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Abstract. We report on the epitaxial growth of Bi; WO thin films by Pulsed Laser Deposition
using a high-power infrared Nd: YAG laser source. X-ray diffraction investigation confirms that
single (00/)-oriented thin films can be obtained on both LSAT and SrTiO3 substrates by using
a LaNiOs3 adapting layer. Moteover, réciprocal space maps show that the films coherently grow
on such substrates with the in-planelattice parameters fully matching those of the substrates. In-
situ x-ray photoemission spectroscopy experiments show that a UHV annealing process makes
the film more conductive even though it also affects the Bi:W chemical ratio by reducing the
Bi content. Alternately, the conductivity of the films can be effectively tuned by either growing
the film in Ar atmosphere or by, depositing potassium on its surface without modifying the Bi:W
chemical ratio. Qur results.provide a viable route to synthesize high-quality Bi;WOg thin films
with tailored electronic properties.

1. Introduction

Bismuth tungstate BiyWOg (BWO) is a compound within the Aurivillius family of layered
perovskite materials and crystallizes in an orthorhombic structure characterized by alternating
layers of BipOj units and WO, octahedra (Fig. 1) [1]. Its layered architecture endows the
material with distinct anisotropic properties and a high degree of chemical stability which
has garnered significant attention in recent years due to its unique structural, optical, and
electronic properties [2]. For instance, BWO has been considered a promising candidate in the
field of photocatalysis for degrading organic pollutants and generating hydrogen through water
splitting [3—7] and its non-toxic and environmentally benign nature enhances its attractiveness
for sustainable applications. In addition, BWO has also been explored for electro-optical
applications, including ferroelastic [8], ferroelectric [9, 10], and dielectric materials and sensors
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[11-13]. In particular, its ferroelectric properties, derived from the distortion of the WOy
octahedra [12, 14], offer opportunities for use in non-volatile memory devices and other
electronic components [11]. Besides being a ferroelectric with a sizable Rashba splitting, its
layered structure creates a unidirectional spin-orbit field protecting the spin transport from spin
dephasing [12]. Overall, BWO represents a versatile material with a wide array of functional
applications, driven by its unique structural characteristics and favorable electronig. properties.
Controlling its structure is expected to allow for control of its electronic properties [15=18] thus
pushing the research activity in the field of synthesis of BWO [2,13,19,20].
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Figure 1. Sketch of BWO unit cell along the [001] crystallographic direction showing the
stacking of Bi, Q3 blocks'and WO, octahedra.

Here, we present results on synthesizing BWO thin films that epitaxially grow with a
single-phase orientation. "An annealing process at high temperatures and in UHV conditions
can increase the BWO films™ overall conductivity by removing oxygen from the films, but it
also affects the Bi:W optimal stoichiometry. Comparable electron doping can be obtained in
as-grown filmsssynthesized in an Ar environment without any post-annealing process. While
the growth in Ar/dopes BWO in its bulk, the electronic properties at its surface can only be
modulated-by evaporating potassium on the films. However, in all these cases, the BWO
insulating state appears robust to n-doping as we never observed its conduction band crossing
the Fermi energy. Our results provide viable routes to synthesize high-quality BWO thin films
and craft their physical properties precisely.
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2. Structural and chemical characterization of thin films

BWO thin films were grown using an Nd:YAG laser operating at its fundamental wave-
length (i.e. 1064 nm) which falls in the infra-red region. Such a laser source has a pristine spot
size of the laser shot of about 0.6 cm in diameter with a typical energy of 700 mJ, correspond=
ing to an energy density U of about 2.5 J/cm? for the unfocused beam, which was verified to
already ablate target. Nonetheless, the laser beam was focused on the target, with U, reach-
ing the estimated value above 20 J/cm? making such a deposition condition uiéemmon when
compared to PLD-processes realized by the use of KrF excimer lasers in which energy. U typ-
ically ranges between 1+ 5J/cm?. Moreover, while the typical duration of the excimer laser
shot is about 25 ns, Nd: YAG lasers provide such an intense laser shot with a typical duration of
6-+10ns. Relevant information of both Nd:YAG and KrF laser sources.are reported in Table.1
Although operating in quite different conditions in terms of energy, duration, and wavelength,
high-power infrared Nd: YAG lasers have been capable of successfully growing a large variety
of samples [14,21,22]. Moreover, differently from the PLD-process assisted by an excimer
laser, Nd:YAG laser at fundamental harmonics efficiently ablates also metal disks (e.g. Co,
Fe, Dy), thus further increasing the number of materials that.can be deposited as multilayered
structures within a single deposition run.

Table 1. Key-parameters of Nd: YAG and KrF lasers
Laser Parameters Nd: YAG laser KrF laser
Wavelength 1064 nm 248 nm
Fluence of a single laser shot 700 mJ 200 +340ml]
Energy density of unfeeused beam ~2.5]/cm? ~0.1J/cm?
Energy density of focused beam ~ 20 J/cm? 2 =3 J/cm?
Pulse width 6-+-10ns ~25ns

N

The lattice parameters, of Pca2; orthorhombic phase of bulk BWO are as follows:
a=0.54345(12) nm, b=0.54558(12) nm and c=1.64324(12)nm [23, 24]. Along the (110)-
crystallographic direetion, a,nearly-square arrangement with in-plane lattice parameters of
a,=0.3838 nm and b, =0.3863 nm can be resolved (see Fig.1). Therefore, epitaxial growth
of BWO is expected.on substrates that are usually used for the growth of oxides [25]. BWO
films were grown wusing pulsed laser deposition (PLD) [26] with a solid-state Nd:YAG infra-
red laser source [21] on (LaAlO3)g 3(SrpTaAlOg)g.7 (LSAT) and 1%at Nb-doped SrTiO3 (STO)
substrates where a small lattice mismatch is expected, namely -0.5% and -1.4% on LSAT and
STO, respectively. To improve the BWO crystallographic quality, a deposition of a LaNiO3
(LNO) buffer-layer was routinely done. As a matter of fact, the insertion of an LNO as an
adapting layer has been previously proven to inhibit the interdiffusion of heavy cations from the
substrates.and the occurrence of spurious phase at film/substrate interface [27]. Indeed, BWO
films directly grown on substrates do not show any crystallographic order thus indicating either
the polycrystalline or the amorphous nature of the grown films as probed by X-ray diffraction
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(XRD). On the other hand, the insertion of an LNO buffer layer largely improves the films’
crystallinity, resulting in them all being well-aligned along a single crystallographic direction

(Fig.S1 in supplementary).
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Figure 2. (a-b) Symmetrical 6 -28 scans of BWO films grown on LSAT (red) and Nb:STO
(blue) substrates, respectively; reciprocal space maps around (119)-BWO and (013)-LSAT (c-d)
and Nb:STO (e-f) substrates reflections (the position of BWO-on-LSAT diffraction peaks are
reported as red crosses in both panels).

Symmetrical 0 -260 scans of optimized BWO films grown on LSAT and STO substrates
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with a 10 nm-thick LNO buffer layer are reported in panels a) and b) in Fig. 2. In both cases,
XRD spectra only contain (00/) peaks thus indicating the preferential c-axis orientation of the
film along the [001] crystallographic direction of substrates. By the position of the symmetric
(006) Bragg reflections, the out-of-plane c-axis parameters were calculated to be 1.640 nmrand
1.637 nm for films grown on LSAT and STO substrates, respectively. When compared with, the
value of 1.643 nm reported for single crystals [23,24], the obtained values indicate,a shrinking
of the BWO unit cell, as expected by a coherent tensile strained growth on those substrates. To
investigate the substrate/film structural in-plane relationship, reciprocal space maps of BWO
around suitable asymmetric reflections were performed.

As a matter of fact, for asymmetric reflections, the scattering vectors have components both
in and out of the plane of the sample and these are visible at specific azimuthal angles because
the alignment of the lattice planes and the sample’s rotational orientation,[28]/ In particular,
Fig 2d and Fig. 2f show the BWO (119) diffraction peaks along with (013) LSAT (Fig. 2c) and
(013) STO (Fig. 2e) diffraction peaks, respectively. Since symmetrical 6-26scans have demon-
strated the [00/]-orientation for both BWO films and LSAT/STO substrates, the (013)-substrate
is given by [010]+[003] reciprocal vectors while the (119)-BWO is given by [110]+[009] re-
ciprocal vectors. In the reported reciprocal space maps, béing those'peaks detected at the same
¢ = 0° angle, the BWO[110]//substrate[010] parallelism relationrcan be derived. A further
proof of the in-plane crystallographic relationship astprovided by the reciprocal space map
around (113)-LSAT and (01 10)-BWO recorders at ¢ = 45% angle (Fig.S2 in supplementary)
which sets the BWO[010]//LSAT[110] parallelism relationship. In other words, considering the
[010]-crystallographic orientation for both the BWO film and LSAT/STO substrates, they have
been observed at 45° apart for the azimuthal angle thus confirming that BWO grows in-plane
45°-rotated with respect to the in-plane erystallographic axes of substrates. Moreover, in both
cases, substrate and film diffraction peaks are well aligned along the Q, directions, thus infer-
ring that BWO grows fully strained with both substrates. Moreover, the increase of the in-plane
lattice parameter for the BWO films grown on STO (i.e. smaller value of Q,) corresponds to
a shirking of its out-of-plane lattice parameter (i.e. larger value of Q,)), in full agreement with
data obtained by the analysis.ef symmetric reflections thus confirming the coherent elastic de-
formation of BWO.

The surface roughness of both LNO and BWO-on-LNO films was probed by low-angle
X-ray reflectivity (XRR),and reported in Fig. 3. Numerical simulations of the low-angle XRR
data (i.e., line-cugrves in panels a and b of Fig. 3) were performed using the AMASS software
by Malvern. Fonthe ENO buffer layer, the XRR curve oscillates up to 26 values of about 5.5°,
therefore setting a‘value for the surface roughness to about 0.4 nm, corresponding to an LNO
single unit cell:/On the contrary, the surface roughness of BWO thin films is higher than the
LNO buffer layer being XRR oscillations damped for 26 values above 2.5°. Yet, also in this
case, the estimated RMS value of about 1.6 nm is very close to a BWO single unit cell (i.e.
about 1.64 nm).

Surface long-range order was probed by in-situ Low-Energy Electron Diffraction (LEED)
technique. The use of low-energy electrons in the LEED technique sets a series of require-
ments on the nature of the material under investigation. In particular, insulating materials tend
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Figure 3. X-ray reflectivity of 10-nm-thick LNO (ajred dots) and 33-nm-thick BWO (b; blue
dots) films grown on STO substrates and the correspondent fitting curves (continuous lines) with
selected values of RMS; LEED patterns of an LNO film (c) and a BWO film grown on LNO-
buffered substrates (d).

to accumulate surface charges when electrons are incident on them thus distorting the diffrac-
tion pattern of diffracted electrons. As-grown BWO  films showed no LEED pattern most likely
because of their non-conductive nature. However, as demonstrated for other oxides [29-33],
a post-annealing process in UHV-¢endition is expected to promote oxygen vacancies into the
films and, as a consequence, make them more conductive. An annealing was therefore per-
formed on as-grown samples soon after the deposition, at higher temperatures and residual
vacuum conditions (i.e. below 1?)*6 mbar). After such a process, a LEED pattern, measured
by electrons with ~60 eV Kkinetic energy was observed. The lack of any trace of a continuous
connecting ring between the spots-dndicates the absence of a randomly in-plane distributed dis-
ordered phase. Moreover, surface contamination (e.g., droplets, see Fig.S3 in supplementary)
that are known to disrupt the LEED pattern typically by broadening the spots or reducing the
contrast of the diffraction spots, are ruled out by the presence of sharp diffraction spots (panel d
in Fig. 3). The'observed LEED pattern is compatible with a single domain exhibiting a four-fold
symmetry and 45° rotated with respect to the square coordination of the (001)-oriented LNO
buffer layer (paneleof Fig. 3), which is aligned with those of both LSAT/STO substrates.

3. Doping mechanisms investigated by x-ray photoemission spectroscopy

Although a UHV-annealing process at high temperatures was demonstrated to increase the
conductivity of BWO films, questions arise about the real origin of this phenomenon. In par-

Page 6 of 12



Page 7 of 12

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPMATER-101181.R2

Biy WOg thin films grown by high-power InfraRed-PLD 7

ticular, because of the well-known high volatility of bismuth [34], it is crucial to understand if
the BWO structural/chemical stoichiometry was preserved after the thermal treatment. From the
structural point of view, XRD 6 - 28 scans show the occurrence of the BWO phase only, without
any trace of spurious ones. However, differently to what occurs in many other perovskite oxide
systems [35—-37] where oxygen vacancies are known to expand the out-of-plane lattice parame-
ter, here the diffraction peaks of the annealed samples shift to higher angles thus pointing to a
shrinking of the BWO unit cell (Fig.S4 in supplementary). Such a result theréfore questions. the
assumption that the final UHV-annealing process only promotes oxygen vacancies:

To shed light on this issue, the Bi:W stoichiometry ratio was therefore investigated using X-
ray Photoemission Spectroscopy (XPS) [38]. Fig. 4a directly compares Wy anddBis, peaks for
both as-grown and UHV-annealed BWO samples. The Bi:W stoichiemetry was quantitatively
determined by a fitting procedure based on the Bis; /Wiy areas and/the XPS eross-section. Due
to possible errors in the fitting routine and background subtraction and the presence of the
photoelectron diffraction effect, the experimental error in determining the chemical composition
by XPS can be as large as 10%. The as-grown sample has a'Bi:W ratio of about 1.9, which
is compatible with the BiyWOg optimal stoichiometry. However, the annealed sample shows a
Bi:W ratio of about 1.7, thus pointing to a Bi deficiencyson the BWO films after UHV annealing
process [34].

Since the UHV annealing process was shown to promote Bi off-stoichiometry, we adopted
an alternative method to electron-dope oxide thin films via the growth in an Ar rather than
O, atmosphere. In this way, while the inert behavior of argon should leave unchanged the
impinging energy of the ablated species as well as their relative amount reaching the substrate
[39—41], a significant reduction of oxygeneontent in the growing BWO films is expected. While
it was not possible to perform XPS investigation on as-grown samples by using 45 eV impinging
photons because of charging efféets, BWO films,grown in argon were sufficiently conducting to
allow it, and a direct comparison withhUHV-annealed BWO samples was therefore possible. As
expected, the XPS spectrum ofthe sample grown in Ar atmosphere does not show deviation
from the optimal Bi:W chemical composition (Fig.4d) and a small shift to lower binding
energies of the valence band (see procedure in Fig.4b) with respect to the films grown in
oxygen and subsequently post-annealed in UHV (Fig. 4c). It is therefore straightforward that,
for samples grown in argon, the energy position of the valence band is triggered only by
oxygen content in the films, rather than a heavy-ions off-stoichiometry. Moreover, such a result
also paves the way for its fine-tuning by varying the oxygen/argon mixture in the deposition
background environment.

While the growthin argon creates oxygen vacancies within the whole film, the strategy for
electron-doping‘the BWO films only at its surface calls for the in-situ evaporation of alkali
metals. /Fig. 5a shows XPS spectra of a BWO sample with different potassium content on
its surface. Potassium doping was performed by exposing the sample’s surface held at a
temperature of about 77 K to a potassium getter (SAES getter). The getter was heated at a
current of 6.5 A and held at a distance of about 10 cm from the sample surface. The deposition
time is intended as incremental from the unexposed surface condition (i.e., the first curve is
after.1’ of deposition, the second curve is after 1’ + 5" = 6/ minutes of deposition, and so on).
As shown, the energy position of the Fermi energy (Fig.5b) can be effectively varied by the
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Figure 4. (a) XPS spectra around Wyg.and Bis, of the annealed (blue) and the not annealed (red)
ones; (b) visual sketch of the fitting procedure to extract the value of the valence band onset; XPS
spectra of BWO samples grown in oxygen and subsequently annealed in UHV (c) and grown in
Argon (d) atmosphere; imyparticular, the spectra in (c) is also reported as dotted lines in (d); the
position of the Fermi®nergy is,evaluated by assuming an energy gap of 2.9 eV.

potassium content up to 16 minute\s of evaporation when undesired clusters were formed on the
film surface as demonstrated by the different chemical environments of the Bi atoms correlated
to a new Bi peak around 24 eV of binding energy marked by an asterisk in Fig. 5a.

Interestingly, allof the doping mechanisms here presented are effective in tuning the energy
position of the valence band, although not capable of sufficiently populating the conduction
band and turning.the BWO.nto a full metal. Such a result shows the robustness of the insulating
state in BWO compound.

4. Conclusions

The obtained results can be summarized as follows:

(i) Both LSAT and STO substrates allow the growth of single-oriented BWO epitaxial thin
films; the small film/substrate in-plane mismatch allows a coherent growth of BWO which
isfound to be fully strained with both the substrates;
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Figure 5. (a) Spectra of the BWO sample with a different amount/of potassiam on its surface
and (b) the corresponding Fermi energy evaluated by assuming an.energy gap of 2.9 eV.
~

(i1) a thin (i.e. 10nm) LNO buffer layer improves the structural properties of grown BWO
films allowing the single-phase orientation of the films without affecting the in-plane lattice
coordination;

(iii) an annealing process in UHV condition is capable of increasing the metallicity of the BWO
films, yet promoting Bi:W off-stoichiometries by sublimating Bi;

(iv) electron-doping is possible by growing BWO films in:Aratmosphere rather than in oxygen
without affecting the Bi:W ratio;

(v) potassium evaporation on the BWO films i$,also ableito fine-tune the position of the valence
band, though not able to turn into full metal compounds (i.e. the conduction band crossing
Fermi level).

Our results provide a viable route to synthesize high-quality Bi, WOg thin films with ad-hoc
tailored electronic properties. Unlike conventional PLD systems based on ultraviolet excimer
lasers, the deposition process relies on.a solid-state Nd:YAG pulsed laser source operating at
its fundamental wavelength in the infrared region. Such lasers overcome a series of limitations
arising when traditional KrEsexcimer lasers are used such as safety issues (e.g. presence of
highly poisonous gases) and the‘overall cost of the installation (e.g. reduced cost of a Nd:YAG
laser source with respect an excimer one, negligible maintenance compared to the expensive
gas mixture necessary: forthe KrF). The higher flexibility of such a laser combined with the
high quality of the/©btained compounds pave the way for fabricating heterostructures of very
high quality grown by PLD in an all-in-situ approach.

Material and methods

BWO films were grown using pulsed laser deposition (PLD) with a laser source of a solid-
state Nd:YAG infra-red laser [21,26]. The pristine spot size of 0.6 cm in diameter was reduced
to 0.2 cm by using optical masks and subsequently focused on the target. Though a precise
estimate of the spot size on the target position is not possible, an energy density value above
20J/cm®*was estimated. A Bi:W:0=2:1:6 stoichiometric pressed-powders target was used.
Thefrequency of the laser was set at 0.5 Hz. The growth rate for LNO and BWO layers was
0.01 nm/laser-shot and 0.03 nm/laser-shot, respectively. The deposition temperature was kept at
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420°C and the O»/Ar background pressure of 10~! mbar. LNO buffer layer was deposited at
the same deposition pressure and 670°C.

X-ray diffraction (XRD) characterization was carried out by a Malvern Empyrean 4-citcles
diffractometer equipped with a double-bounce 2xGe(220) hybrid monochromator providingthe
Kg, (1.540598 A) wavelength only. GaliPIX3D detector with a 481 x 465 pixels active' Window
(corresponding to an equatorial and an axial sizes of 6.8898° and 5.7632°, respectively) was
used.

Low-Energy Electron Diffraction (LEED) patterns were measured by electrons with
~60eV kinetic energy on untreated BWO samples soon after the growthsand transferred in
UHV condition (i.e. in the range of 10~ mbar).

The electronic states at the surfaces of BWO samples were investigated by, in-situ x-ray
photoemission spectroscopy (XPS) with synchrotron radiation of 45eV and a/Scienta DA30
hemispherical electron analyzer [42]. The energy scale was calibrated using the Fermi level of
gold with an overall energy resolution of about 50 meV.
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