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Abstract

NaTaOs; is a stable and wide bandgap n-type semiconductor material with many different
applications. Here we present a flux-mediated synthesis method for NaTaO; resulting in
highly distinctive, substrate covering shapes via precursor chemistry variation at
comparatively low temperatures. We find that the microstructure of the resulting NaTaO;
films can be varied from nanocubes to smooth thin films. These shapes and surface
chemistries can be correlated by employing density functional theory calculations and surface
sensitive X-ray photoemission spectroscopy. This study provides guidance on how to
synthesize the material and tailor its shape and surface termination for different applications.
Finally, as a proof of concept of one possible application, we applied NaTaO; to perovskite
solar cells as the electron transport layer, resulting in conversion efficiencies of > 19%. Our
study provides a new strategy for designing ternary oxide thin films for renewable energy

applications.



1. Introduction
Metal oxides are highly versatile and can appear as semimetals, semiconductors, or insulators
with a wide range of functionalities with unique tunability of physico-chemical properties via
control of their elemental composition.!" Traditionally, complex metal oxides are prepared
by the ceramic (or solid-state) method, which involves several cycles of grinding and heating,
long calcination steps at high temperatures (well above 1,000 °C), and intermediate wet
milling processes.””! The high temperatures and surface areas are needed to increase the
reaction rate and reduce the diffusion path. Reactions are often slow because solid-state
reactions solely take place at the interface of the reactants.'” In addition, the final phase often
contains unwanted impurity phases. For thin film device applications, the high reaction
temperatures are not compatible with device architectures that contain substrates pre-coated
with functional materials such as the transparent conducting oxide fluorine-doped tin oxide
(FTO).

Among other synthetic techniques, flux-mediated synthesis methods have been widely
used to fabricate high-quality complex oxides with excellent phase-homogeneity at relatively
low temperatures, which have made a significant impact on renewable energy applications."
2 In a flux-mediated synthesis, an inorganic salt acts as a molten-salt solvent by heating it
above its melting point. It helps to dissolve solid inorganic reactants and facilitates
crystallization and crystal growth well beyond the normal melting point of the final material.
891 Flux-mediated synthesis enables synthetic flexibility to tune shape, feature size and
surfaces, as well as composition of complex oxides.!"*'*!

To this end, the majority of research employing flux-mediated synthesis of oxides has
focused on the growth of single-crystals and nanocrystals which are typically not on a support
substrate. Although post-processing of nanocrystals into thin films is possible it is often
hampered by morphological defects, trap states in the nanoparticle network, and poor
physical contact with the adjacent layers."'""™ The requirement for complex oxides to be
incorporated in optoelectronic thin film devices is their formation on a substrate, often coated
with FTO which limits the maximum annealing temperature to 700 °C.!'%

In order to exploit the advantages of flux mediated synthesis of metal oxides and apply
them to devices it is necessary to elucidate the formation and correlation of their final

properties with the nature of the molten salt. Here, we report not the flux synthesis of



particles, but on surface-covering NaTaO; synthesized at temperatures as low as 600 °C
which is 1/3™ of its melting point.'” NaTaO; is a promising material for renewable energy
applications as recently identified by a data-driven materials discovery effort.!"* !

We investigate the reaction mechanisms, crystallization pathway, and shape evolution
from thin films to truncated pyramids, to nanocubes with dependence on the anion of the
sodium salt deployed, using in situ X-ray diffraction analysis. Notably, we find that the
precursor composition determines the shape of the NaTaO;, a relationship which is supported
by surface energy and phase equilibria calculations from density functional theory (DFT).
While the large surface-to-bulk ratio shapes are highly desirable for photocatalytic
applications, superior function is found in perovskite solar cells if the NaTaO; forms a thin
film. By elucidating the formation mechanism of the ternary oxide and resulting surface
chemistries, our findings provide a promising approach to tailor ternary metal oxides for

photo-driven applications.

2. Results and Discussion

The flux-mediated synthesis of NaTaO; was accomplished with several precursor
combinations, including Ta metal and amorphous tantalum oxide (TaOy) thin films as a Ta
source, and four different Na-containing salts (NaNO;, CH;COONa (NaAc), NaCl, and
Na,S,03), with dual function, acting as a source of Na and the reactive flux. After spin-
coating a Na-containing solution onto Ta or TaOy thin films, the samples were annealed at
600 °C for 30 min (schematic Figure 1a), which is a significantly shorter annealing period at
relatively low temperature when compared to a typical solid-state approach (10 hours at 1200
°C) and to the melting temperature of NaTaO; (1810 °C).!'" 2! X-ray diffraction (XRD)
analysis was performed to investigate the crystal structure and phase purity of the synthesized
films. As shown in Figure 1b, we found that phase pure NaTaOj; thin films were successfully
synthesized from the combinations of Ta/NaNO;, TaO,/NaNO;, and TaO,/NaAc. Ta
combinations with NaCl or Na,S,0; did not result in crystalline materials (Figure 1c). We
also prepared a sample by drop-casting NaNO; on Ta metal thin films but found O-rich and
other secondary phases possibly due to the Na excess (Figure S1). This indicates that careful
concentration control is important in synthesizing high-quality and phase pure NaTaO; thin

films. The synthesized NaTaO; materials exhibit very distinct shapes, including nanocubes,

4



truncated pyramids, and flat thin film-like features (Figure 1d-f). These observations are
different as compared to NaTaO; nanoparticles and thin films which are typically reported to
have idiomorphic cubic shape.?'*! 2D grazing-incidence wide-angle X-ray diffraction
dominantly shows random orientation of NaTaO; without indication of preferential
orientation (Figure 1g-1).

It has been reported that precursors and fluxes determine the shape of the product
synthesized by flux-mediated methods.!"?' Therefore, we want to understand for our specific
material system and precursor combinations the crystallization pathways and shape formation
and performed in situ XRD measurements in air. Figure 2 shows 2D contour plots of in situ
XRD results and the corresponding observed phases as a function of temperature. The
heating/cooling profile is given in Figure S2. At the end of the crystallization and cool down,
all samples exhibit XRD patterns corresponding to monoclinic NaTaO; without secondary
phases (Figure S3). The formation onset temperature of NaTaOj; as well as the crystallization
pathways were found to depend on the combination of Ta source and Na salts. The NaTaO;
formation temperature is found to be between 450 — 550 °C which is significantly lower than
its melting temperature of 1810 °C. Observed crystalline phases at the beginning of the
annealing are the Na salt (NaNO; or NaAc) and metallic f-Ta (in case of a pure Ta-precursor)
while TaO, precursors result in amorphous phase. In the Ta/NaNOj; system, the -Ta peak
position first shifted to smaller values with increasing temperature, and then disappeared
above 375 °C due to the expansion of the lattice and oxidation, respectively. The diffraction
peak for NaNO; (29.4°) vanished above 300 °C, which is in good agreement with its melting
temperature. Before the formation of NaTaO; at 450 °C, an intermediate phase, Na,Ta,Os,
was observed between 325 and 450 °C. Its appearance is attributed to a lower thermodynamic
energy barrier height to form Na,Ta,0O¢ instead of NaTaOs, consistent with a previous report.
241 The SEM images of the Ta/NaNO; sample taken after interrupted annealing at 250, 450,
and 550 °C illustrate the shape evolution (Figure 2b). The SEM images suggest that NaTaO;
nanocubes emerge from the Na,Ta,Og phase.

In sharp contrast, combining NaNO; with TaO, results in the disappearance of diffraction
signals after the NaNOj; peak disappears above 300 °C (Figure 2c). The NaTaO; phase only
emerges at 475 °C. Compared to Ta metal, TaO, has less active tantalum sources to react with

the surrounding Na* ions, resulting in direct conversion to NaTaOj; at higher temperature. The

5



obtained SEM images (Figure 2d) show that NaNO; dewets from the TaO, surface (250 °C)
to form a liquid or liquid-like phase without periodic crystalline structure until NaTaOj;
appears at 475 °C exhibiting similarities with truncated pyramids. Lastly, for the TaO,/NaAc
sample, it was found that NaAc decomposes into Na,O, above 400 °C, followed by a
temperature window around 500 °C without crystal phases i.e. a liquid or liquid-like
amorphous phase (Figure 2e). The SEM images of the TaO,/NaAc sample annealed at
different temperatures reveal that NaAc fully covers TaO, before it decomposes and thin film-
like NaTaO; occurs (Figure 2f). Based on these observations, there is evidence that the
variation of precursor chemistry (Na salts and Ta sources) determines the reaction pathways,
NaTaO; onset crystallization temperature, and its resulting microstructure or shape. The flux-
mediated synthesis is supported by the fact that the diffraction signals completely disappear
for the TaO, precursors indicating absence of any crystalline phase but amorphous or liquid-
like phases. Na salts are known fluxing agents and the temperature at which the diffraction
signals disappear coincide with the melting point of the Na salt.! ? NaTaO; cannot be
synthesized with NaCl or Na,S,0;, likely because their melting points are either too high
(NaCl) or too low (Na,S,0;) to form a molten flux in which the precursor molecules could
disperse, dissociate, and diffuse to enable growth of NaTaO; particles.

The data reported here suggest that the melting temperature of the Na salt, the solubility
of the Ta and TaO, in the Na salt, and the anion of the Na salt each play a role in influencing
the crystallization pathway and shape evolution of NaTaOj;. To rationalize this observation,
we performed surface energy and equilibrium particle shape (Wulff shape) calculations while
varying the chemical potential of the constituent elements (Na, Ta, O) to approximate each
synthesis environment. Specifically, we constructed a chemical potential diagram for the Na-
Ta-O system and identified trends in the Wulff shapes within the NaTaO; domain on the
diagram. This is shown in Figure 3a-e, where the Wulff shapes at five representative points
(red) within the chemical potential stability domain of NaTaOj; are pictured. The point in the
upper left, separating the Na,O, and NaTaO; regions, approximates the conditions
encountered during synthesis using the TaO,/NaAc precursors, which result in a Na,O, flux
and a Ta-deficient/Na-rich environment. Under these conditions, the Ta species has a low

chemical potential (-12.48 eV), due to its deficiency in the TaO, compound, and the chemical



potential of Na is relatively higher (-2.52 eV) due to its prevalence in the resultant Na,O,
flux.

The endpoints given by the upper and lower coordinate points on the NaTaOs/Na,Ta Oy,
border correspond to Ta-deficient/Na-deficient (i.e., O-rich) and Ta-rich/Na-deficient
conditions, respectively. These endpoints approximate the conditions encountered in the
synthesis using TaO,/NaNO; and Ta/NaNO; precursors, respectively. We assume that, in
both conditions, the Na species has the lowest possible chemical potential (-1.33 eV to -3.59
eV) due to being bound in the NaNOj precursor. The chemical potential of Ta is allowed to
vary from being as deficient as possible in the TaO, compound (-11.76 eV) to rich (0 eV) in
the elemental Ta compound.

The computed surface energies and equilibrium particle shapes suggest that a cubic shape
dominates in both Ta-rich/Na-deficient and Ta-deficient/Na-rich environments, which
approximate the synthesis conditions while using Ta/NaNO; and TaO,/NaAc precursors,
respectively. In both situations, this shape is enabled by the stabilization of the (100) surface,
albeit at different terminations. The Ta-rich (100)-TaO, surface termination and the (100)-
NaO surface termination are stabilized with an estimated surface energy of 0.80 and 0.44 J m
> under Ta-rich/Na-deficient conditions and Na-rich/Ta-deficient conditions, respectively
(Table S1 and S2). The calculated energy for both possible (100) surfaces appears to match
closely with the calculated energy in a previous study of cubic NaTaO; by Portugal et al.’*
(Table S3).

In the Ta-rich/Na-deficient case, the corners of the (100) cube, however, appear to be
truncated by (311) surfaces. We note that the presence of (311) surfaces is especially
sensitive to the value of chemical potential of Na. For slightly lower values of chemical
potential of Na, the (100)-TaO, surface energy is decreased even further and the (311) no
longer appears in the calculated Wulff shape. The presence of some amount of (311) in Ta-
rich conditions is not unreasonable, however, due to the surface’s Ta termination.

As Uz, decreases along the rightmost boundary of the NaTaO; domain, the (210) and
(221) surfaces decrease in energy and begin to appear in the computed Wulff shape. At the
upper endpoint, the predicted Wulff shape is entirely composed of (210)-NaO, (221)-NaO

and (100)-NaO surfaces; the energies of these surfaces are shown in Table S4. The



dominance of these surfaces can be attributed to their NaO terminations (which lack any Ta
atoms).

In agreement with our experiments, the calculated cubic Wulff shape in Figure 3 for Ta-
rich/Na-deficient conditions matches the observed shapes of the experimentally synthesized
NaTaO; nanoparticles. It appears that the observed nanocubes consist almost entirely of low-
energy (100), TaO,-terminated surfaces. As previously mentioned, the presence of (311)
truncated corners is very sensitive to the Na chemical potential, which may explain some of
the disagreement on the extent to which the nanocubes are truncated. While the nanocube for
the Ta/NaNOj; synthesis was experimentally observed, we did not obtain as close of a match
between the predicted and experimentally observed particle shapes for the TaO,/NaNO;
synthesis, in which a truncated pyramid shape was observed. We attribute at least some of
this disagreement to the unknown role in which the substrate stabilizes preferred interfaces.
Additionally, our theoretical model does not incorporate any solvation effects within an ionic
flux. Nonetheless, the observation of angled surface facets in the nanopyramids suggests that
at least some higher index surfaces are being observed. We hypothesize that the (210)-NaO
and/or (221)-NaO surfaces are likely candidates for these observed surfaces.

Finally, at the upper left point in the NaTaO; domain, the computed Wulff shape is a
perfect cube, composed of the Na-rich (100)-NaO surface which only exposes Na atoms to
the environment. Micrographs of NaTaO; synthesized under Ta-deficient/Na-rich conditions
using TaO,/NaAc precursors show a flat surface, which is in apparent disagreement with this
computed shape. It should be highlighted, however, that the Wulff shape construction is
limited by its dimensionality in illustrating the preferred geometry of a compound grown as a
film on a flat substrate. While this limitation prevents a direct comparison, we highlight that a
perfectly cubic Wulff shape and a substrate-grown film with a flat surface could both reflect a
strict energetic preference for a single surface. In this view, we hypothesize that the flat
surface resulting from the TaO,/NaAc precursors is dominated by the (100)-NaO surface.

Next, surface sensitive X-ray photoelectron spectroscopy (XPS) was performed to
characterize the elemental surface composition of NaTaO; (Figure S4). Before the XPS
analysis, the samples were sufficiently washed with warm water to ensure a clean surface
without residual Na salts. Figure 3f shows the Na 1s, O 1s, and Ta 4f XPS peaks of the

NaTaO; samples which exhibit different elemental ratio of Na, Ta, and O. The Na:Ta:O ratio
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was 8.4:25.0:66.6 for the nanocubes, 11.9:15.0:73.1 for the truncated pyramids, and
20.6:14.8, 64.6 for the thin films. These ratios agree with the results of our calculations and
confirm that NaTaO; nanocubes, truncated pyramids, and thin films have Ta-rich, Na-
deficient/Ta-deficient/O-rich, and Na-rich surface terminations, respectively. Together, our
simulation and experimental results indicate that the shape and surface chemistry of NaTaO;
films can be controlled through flux-mediated synthesis.

After exploring the shape evolution and surface chemistries of NaTaO;, we evaluated the
physical properties and band structure of NaTaO; depending on shape. The optical absorption
properties of the different NaTaO; samples on quartz glass are shown in Figure 4a. The
absorption edges of the NaTaO; samples are found around 300 nm. Compared to the
nanocubes, the truncated pyramids and the thin films show lower negligible visible light
absorption, which means NaTaO; truncated pyramids and thin films are highly transparent to
visible light. The bandgap energies of NaTaO; were found to be about 4.1 eV (300 nm),
extracted from Tauc plots of the absorbance spectra, Figure S5. XPS results confirmed that
the NaTaO; nanocubes, truncated pyramids, and thin films exhibit n-type conductivity with a
Fermi level located at 2.73, 2.81, and 2.75 eV above the valence band maximum, respectively
(see experimental section for details and Figure S6). The calculated CBM (and VBM) of the
three different NaTaO; shapes were -4.10 (-8.19), -4.39 (-8.49), and -4.01 eV (-8.12 eV),
respectively.

From energy level considerations we anticipate that NaTaO; is a suitable electron
transport material for halide perovskite solar cells (PSCs). Halide perovskite materials are
highly promising for next generation optoelectronic devices including photovoltaics.* To
date, electron extraction in PSCs is most widely achieved via TiO, and SnQ,.*'** Recently,
solution-processed NaTaO; nanoparticles as an electron transport layer (ETL) have been
reported in PSCs.™! Ye er al. suggested an improvement in the efficiency of PSCs with
NaTaOs; through thickness control of the NaTaO; layer and in combination with a thin
modified layer of phenyl-C61-butyric acid methyl ester between the perovskite and the
NaTaO; layer.”™ Here however, we want to take advantage of the chemical tunability of
NaTaO;, and by targeted choice of their constituent elements, vary shape and surface
composition and test their corresponding device performance. As illustrated in Figure 4b, the

CBMs of the NaTaO; samples are slightly lower than that of FAPbI; (-3.79 eV), and their
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VBMs are significantly lower than that of FAPbI; (-5.38 eV)."! This energy alignment
allows electrons to pass through smoothly, while it blocks holes.

To investigate the charge transport/extraction ability of NaTaO,;, we fabricated
conventional n-i-p PSCs on FTO glass, with a NaTaO; layer as the ETL, FAPbI; as the
photoactive  layer, 2,2'.,7,7'-Tetrakis(N,N'-di-pmethoxyphenylamine)-9,9'-spirobifluorene
(Spiro-MeOTD) as the HTL, and gold as the metal back contact (Figure 4c, see Experimental
Section). Figure 4d illustrates the current density—voltage (J-V) characteristics of the devices
under AM1.5 G at 1-sun intensity. The device with NaTaOj thin film exhibits superior device
performance with a V,. of 1.13 V, a short circuit current density (J,.) of 24.67 mA cm?, a fill
factor (FF) of 70.68 %, and a resulting power conversion efficiency (PCE) of 19.53 %. The
photovoltaic parameters (V,., J,., and FF) for the NaTaO; nanocube sample are 1.11 = 0.1 V,
2221 £0.16 mA cm™, and 59.21 + 1.28, respectively, leading to PCE of 14.81 + 0.46 %. The
NaTaO; truncated pyramids-based device has the lowest PCE of 4.2 % (V,. of 0.98 V, J,. of
20.02 mA cm™, and FF of 68.92 %). These results indicate that the ETL morphology

correlated to the precursor chemistries during synthesis significantly affects the performance.

3. Conclusion

In summary, a flux-mediated synthesis method for NaTaO; is presented resulting in
highly distinctive, substrate covering shapes via precursor chemistry variation at
comparatively low temperatures. Depending on the precursor chemistries, different reactions
and crystallization pathways occur during the flux-mediated synthesis as observed by in sifu
diffraction analysis resulting in NaTaO; nanocubes, truncated pyramids or smooth thin films.
We further correlate synthesis conditions with shape evolution using density functional
theory, chemical potential diagrams, surface energy calculations, and Wulff constructions.
Experiment and calculations confirm distinct elemental surface termination with Ta-, O- or
Na-rich surfaces for nanocubes, truncated pyramids, and thin films, respectively. NaTaO; is a
stable and wide bandgap n-type semiconductor material with many different applications in
photovoltaics and photo electrochemistry. In this work it was applied to PSCs as efficient
electron transport layer resulting in conversion efficiencies of > 19%. This result suggests that
tuning the properties of ternary oxides using flux-mediated synthesis provides a promising

path toward the discovery of novel, high performance materials for photo-driven applications.
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4. Experimental Section

NaTaO; film fabrication: NaTaO; thin films were synthesized by flux-mediated synthesis
method using a novel approach inspired by prior work of Suzuki er al.”" Ta metal thin films
and amorphous TaOy thin films were used as Ta source and 4 different Na salts (NaNO;,
CH;COONa, NaCl, and Na,S,0;) were employed as both the Na source as well as the flux.
Briefly, Ta or amorphous TaO; thin films were deposited on Si or fluorine-doped tin oxide
(FTO)-glass substrate. Before Ta or TaO, deposition, the substrates were cleaned using
detergent, acetone, and isopropanol, rinsed with deionized water, and dried with nitrogen. Ta
and TaO, thin films were deposited on the substrate using a radio frequency magnetron
sputtering system (AJA International, Inc.). The thickness of the Ta and TaO, thin films was
controlled by deposition duration time. The Ta and TaOj thin films were treated by air plasma
cleaner for 5 min to make them hydrophilic. Then, 100 uL of 2 M Na salt in ethylene glycol
solution was deposited by spin coating at 4000 rpm for 30 s. The resulting films were dried at
80 °C for 10 min. Finally, the Na salt-coated samples were annealed at 600 °C for 2 hours in
air.

Device fabrication: The perovskite precursor solution was prepared by dissolving FAPbI;
(889 mg mL"), MAPbBr; (33 mg mL"), and MACI (33 mg mL") in a dimethylformamide
(DMF)/dimethylsulfoxide (DMSO) mixed solvent (8:1 v/v). The perovskite was deposited on
NaTaO5/FTO glass at 4000 rpm for 20 s, where 0.2 mL of diethyl ether was dropped after 10
s, and then annealed at 150 °C for 10 min. Subsequently, spiro-MeOTAD solution (85.8 mg
of spiroMeOTAD (p-OLED Corp) in 1 mL of chlorobenzene with 33.8 uL of 4-tert-
butylpyridine and 19.3 ul of Li-TFSI (520 mg mL™" in acetonitrile) solution) was dropped at
3000 rpm for 30 s. For the top electrode, 80 nm gold was thermally deposited at an
evaporation rate of 0.5 A s™. For the anti-reflection coating, 150 nm MgF, was thermally
deposited at an evaporation rate of 1 A s™.

Film Characterization: The morphological and structural characterization of the NaTaO;
thin films were conducted with scanning electron microscopy (Quanta FEG 250, FEI) using
an acceleration voltage of 10 kV. The crystalline structure of the NaTaO; thin films was
analyzed by X-ray diffraction with a Rigaku Smartlab diffractometer using Cu Ka radiation.

During the in situ XRD measurement, the samples were heated (30 °C min™), annealed at 650
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°C for 15 min, and then cooled down to room temperature. XPS analysis was performed using
a Kratos Axis Ultra spectrometer with a monochromatic Al Ka line at 1486.69 eV. XPS
depth profiling was used to investigate the atomic composition of samples using an Ar ion
gun with power 1 kV and 600 nA on a raster area of 7.8 mm?. The areas of the XPS spectra of
each element were obtained by fitting Gaussian peaks after removing the secondary electron
background, followed by normalization with corresponding atomic sensitivity factors. The
valence band maximum (VBM) was found by a linear extrapolation of the leading edge of the
valence band spectra. The conduction band minimum (CBM) was determined by subtracting
the bandgap energies of NaTaO;. The Fermi levels were calculated by subtracting the value
determined by linear extrapolation of the secondary electron edge from the photon energy
(21.22 eV)."! The absorption spectra of NaTaO; thin films on quartz glasses and the
transmittance spectra of NaTaO; thin films on FTO glasses were measured using an
ultraviolet-visible photospectrometer (SolidSpec-3700, Shimadzu).

Density functional theory calculation: Density functional theory (DFT) calculations of
NaTaO; slabs were performed using the generalized gradient approximation (GGA) method
formulated by Perdew-Burke-Ernzerhoff (PBE)*?! with projector augmented wave (PAW)
pseudopotentials as implemented in the Vienna Ab initio Simulation Package (VASP, version
6.2.1)."* *! The VASP input parameters and K-point settings were chosen as defined in the
MPSurfaceSet class within pymatgen, including a plane wave energy cutoff of 400 eV and K-
point reciprocal density of 50 per A3, Of the 26 original slabs, 13 were successfully
converged and are included in the results. All 13 noncoverging calculations are associated
with high-index surfaces (i.e. at least one Miller index of 3) and unfavorable configurations
which would likely lead to high surface energies. Note that for all DFT calculated total
energies, we also included the oxygen correction of -0.687 eV per oxygen atom, as recently
fit by Wang er al.*”!

Chemical potential diagram construction: The chemical potential diagram of the Na-Ta-
O system was created following the methodology of Todd et al.*® using the implementation
in pymatgen. The energies of phases in the Na-Ta-O chemical system were acquired from the
MP database (version 2021.11.10).*”" The chemical potential limits for the synthesis of
NaTaO; were determined by taking the conditions along the boundaries of the stability

domain of NaTaOj; within the chemical potential diagram. Note that in a ternary compound
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such as NaTaOs;, only two chemical potentials are independent; hence this stability domain is
two-dimensional (i.e., a polygon) within three-dimensional chemical potential space. We
performed all analyses in formation energy space, such that the reference chemical potentials
of the pure elements at their standard states was zero (1=0).

Surface energy and Wulff shape calculations: The surface energies were calculated using
the approach for nonstoichiometric slabs described by Kramer & Ceder.®! This can be

generally summarized by the equation

1
y:ﬂ(Eslab_Z Ni/’li)

where 2 A is the surface area of both sides of the slab, Eqis the total computed energy of
the slab, and /N, is the number of atoms of species i in the slab with chemical potential #; The

values of the chemical potentials are subject to the constraint
Z n=E

where E . is the total energy of bulk NaTaOs containing 7;atoms of each species i. This
constraint is incorporated automatically by only assigning chemical potentials within the
stability domain of NaTaO; as determined by the Na-Ta-O chemical potential diagram.

Wulff shapes were calculated following the methodology of Tran et al.* using the
implementation in pymatgen. The Wulff shapes were determined at various points within the
chemical potential stability domain of NaTaO;. For each coordinate within the stability
domain, surface energies were recalculated using the chemical potentials corresponding to
that point’s coordinates.

Device characterization: The current density and voltage curves of the devices were
measured with a Keithley 2401 source meter under simulated one sun AM 1.5G spectrum
illumination (100 mW cm™ ) from an Oriel Sol3A class AAA solar simulator (Newport). The
light intensity was first calibrated with a NREL-certified Si photodiode with a KG-5 filter. All
devices were measured in ambient air with a 0.100 cm? sized metal aperture used to precisely
define the active area during measurement. Devices were measured at a scan rate of 0.1 V s!

from 1.2 Vto-0.1 Vor 0.1 Vto 1.2 Vin 0.02 V steps.
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Figure 1. (a) Schematic of the Na-solution coating of Ta-containing precursors to facilitate
the flux synthesis. (b-c) XRD patterns of samples prepared by flux-mediated synthesis
method using different precursor combinations. (d)-(f) Plain view-SEM images of NaTaO;
thin films synthesized from the combination of Ta/NaNO;, TaO,/NaNO;, and TaO,/NaAc,
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respectively. (g)-(1) Corresponding 2D grazing-incidence wide-angle X-ray diffraction
patterns.
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Figure 2. Contour plots of temperature-dependent XRD patterns with observed crystalline
phases and SEM images of the samples taken after interrupted annealing at 250, 450, and 550
°C of (a,b) Ta/NaNOs, (c,d) TaO,/NaNOs, and (e,f) TaO,/NaAc precursors. The sharp peak at
32.9° is corresponding to a Si substrate (200) peak. Windows without diffraction signals
indicate the formation of a liquid-like or amorphous phase of the molten Na-salt and TaO,.
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Figure 3. Chemical potential diagram for Na-Ta-O with calculated NaTaO; Wulff shapes as a
function of several points within the NaTaO; stability domain. The conditions, shown as red
coordinate points, range from Na-deficient/Ta-deficient (i.e., O-rich) synthesis conditions
(resulting in shapes a,b) to Na-deficient/Ta-rich synthesis conditions (shape e). These are
approximations of the synthesis environments when using (a) TaO,/NaAc, (b) TaO,/NaNO;,
and (e) Ta/NaNO; precursor combinations. A cubic-like shape composed of (100) surfaces is
predicted only under the extreme conditions of (a) and (e), where the low-energy (100)

surfaces have NaO and TaO, terminations, respectively. (f) Na 1s, O 1s, and Ta 4f XPS peaks
of the NaTaO; samples.
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Figure 4. (a) UV-vis absorption spectra of NaTaO; nanocubes, truncated pyramids, and thin
films on quartz glass. (b) Energy levels for NaTaO; layers and FAPbI;. (c) Device
architecture of perovskite solar cells with NaTaO; as the electron transport layer. (d) J-V
curves of the PSCs with NaTaO; as ETL.

21



Table of contents

This work presents the flux-mediated synthesis of shape- and surface chemistry-controlled

NaTaO; thin films and their application as an electron transport layer for perovskite solar

cells.

Kootak Hong, Shaun Tan, Matthew J. McDermott, Tianyi Huang, Finn Babbe, Tim Kodalle,
Max Gallant, Kristin A. Persson, Yang Yang, Carolin M. Sutter-Fella*

Shape-controlled NaTaO; by flux-mediated synthesis

o Mot (EY)

@
=}
=}

600

C
@
3
a
C
@
o}
8

N
o
=3
=
=3
=

Temperature (°C)
w
8
3

Temperature (°C)
N )
(=] [=]
S [=]

fsusiu| QX ennefey

[}
30 40 50 10

20 20 30 40 50
2 theta (degree) 2 theta (degree)

22





