibrates and shifts slightly to the right in the direction of F. The photon energy of fluorescence de-excited to DS’ is


hωXL ≅ ES − Eex − NhΩphonon



(5)







We found that the photon energy of fluorescence hωPL, with a maximum intensity of PL at 310 nm shown in Figure 11, is larger than that of hωXL. The maximum intensities of XL at 315 nm are shown in Figure 12. A red-shift effect on XL fluorescence arises with the wavelength changes from 310 to 315 nm with the small shift of the electron from BS to BS’ in the steep well as shown in line 1 in Figure 13. The potential well of the activator-excited state, shown in line 2 in Figure 13, is broader than that of STE. The electron shifts easily from Ba to Ba’ in the well. The wavelength of the red-shift effect changes from 400 to 420 nm as shown in Figure 11 and Figure 12, respectively. Apparently, the red-shift in the potential well of the activator-excited state is larger than that of STE.






4. Conclusions


We study undoped CsI and CsI:Na films having a thickness greater than 170 μm. A cylindrical structure of about 3 μm can be fabricated by thermal evaporation of powders from a molybdenum boat at a substrate temperature of 200 °C. The visible-light luminescence of CsI:Na films is more intense than that of undoped CsI films when irradiated by X-ray. The best-performing CsI:Na film fabricated by co-evaporating CsI and 1 wt.% NaI exhibits the best columnar structure for guiding the luminescent light and the highest visible-light luminescence intensity in the PL and XL spectra. The undoped CsI films show preferred crystal orientation at (200), and the CsI:Na films co-evaporated by 1 wt.% NaI at (310). The protective layer of N-parylene can be subsequently deposited on the CsI:Na film in the same vacuum chamber to increase the moisture resistance of the film. The luminescence wavelength of visible light at 420 nm in XL is longer than that at 400 nm in PL due to the red-shift effect.
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Figure 1. Schematic of homemade PL system with UV LED. 
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Figure 2. Schematic of the luminescence system built in-house with an X-ray source of a Rigaku X-ray diffractometer. 
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Figure 3. (a) The cross-section and (b) surface morphologies of the CsI film deposited at a thickness of 176 μm without heating; (c) The cross-section and (d) surface morphologies of the CsI film deposited at a thickness of 120 μm deposited at a substrate temperature of 200 °C. 
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Figure 4. The CsI films protected by (a) SiO2 layer, (b) Al layer, and (c) parylene-N layer. 
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Figure 5. SEM cross-sections of (a) CsI:Na(0.5%), (c) CsI:Na(1%), and (e) CsI:Na(2%) and the respective surface morphologies of (b) CsI:Na(0.5%), (d) CsI:Na(1%), and (f) CsI:Na(2%). 
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Figure 6. Chemical composition of CsI films measured by EDS spectroscopy. 
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Figure 7. SEM cross-section morphologies of the CsI films exposed to air for 50 days, with protective layers of (a) ~1 μm Al and (b) ~1 μm parylene-N. 
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Figure 8. (a) FTIR spectrum and (b) Packing density of CsI films protected by parylene-N film exposed to air for 5 days. 






Figure 8. (a) FTIR spectrum and (b) Packing density of CsI films protected by parylene-N film exposed to air for 5 days.



[image: Coatings 09 00751 g008]







[image: Coatings 09 00751 g009 550] 





Figure 9. XRD patterns of (a) undoped CsI film, (b) CsI:Na(0.5%) film, (c) CsI:Na(1%) film, and (d) CsI:Na(2%). 
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Figure 10. Schematic of PL and XL energy band structures corresponding to (a) undoped CsI film and (b) CsI:Na films irradiated with UV light (path 1) and X-ray (path 2). 
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Figure 11. PL spectra of CsI:Na thin films with different dopant concentrations. 
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Figure 12. XL spectra of CsI:Na thin films with different dopant concentrations. 
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Figure 13. Schematic diagram of the ground state and excited states of the luminescent centers. Configuration coordinate X is the mean distance between the luminescence centers and the surrounding ions. 
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Table 1. Emission wavelengths of undoped cesium iodide (CsI) and Na-doped CsI (CsI:Na) scintillator reported in the literature. Self-trapped exciton, STE.
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	Scintillator
	Excited Method
	Temperature
	Wavelength (nm)
	STE Style





	undoped
	two-photon absorption of 3.18 eV light
	4.5 K–RT 1
	288–335
	on-center [9]



	undoped
	CL 2
	RT
	305, 315
	on-center [34]



	undoped
	X-ray
	50 K–RT
	285–340
	on-center [8]



	undoped
	Am-241 gamma ray
	RT
	310
	STE [32]



	doped Na
	PL 265 nm/CL
	RT
	315
	STE [8,34]



	doped Na
	CL
	RT
	305
	on-center [8]



	doped Na
	X-ray
	80 K
	288/335
	STE [35]



	doped Na
	X-ray
	4K
	290
	[10]



	doped Na
	X-ray
	77 K/RT
	344/420
	on/off center [9]



	doped Na
	217–277 nm UV
	LN 3/RT
	350/435
	[33]







1 Room temperature; 2 Cathode luminescence; 3 Liquid nitrogen temperature.
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