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ARTICLE INFO ABSTRACT

Keywords: Thin films of Bi®" doped LaOCI and LaOF phosphors prepared via the pulsed laser deposition

LaOCl (PLD) technique in vacuum and different argon (Ar) pressures were compared in order to assess

Lf’OF b their luminescence properties. All peaks of the X-ray diffraction patterns of the films were

?:;ug]mlsms consistent with the tetragonal structure of the LaOCl and LaOF, but in the case of LaOF the signal
L was weaker and not all peaks were present, suggesting some preferred orientation. Photo-

Pulsed laser deposition . ' o A~

Photoluminescence luminescence measurements revealed that the films exhibited emission around 344 nm for LaOCl:

Bi and 518 nm for LaOF:Bi under excitations of 266 nm and 263 nm, respectively. The lumi-
nescence from the LaOF:Bi sample was less intense compared to the LaOCl:Bi sample prepared
under the same conditions, which was also the case for the powder samples. The amount of
ablated material present on the substrate was much less for LaOF:Bi compared to LaOCl:Bi, which
is attributed to the greater bandgap and hence weaker absorption of the laser pulses for LaOF:Bi.
Therefore phosphors based on LaOCl as the host material were found to be preferable over LaOF
under the PLD conditions used in this study.

1. Introduction

The activated lanthanide oxyhalides (LnOX: Ln = La, Y, Gd and X = Cl, F, Br) are of interest because of their use as X-ray inten-
sifying phosphors and they also have potential applications in fluoroscopic screens, cathode ray tubes and lamps. In particular,
lanthanum oxyhalides (LaOX) have found much interest from researchers because of their excellent and unique magnetic, optical,
electrical and luminescent characteristics [1,2]. Phosphor powders of LaOCl and LaOF doped with Bi have shown potential as stable
phosphor materials. Although both these compounds have the same tetragonal PbFCl-type crystal structure with space group P4/nmm
(No. 129) [3,4], Fig. 1 shows that the environment of the La®" ion is different despite the same Cyy site symmetry in both cases. In
LaOCl there is a CI~ ion directly below each La3* ion along the direction of the four-fold rotation axis and the Cl~ anions form double
layers, whereas in LaOF the F~ ions are relatively rotated so as to be directly below the 02~ ions and form only single layers.

The luminescence properties of Bi>" ions in a variety of host materials have been investigated widely [7]. The ground state of the
Bi®* ion is 'Sy, while the excited configuration consists of four energy levels, namely 3Py, 3Py, 3P, and 'P;. The optical transition from
180 to 1P1 (C-band) is a spin allowed transition. The transition from 180 to 3P1 (A-band) is allowed because of the mixing of the 1P1 and
3p, levels by spin-orbit coupling. The transition from 'Sy to *P, (B-band) is forbidden, but can be possible by coupling with unsym-
metrical lattice vibrational modes. The transition from 'Sy to 3Py is strongly forbidden [8]. Bi** ions substitute La>* ions in doped
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samples (due to their similar ionic radii and equal valence) and the difference in environment has a strong effect on the Bi%* lumi-
nescence. While LaOClL:Bi powder emits in the ultraviolet, the emission of LaOF:Bi powder is strongly red-shifted into the visible range
with much greater Stokes shift.

Thin film phosphors have significant advantages compared to common powder forms, e.g. relatively large thermal stability,
structural density, better coherence with the basic substrates and effective thermal dissipation for high energy operation [9]. Pulsed
laser deposition (PLD) has been commonly used for the preparation of thin films of a wide number of materials [10-12]. PLD is a
relatively new technique for depositing thin films using high energy laser pulses to evaporate the surface of the material target inside a
vacuum chamber and condensing the vapour on the surface of a substrate to create a thin film layer with a thickness of up to a few
micrometres [13]. Thin films that have been produced using PLD can be applied in devices for a number of technologies, including
environmental sensors, micromechanical devices, light emitters, electron emitters, medical implants, and various coatings [11].
Despite phosphors generally being produced commercially as powders, thin films are important in most commercial applications
where films of uniform thickness on large-area substrates are of interest, and PLD is widely used in research laboratories for the growth
of thin luminescent films because of the conceptual simplicity of the process [10]. The PLD technique has a high ability to control the
formation of thin films, morphology, composition and growth process by varying the partial pressure of a gas in the deposition
chamber and selecting the substrate temperature [14]. As a result of the multiple processes involved, such as laser absorption, plume
formation, and film growth, the PLD approach is exceedingly complicated and this is exacerbated at high pressures, yielding a diverse
array of nanostructures with variable stoichiometric and size distributions [10].

Thin films of LaOCl formed by evaporation of LaBg on NaCl [15] and sol-gel LaOF [16] have been studied some time ago. In this
novel work, thin films of Bi** doped LaOCl and LaOF phosphors prepared via the pulsed laser deposition (PLD) technique in vacuum
and different argon (Ar) pressures were compared in order to assess their luminescence properties. The aim of this work is to inves-
tigate the properties of LaOX (X = Cl, F) crystalline thin films doped with Bi prepared by using the PLD technique in a vacuum and
different argon (Ar) pressures. Ar was selected since it is a non-reactive gas, rather than oxygen which may have unintentionally
oxidized the oxyhalide materials during deposition. The influence of the pressure of the background Ar atmosphere on the structural
and optical properties of the thin films was studied, while keeping other experimental parameters such as substrate temperature, target
to substrate distance and deposition times constant. In the following sections, we first present the experimental procedure, then
provide information on the structure and morphology of the thin films, and finally assess their luminescence properties.

2. Experimental

To create a target for the laser ablation, powder samples of La; xOCl:Bix and La;.xOF:Bix were first prepared via the solid-state
reaction method. For the oxychloride the optimum synthesis temperature was 900 °C with doping concentration x = 0.007 [17],
while for the oxyfluoride the corresponding values were 1000 °C and x = 0.005 [18]. These powders were pressed using a hydraulic
press to make target pellets which were annealed at 900 °C for 8 h in air to remove all adventitious water containing species that may
be present and then transferred to the chamber of the PLD system and positioned on a rotating target holder. Annealing of the target
pellets was found to be vital to prevent them from breaking apart to emit a powder of the material inside the PLD deposition chamber
under the action of the laser.

Si (100) substrates were cleaned in an ultrasonic bath using acetone, ethanol and finally distilled water bath consecutively for 15
min each. The cleaned substrates were then dry blown with nitrogen gas. The PLD system was pumped to a base pressure of 5 x 107°
mbar (~0.04 mTorr) and a thin film was deposited under these conditions (referred to as ‘vacuum’). Additional films were created in a
similar way, except that the deposition chamber was pumped to base pressure and then back-filled with Ar to a pressure of 10, 20 or 40
mTorr. A frequency quadrupled Nd:YAG pulsed laser emitting at 266 nm was used to ablate the targets. The laser energy (40 mJ/

Fig. 1. The unit cell of (a) LaOCl and (b) LaOF modelled with Vesta software [5] using CIF files obtained from the Crystallography Open Database
[6], number 1539093 for LaOCIl and number 7037053 for LaOF.
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pulse), fluency and target-to-substrate distance fixed at 30 Hz, 1.7 J/cm? and 4.5 cm, respectively. The deposition time was 20 min and
the substrate temperature was fixed at 300 °C.

The crystal structures were assessed using X-ray diffraction (XRD) measurements made with a Bruker D8 Advance diffractometer.
To produce the Cu Ka characteristic X-rays used, an electron beam of current 40 mA was accelerated through 40 kV and scans were
made in steps of 0.02° with a scan rate of 1 s per step. The samples were examined using a JEOL JSM-7800F scanning electron mi-
croscope (SEM) operating at 5 keV and the elemental composition was assessed by means of its energy dispersive X-ray spectroscopy
(EDS) attachment (X-Max"“80 detector) by Oxford Instruments with an electron beam of 10 kV. The PL properties of the films were
measured at room temperature using an FLS980 spectrometer from Edinburgh Instruments with a continuous 450 W xenon lamp and
double excitation and emission monochromators.

3. Results and discussion
3.1. Structure, morphology and chemical composition analysis

Fig. 2 shows the XRD patterns of (a) LaOCl:Bi and (b) LaOF:Bi thin films deposited in vacuum and different Ar pressures, together
with the powders that were used to make the PLD targets. For the LaOCl:Bi shown in Fig. 2(a) all peak positions matched well with the
corresponding powder, which has previously been matched to record PDF #080477 of LaOCl [17]. The XRD signal from the LaOF:Bi
thin films was comparatively weaker, as can be seen by the greater relative signal-to-noise ratio in Fig. 2(b). The thin film of LaOF:Bi
produced in vacuum displayed the three most intense peaks corresponding to the powder, which has previously been matched to
record PDF #080477 of LaOF [18]. For the other samples created in Ar environments, the diffraction peak at 26.7° dominated the XRD
patterns, indicating some preferential orientation of the (101) plane. As the Ar gas pressure increased, the intensity of the 101
diffraction peak increased, suggesting an increase in the thicknesses of the films. The sample grown in 10 mTorr Ar also displayed
several sharp additional diffraction peaks (marked with asterisks, *). These peaks were also found for a clean substrate having no
deposited film and are due to the weak (forbidden) Si 200 peak near 33° and also some Si 400 peaks for weak X-rays of different
wavelengths due to tungsten (W) contamination of the Cu anode [19].

The average crystallite sizes for the LaOCl:Bi and LaOF:Bi thin films were determined using the Scherrer equation [20],D = /,05%,
where 1 is the X-ray wavelength and 6 is the Bragg angle. The crystallite size may be used as an indication of the crystallinity. The
results are tabulated in Table 1 and show that the average crystallite size for the LaOCl:Bi for the film deposited in a vacuum is smaller
than those deposited in different Ar pressures and the average crystallite size increased with increasing Ar pressure. The opposite trend
was obtained for LaOF:Bi where the average crystallite size of the film deposited in a vacuum is greater than those deposited in
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Fig. 2. XRD patterns of (a) LaOCL:Bi and (b) LaOF:Bi thin films deposited in vacuum and different Ar pressures, compared to the powders from
which PLD target was made. The powders match the standards PDF #080477 for LaOCI [17] and #080477 of LaOF [18] reported previously.
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Table 1
Crystallite sizes (nm) calculated from the Scherrer equation.
Film Base pressure Ar gas pressure
~0.04 mTorr
10 mTorr 20 mTorr 40 mTorr
LaOCl:Bi 27 32 34 36
LaOF:Bi 20 18 16 12

different Ar pressures and decreased with increasing Ar pressure. This indicates that LaOCI and LaOF do not perform similarly during
laser ablation and PLD. Therefore other factors in addition to the Ar pressure must be significant in determining the crystallinity of the
thin films. We discuss this further after presenting the PL results in section 3.3.

Fig. 3 presents the plan-view and cross-sectional SEM images and EDS spectra of the LaOCl:Bi thin films. The images show that the
particles had different spherical sizes for the film deposited in a vacuum. The films deposited in different Ar pressures had particles of
different spherical sizes as well as flower-like shapes with platelets. The cross-sectional images of the thin films were similar and clearly
revealed the presence of spherical particles and flower-like shapes in the morphology. The roughness of the film indicated that a
significant portion of the material arrived at the substrate in the form of particulates rather than atoms. While such particulates are
undesirable in many applications, a smooth film can inhibit emission of luminescence out of the layer normal to the surface (due to
internal reflections) and increasing the surface roughness is generally beneficial [21]. Particulates deposited on the substrate during
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Fig. 3. Plan view and cross sectional SEM images as well as EDS (over the region shown in the plan view) of LaOCL:Bi thin films deposited (a) in
vacuum and with different Ar pressures of (b) 10, (c) 20 and (d) 40 mTorr.
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PLD can, in general, originate from material ejected from the target in solid, liquid or vapour state. Molten material generally forms
particulates in the micrometer range with rounded or spherical features [22] as observed for the large particulates in the inset of Fig. 3
(a). In this study the substrate temperature was fixed at 300 °C, but increasing the substrate temperature during PLD deposition of
Y203:Ho,Yb phosphor [23] was shown to significantly reduce the surface roughness of the film, so additional work varying the
substrate temperature may be beneficial in future. The EDS spectra of the films are similar to the powders, indicating good transfer of
stoichiometry from the target to thin film during PLD. Although it has been reported that the background gas may cause preferential
scattering of lighter elements in the plume so that these elements may be deficient in the ablated film [24], and this effect should
increase with increasing background gas pressure, in this work the relative size of the EDS peaks corresponding to different elements
was not found to vary, i.e. changing the Ar pressure did not affect the chemical composition of the films. This, and the similar
thicknesses of the LaOCIL:Bi films, indicate that the varying Ar gas pressure did not have a strong influence on the PLD growth process
for this material. The presence of Si in the EDS spectra was due to the Si substrate.

Fig. 4 presents the plan-view and cross-sectional SEM images and EDS spectra of LaOF:Bi thin films. Note that the magnification is
greater than in Fig. 3 for LaOCL. Particles of spherical shape with distinct sizes were observed. The cross-sectional images were similar
and confirmed the presence of spherical particles in the morphology, which are particulates from the ejection of molten material from
the target [22]. It is clear from the SEM images that the films consisted of much less material than for the corresponding films of LaOCI.
The EDS spectra of the films are similar to the powder, indicating that the stoichiometry is retained from the target to thin film during
PLD. The EDS spectra of the thin films also show the Si peak from the substrate. This is much more prominent for the films of LaOF than
for the films of LaOCI and the Si peak dominates the EDS spectrum of the LaOF film deposited at an Ar pressure of 10 mTorr, which also
showed XRD peaks due to the Si substrate (Fig. 2(b)). The relative size of the Si EDS peak decreased for the LaOF films grown at higher
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Fig. 4. Plan view and cross sectional SEM images as well as EDS (over the region shown in the plan view) of LaOF:Bi thin films deposited (a) in
vacuum and with different Ar pressures of (b) 10, (c) 20 and (d) 40 mTorr.
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Ar pressures of 20 and 40 mTorr, but these films still consist of very little material. The thickest LaOF film, which can be observed for
the cross-sectional SEM image and has the smallest Si EDS peak, was created under vacuum PLD conditions. Therefore the presence of a
background gas to reduce the kinetic energy of ablated material before reaching the substrate was not beneficial for the growth of LaOF
films.

3.2. Photoluminescence analysis

Fig. 5(a and b) display the PL excitation and emission spectra of the LaOCL:Bi and LaOF:Bi powder samples with emission bands at
around 344 nm and at 518 nm under excitations of 266 nm and 263 nm, respectively. These excitation and emission peaks have been
attributed to the transitions between the >P; excited state and 150 ground state of the Bi®* ions. Fig. 5(c and d) show the PL excitation
and emission spectra of the thin films. The energy level diagrams for Bi>* in these two hosts (Fig. 6) is similar to that in LagO3 [25]. The
Stokes shift in the LaOF host is significantly greater than for LaOCl, indicating that the excited level minima are more strongly offset
from the ground state minimum for LaOF, as a result of the different environments of Bi>* ions which are substituting the La>" ions
shown in Fig. 1.

While the form of the PL emission of the LaOCl and LaOF:Bi thin films matched that of the powders, the films deposited in vacuum
for both compounds showed the lowest intensity. This is unexpected for the LaOF:Bi films since for this material the film grown in
vacuum was the thickest. For the LaOCLBi thin films deposited in Ar the PL emission intensity increased with increasing Ar gas
pressures, while the PL intensity for the LaOF:Bi thin films deposited in Ar increased with the increase of the Ar gas pressures up to 20
mTorr and then decreased with a further increase in Ar gas pressure. However, the emission of LaOF:Bi deposited in vacuum showed a
shoulder peak at around 380 nm, which may originate from defect emission. This emission has been attributed to individual ionizing
oxygen vacancies in LaOF, which results from the recombination of a photogenerated hole with an electron occupying an oxygen
vacancy [26,27]. The presence of a high concentration of such defects in the LaOF:Bi film formed in vacuum could increase
non-radiative recombination pathways for excited Bi*>* ions and quench their luminescence.

Fig. 7(a) displays the PL emission spectra of the LaOCL:Bi and LaOF:Bi powder samples, which are compared in Fig. 7(b) to the
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Fig. 5. PL excitation and emission spectra of the La; yOCl:Biy _ ¢.0o7 and La; xOF:Biy _ ¢ gos (a, b) for the powders and (c, d) PLD thin films deposited
in vacuum and different Ar pressures, respectively.
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Fig. 6. Energy level diagrams for Bi>" ions in (a) LaOCl:Bi with small Stokes shift and (b) LaOF:Bi with large Stokes shift.

intensities and wavelengths of the emission for the best LaOCIL:Bi and LaOF:Bi thin films, produced under Ar pressures of thin film 40
and 20 mTorr, respectively. The emission spectra of the LaOCl:Bi powder and film was narrow and at shorter wavelength than the
corresponding emission spectra of LaOF:Bi. For both powder and films, the luminescence from the LaOF:Bi samples was less intense
compared to the corresponding LaOCL:Bi samples.

While PLD worked well to produce thin films of LaOCl:Bi, the quality of the LaOF:Bi films which were created was less good. The
layers were much thinner and less material was deposited. A reason for this may be the different bandgaps of LaOCl and LaOF. We
determined the band gap of LaOCl powder to be 5.76 eV (~215 nm). The bandgap of LaOF was difficult to measure with our in-
strument, which only measures down to 200 nm, but is expected to be greater than that of LaOClI since the bandgap of LnOX increases
as X varies from I to Br to Cl to F [28,29]. In both cases the bandgap of the materials is greater than the energy corresponding to the 266
nm PLD laser photons which will limit strong absorption. Since the bandgap of LaOF is bigger than that of LaOCl, it will absorb the PLD
laser light even less effectively and therefore the laser pulse energy will be spread through a greater volume, so the material is less
heated and not as much is ablated. This indicates that the PLD laser wavelength, relative to the bandgap of the target material, can have
a strong influence on the quality of thin films produced by PLD. This challenge has also been recently noted in a tutorial review on
pulsed laser deposition, where some large bandgap oxides such as MgO, Al,O3 and SiO; were identified as challenging to ablate with
the commonly used 248 nm KrF excimer laser [30].

4. Conclusion

Bi doped LaOCl and LaOF phosphor thin films were successfully synthesized by the PLD technique. XRD data confirmed that both
LaOClI and LaOF phases belong to the tetragonal crystal structure. The SEM images of LaOCl show that the particles had different
spherical sizes for the film deposited in a vacuum. The films deposited in different Ar pressures had particles of different spherical sizes
as well as flower-like shapes with platelets. The SEM images of LaOF show that the particles had spherical shape with distinct sizes. The
LaOF films consisted of much less material than for the corresponding films of LaOCl. The EDS spectra of the films are similar to the
powder. Photoluminescence measurements revealed that the films exhibited emission around 344 nm for LaOCl:Bi and 518 nm for
LaOF:Bi under excitations of 266 nm and 263 nm, respectively. These excitation and emission peaks have been attributed to the
transitions between the 3P excited state and 180 ground state of the Bi®* ions. For both powder and films, the luminescence from the
LaOF:Bi samples was less intense compared to the corresponding LaOCl:Bi samples. In future work the porosity and roughness of the
LaOCI:Bi films may be investigated with varying substrate temperature, while a shorter wavelength or shorter pulse excitation laser
would improve the ablation of the very large bandgap LaOF:Bi material.
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