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Abstract

Recent research increasingly focuses on mixed-anion compounds, wherein oxygen sites in the
metal oxides are substituted with other anions. However, the synthesis of such compounds remains
limited compared to conventional oxides, highlighting the need for new fabrication methods. In this
study, oxyfluoride PboOF> films are synthesized using pulsed laser deposition (PLD) with a PbF, target.
The substrate temperature plays a crucial role in stabilizing the oxyfluoride phase, with an optimal
temperature of approximately 200 °C. Furthermore, (110)-oriented growth on perovskite-type single-
crystal oxide substrates was achieved, wherein oxygen and fluorine ions exhibited out-of-plane
ordering. The (110)-oriented PboOF> films demonstrated a relatively high dielectric constant (e: = 22)—
four times larger than that of the polycrystalline films— likely due to enhanced ionic response resulting

from improved structural ordering.



1. Introduction

Metal oxides exhibit a wide range of functionalities, including ferroelectricity and high-
temperature superconductivity [1,2]. Traditionally, these properties have been controlled by modifying
the cation species or altering the crystal structure. However, in recent years, mixed-anion
compounds—where some oxygen sites in metal oxides are substituted with other anions such as
fluorine or nitrogen—have attracted significant attention [3—7]. For example, oxyfluorides have
attracted attention as next-generation nonlinear optical materials for the deep ultraviolet and mid-
infrared regions. They possess a broad transparency window, a large nonlinear optical coefficient,
excellent phase-matching, and a high laser damage threshold [5]. This is because the incorporation of
fluorine increases the probability of crystallizing a non-centrosymmetric structure, and fluorine's high
electronegativity expands the transparency range and widens the bandgap [5]. Furthermore, due to the
difference in valency between O? and F~ ions, the application of an electric field can displace oxygen
and fluorine in opposite directions [7]. This has led to the discovery of new operating principles of
antiferroelectricity, which differ from those found in oxides [7].

A common approach for synthesizing mixed-anion compounds involves mixing oxides with
fluorides or nitrides, followed by heating to induce a reaction. For example, heating a mixture of PbO
and PbF; at 200 °C yields Pb2OF2, in which oxygen and fluorine ions are ordered, with oxygen forming
a one-dimensional arrangement [8—10].

In contrast to powder synthesis, the fabrication of mixed-anion compounds in thin-film form
requires different approaches. Several methods have been reported. One such approach is topotactic
fluorination, in which an oxide film is first fabricated and then reacted with a fluorine source to form
an oxyfluoride [11—14]. For instance, reacting SrFeOy thin films with polyvinylidene fluoride at low
temperatures yields perovskite SrFeOyF thin films [11,12]. Oxyfluoride films can also be directly
synthesized. Direct synthesis offers advantages such as achieving a uniform chemical composition

(fluorine content) along the depth of the film. One such method utilizes an oxyfluoride target to transfer
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its composition to the film [15—17]. Another approach involves using a fluoride target, with oxygen
introduced during film deposition to form the oxyfluoride [18]. For example, InOF films can be
fabricated via pulsed laser deposition (PLD) using an InF3 target, where the fluoride reacts with oxygen
in the chamber [18]. Fluoride target-based synthesis enables broad control over the fluorine content,
which could facilitate the discovery of new oxyfluoride phases. However, reports on the direct
synthesis of oxyfluoride thin films using fluoride targets remain limited. Additionally, in thin film
growth, strain from the substrate can be used to align the orientation of films, which has been reported
to reduce defects and enhance functionality [19]. Therefore, comparing the synthesis and properties of
polycrystalline and oriented oxyfluoride films is of great importance.

In this study, we synthesized Pb,OF> oxyfluoride thin films using PLD with a PbF> fluoride
target and investigated the effect of substrate temperature on phase formation and film crystallinity.
Additionally, we achieved (110)-oriented growth of Pb,OF>, with out-of-plane ordering of oxygen and
fluorine. The dielectric properties of the films were also evaluated, signifying that the (110)-oriented
Pb,OF, films exhibit a significantly higher dielectric constant (¢ = 22) compared to their

polycrystalline counterparts (& = 5).

2. Experiment

Pb(O,F); films were deposited using the PLD technique with a PbF, ceramic (Toshima
Manufacturing Co., Ltd.) target. During deposition, the substrate temperature (75) was maintained
between 40 °C and 300 °C, and the nitrogen pressure (Pnz2) was set at 1 x 107 Torr. Two types of
substrates were used: TiN/SiO»/Si substrates and 0.5 wt.%-Nb-doped SrTiO3(001) (Nb:STO)
substrates. In the TiN/Si0,/Si substrates, the SiO layer refers to a natural oxide film formed on the
surface of the Si substrate. The TiN electrode layer was deposited by PLD using a TiN ceramic target
at Ts = 600 °C and Pnz = 1 x 107 Torr.

The chemical composition of the films was analyzed by energy-dispersive X-ray spectroscopy
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(EDS) attached to a scanning electron microscope (SEM, SU8230, Hitachi Co.), using an electron
accelerating voltage of 5 keV. The crystal structures of the films were evaluated by X-ray diffraction
(XRD, ATX-G, Rigaku Co.) with Cu Ko radiation and grazing-incidence X-ray diffraction (GI-XRD)
measurements were performed with an incident X-ray angle of 0.5°. Film thickness was determined
through X-ray reflectivity (XRR) measurements. Dielectric properties were measured using an LCR
meter (E4980, Keysight Co.) at 25 °C. For these measurements, Pt top electrodes with a diameter of
100 um were applied, with either the TiN electrode layer or the Nb:STO substrate serving as the bottom

electrode.

3. Results and discussion
3.1. Film deposition on TiN/SiO2/Si substrates as a function of 7

Figure 1(a) shows the EDS spectra of the films deposited on TiN/Si0,/Si substrates at Ts =
40 °C and 200 °C. The spectra are normalized to the Pb M peak, and peaks corresponding to N Ka, O
Ka, and F Ka are observed. The O Ka peak is also derived from the TiN/Si0»/Si substrates, which
contain oxygen ions due to the presence of the SiO; layer and their incorporation into the TiN lattice.
The film deposited at 75 = 200 °C exhibits a lower F Ka peak and a higher O Ka peak compared to the
film deposited at 75 = 40 °C.

Figure 1(b) presents the intensity ratio of the F Ko to Pb M peaks as a function of Ts. At T =
40 °C, the intensity ratio is 1.6— nearly identical to that of PbF> powder (indicated by dotted line in
the figure)— suggesting successful transfer of target composition to the thin film. As 7 increases, the
intensity ratio monotonically decreases to 0.9 at 75 =200 °C. In contrast, at 75 > 250 °C, the F Ka peak
disappears completely, and a diffraction peak corresponding to PbO appears at 7s = 300 °C. These
results suggest that, even under a nitrogen atmosphere, residual oxygen in the chamber leads to the
substitution of fluorine by oxygen at higher 7. In our experiment, the base pressure of the vacuum

chamber was approximately 1x1077 Torr. At this pressure, residual gases such as water vapor and other
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oxygen-containing species are still present, while fluorine is not included in the background and is
supplied only from the target. At higher T, we speculate that the deposited films reacted with these

residual oxygen species, resulting in the substitution of fluorine by oxygen.
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Figure 1. (a) EDS spectra of the films deposited on TiN/SiO2/Si substrates at 75 = 40 °C and 200 °C.

(b) The intensity ratio of the F Ka to the Pb M peaks for the films as a function of 7.

Figure 2(a) shows the GI-XRD patterns of the films deposited at 75 =40, 100, 150, and 200 °C.
The thickness of the films was 40 nm. At 75 = 40 °C, the 111 diffraction peak of PbF, appears at 26 =

26°, along with the 220 peak. The calculated a-axis length of the film (5.94 A) matches the lattice
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constant of bulk PbF, (cubic structure, a = 5.940 A [20], Fig. 2(b)), confirming the presence of PbF,
in the film deposited at 7s = 40 °C. With increasing T, new diffraction peaks corresponding to the
PboOF; phase (Fig. 2(c)) emerge. In particular, at 75 = 200 °C, the PbF> peaks significantly weaken,
and distinct peaks corresponding to Pb,OF», such as the 110, 021, 220, and 222 peaks, become
prominent. The calculated a- and c-axis lengths of the film are 8.12 A and 5.73 A, respectively, closely
aligning with those of bulk Pb,OF; (tetragonal structure, a = 8.157 A, ¢ =5.723 A [8]). At Tx =250 °C,
fluorine is completely removed (Fig. 1(b)), and consequently, no XRD diffraction peaks were detected.
According to the Scherrer equation, the crystalline size of the Pb,OF> phase in the film deposited at T

=200 °C, estimated from the diffraction peak, is 13 nm.
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Figure 2. (a) GI-XRD patterns of the films deposited on TiN/SiO/Si substrates as a function of Ts.
Crystal structures of (b) PbF» and (c¢) Pb2OF». (d) Volume fraction (V) of PbF> and (e) lattice constants

of PbF; and PboOF; phases in the films as a function of 7.

Figure 2(d) illustrates the volume fraction (V) of PbF; as a function of 7s. The Vrwas calculated

from the peak intensity ratio of the PbF2 111 peak to the Pb2OF2 021 peak (Fig. S1). With increasing
6



Ts, the V't value of PbF, decreases monotonically, consistent with the EDS results, indicating the
progressive decrease in fluorine content with rising 7s. Figure 2(e) presents the lattice constants of the
PbF> and Pb,OF> phases in the films as a function of 7s. The lattice constants are nearly identical to
those of the bulk materials; however, they exhibit slight variations with 7. These findings suggest that
the compositions of the phases were to those of their bulk counterparts, although minor differences

existed in the anion ratio.

3.2. (110)-oriented growth on Nb:STO(001) substrate

Pb,OF; films were also fabricated on Nb:STO(001) single-crystal substrates. Figure 3(a) shows
the out-of-plane 26—6 XRD pattern of the film with a thickness of 40 nm. At 75 =200 °C, a diffraction
peak corresponding to PbO was observed; therefore, results for the film deposited at 75 = 175 °C are
presented. The 110, 220, 330, and 440 diffraction peaks of PboOF> were detected, confirming that the
Pb,OF; phase is oriented along the [110] direction. This indicates that O*" and F~ ions are ordered
along the out-of-plane direction, as illustrated in Fig. 4(a). Although a PbF; impurity phase was also
observed, the corresponding V7, calculated from the two-dimensional 20—y scans, was relatively low
(7%).

PbF> has a CaF»-type structure, in which Pb atoms occupy the face-centered cubic (fcc) lattice
positions. In such a structure, the 001 diffraction peak is forbidden due to symmetry. PboOF; has a
similar Pb sublattice arrangement, where the [001] direction of PbF, corresponds to the [110] direction
of Pbo,OF,. As shown in the Fig. 3(a), diffraction peaks from PbF> such as 002 and 004 appear near the
220 and 440 peaks of Pb2OF», indicating a structural similarity between the two phases. However, near
the 110 peak of Pb,OF>, no corresponding PbF» peak is observed. This 110 peak of Pb,OF> can be
regarded as a kind of superlattice reflection arising from periodic lattice distortions caused by the

ordering of O and F~ ions.
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Figure 3. (a) Out-of-plane 26—6 XRD pattern, (b) two-dimensional 26—y scan around the STO 110
diffraction peak, and ¢-scan of the (c) Pb.OF» 442 and (d) SrTiO3 103 diffraction peaks for the PboOF»

film deposited on Nb:STO(001) substrate.

To investigate the in-plane relationship between the film and the substrate, two-dimensional
20—y scans were performed. The PboOF, 021 diffraction peak was observed near the STO 101
diffraction peak (Fig. 3(b)), and the Pb,OF> 202 diffraction peak appeared near the STO 111 diffraction
peak (Fig. S2). Additionally, ¢-scan measurements show that the PboOF» 442 diffraction peak appeared
with fourfold symmetry, with ¢-values shifted by 45° relative to those of the STO 103 diffraction peak

(Fig. 3(c,d)). These results indicate that the [1-10] direction of PboOF> ([1-10]px20r2) is nearly parallel
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to the [110] direction of the Nb:STO substrate ([110]sto). Figure 4(b) shows a plan-view image of the
crystal structure of Pb,OF; and STO. The Pb positions in Pb,OF; closely correspond to the Sr and Ti
positions in STO. The lattice mismatch is only 4%, and this good lattice matching facilitates the (110)-
oriented growth of the film. The lattice constants of the film are a = 8.140 A and ¢ = 5.79 A, similar

to those of the bulk material [8].
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Figure 4. (a) Cross-sectional and (b) plan-view images of the crystal structures of (110)-oriented

Pb,OF; film and Nb:STO(001) substrate.

3.3. Dielectric properties of the films

Figure 5(a, b) shows the relative dielectric constant (&r) and dielectric loss (tand) of PbF, and
Pb,OF> polycrystalline films deposited on TiN/SiO/Si substrates (at 7s of 40 °C and 200 °C,
respectively). and a (110)-oriented Pb,OF> film grown on an Nb:STO substrate at 75 = 175 °C. The
films were 40 nm thick. The tand values remain below 0.1, confirming the insulating nature of the

films. This observation aligns with earlier reports indicating that bulk PbF> and Pb,OF; exhibit



insulating properties, with bandgaps of 5.7 eV and 3.8 eV, respectively [8,21].
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Figure 5. (a) & and (b) tand of the PbF, and Pb,OF> polycrystal films deposited on TiN/SiO»/Si
substrates and (110)-oriented Pb,OF; film deposited on Nb:STO substrate. (c) & and (d) tand of (110)-

oriented Pb,OF> films at 1000 kHz as a function of thickness.

The tano value of the (110)-oriented PboOF> film is lower than that of the polycrystalline film
due to the reduced grain boundary density, which typically contribute to leakage currents. In addition,
SEM measurements reveal that the surface of the polycrystalline PboOF; film is significantly rougher
than that of the (110)-oriented film, which also serves as a source of leakage current. Furthermore, the
& value of the (110)-oriented PboOF; film is approximately 22, about four times higher than that of the
polycrystalline film. To verify this, we varied the thickness of the (110)-oriented Pb,OF> films from

40 to 200 nm (Figs. 5(c, d), S4), and the & value remained consistent, confirming its reliability. As per
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reports, in PbF2, & is influenced by both the polarization of the electron cloud under an applied voltage
and the ionic conductivity of fluorine ions [22]. The higher &: observed in the (110)-oriented PboOF>
film, compared to the polycrystalline film, is likely due to the reduced grain boundary density and the
ordered alignment of oxygen and fluorine ions along the out-of-plane direction, possibly enhancing

the ionic response to the applied electric field.

4. Conclusion

Oxyfluoride PboOF; films were directly fabricated using PLD with a PbF; target. The substrate
temperature played a crucial role in the stabilization of the oxyfluoride phase. Additionally, the (110)-
oriented growth of the oxyfluoride phase was achieved, wherein oxygen and fluorine ions exhibit out-
of-plane ordering. Dielectric property measurements revealed that the (110)-oriented Pb,OF: films
exhibit a relatively high ¢ value, about four times larger than that of the polycrystalline films, attributed
to the reduced grain boundary density and an improved ionic response due to the ordered oxygen and
fluorine alignment. These results demonstrate the feasibility of direct synthesis of oxyfluoride thin

films using fluoride targets and highlight their potential for dielectric applications.

Supporting information

Detailed XRD results are provided in the Supporting Information.
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Fabrication methods for mixed-anion compounds are presented through the synthesis of lead
oxyfluoride films. The work shows that controlling substrate temperature enables oriented growth,

which enhances the material's dielectric constant.
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