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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Q.→P transition in NNO films at 600 ◦C 
occurs between 16 and 45 nm on NGO 
(110).

• On NGO (101), temperature enables 
pure Q or pure P films growth.

• At 750 ◦C Q relaxes faster and P nucle
ates giving unique AFM textures on 
NGO and STO.

• c-AFM reveals local I–V behavior in Q 
and P regions below and above 125 nm 
on STO.

• Raman and EIS confirm macroscopic FE 
and AFE below and above the given 
thresholds.
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A B S T R A C T

This study explores precise control over ferroelectric (Q) and antiferroelectric (P) phase transitions in NaNbO3 
(NNO) thin films, essential for sustainable electronic applications. Epitaxial NNO layers (10–290 nm) were grown 
via Pulsed Laser Deposition (PLD) onto SrTiO3 (001) and NdGaO3 (110)/(101). X-ray diffraction and reciprocal- 
space mapping show films deposited at 600 ◦C nucleate as a fully strained Q phase; beyond a thickness of about 
45 nm on NdGaO3, they relax into the P phase. Elevated deposition temperature (750 ◦C) facilitates early partial 
relaxation of the Q-phase and promotes nucleation and growth of the P-phase, evident from distinctive mor
phologies observed by Atomic Force Microscopy (AFM). Conductive AFM further links structural phases to their 
distinct electrical signatures, showcasing ferroelectric hysteresis in Q-phase regions and more complex loops in 
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P/Q mixed-phase domains. Notably, on NdGaO3 (101), we demonstrate distinct single-phase growth; by selecting 
deposition temperature, we obtain exclusively the Q or P phase, without mixed states. These results provide 
insights into controlling structural transitions in NNO thin films, guiding their future development for sustainable 
electronics, energy storage, piezoelectric microdevices, and multifunctional systems.

1. Introduction

NNO possesses a very complex structural phase diagram. The 
different structural phases are associated with transitions from anti
ferroelectric (AFE) to ferroelectric (FE) to paraelectric phase. These 
phase transitions are generally temperature dependent, but at fixed 
temperature, the NNO phase transitions can be induced by multiple 
factors such as compositional modifications [1,2], external electric field 
applied [3,4], epitaxial strain [5,6], grain size [3,7], and chemicals 
utilized during the NNO preparation precursors [8–10]. While this 
general framework makes NNO one of the most structurally complex 
perovskites, it also makes NNO of great interest for its various potential 
applications in piezoelectric devices [11,12], photocatalysis and pho
toelectrochemical (PEC) water splitting efficiency [13–15], optoelec
tronics [16,17], cancer [18–20] and cardiovascular diagnostics [21,22] 
and biosensors [23], ultrahigh capacity storage devices [24–28].

Neutron diffraction studies [29–32] demonstrated that 
room-temperature NNO is not single phase but a mix of two 
symmetry-distinct polymorphs which result to be the most interesting 
for thin-film engineering today: the orthorhombic AFE P-phase (Pbcm) is 
characterized by lattice parameters aP = 5.566 Å, bP = 15.52 Å, cP =

5.506 Å [30], the polar FE Q-phase (Pmc21), on the other hand, has 
lattice parameters aQ = 5.55 Å, bQ = 5.63 Å, cQ = 7.86 Å [29,31]. Htet 
et al. [32] tracked the temperature dependence, showing that the 
Q-fraction decreases steadily from roughly 50 % at 25 ◦C to ≈ 16 % at 
300 ◦C, while Zhang M.et al. linked slight Na/O non-stoichiometry to a 
measurable shift of the same balance [25]. Dimensional confinement 
seems to push in the opposite direction: freestanding membranes thinner 
than 40 nm are purely ferroelectric switching then into a mixed-phase 
state with coexistence of ferroelectric and antiferroelectric orders once 
this thickness is exceeded, as reported by Xu et al. [33].

Epitaxial NNO growth is highly sensitive to substrate orientation, 
deposition conditions, Na volatility, and strain, which together control 
domain structure and remanent polarization. The first study on NNO 
films deposited by PLD by Saito et al. [34] showed that epitaxial 
NaNbO3 films grown on SrTiO3 can be stabilized in a ferroelectric state, 
with clear P–E loops despite the bulk antiferroelectric ground state. 
Yamazoe et al. [35] then demonstrated that the SrTiO3 substrate 
orientation strongly affects surface morphology and ferroelectric 
switching. Maeng et al. [36] used a single-crystal Rh substrate to impose 
a strong tetragonal strain and obtain very large remanent polarization. 
Sellmann et al. [37] subsequently mapped how oxygen pressure and Na 
non-stoichiometry control strain state and domain formation on 
different perovskite substrates, and Schneider et al. [38] showed that 
strain engineering can preserve the antipolar ground state while pro
ducing large switchable polarization and high energy-storage potential. 
(For the detailed PLD conditions see Supplementary information, 
Table S1).

Therefore, at room temperature, the polar Q-phase and antipolar P- 
phase compete both in bulk and in thin films. The antipolar octahedral 
NbO6 tilt (Φ) favours the P-phase, while the polar displacement (P) 
defines the Q-phase.

The study of the free energy density in thin films as a function of 
misfit strain, conducted by Pertsev et al. [39], showed that epitaxial 
strain can strongly modify strain–temperature phase diagrams and can 
even induce ferroelectricity in films strained by the substrate. This is 
consistent with the observation that the ferroelectric Q phase forms in 
the first layers of NNO deposited onto substrates with compressive strain 
imposed. For the NNO thin films, the first-principles maps created by 

Patel et al. indicate a narrow monoclinic region under moderate strain 
[40], but in real films, relaxation with thickness drives the structure 
back to the antipolar phase. Within this framework, even modest 
changes in strain and thickness are expected to displace NNO films be
tween ferroelectric- and antiferroelectric-like branches of the same 
free-energy surface. The exact transition point and its dependence on 
growth temperature and substrate orientation remain unclear.

We explore for the first time the combined interplay of multiple 
deposition parameters in stabilizing the Q and P phases of NNO. While 
previous studies have examined these factors only in isolation, our work 
adopts a more comprehensive approach by realizing, via PLD, four 
complementary series of epitaxial films. 

1. Temperature series on NdGaO3 (110). 120 nm thick films grown at 
600 ◦C and 750 ◦C in order to test the differences in Q phase evo
lution before it transfers to the P.
2. Thickness series on NdGaO3 (110). Films with thicknesses from 
10 nm to 300 nm grown at 750 ◦C in order to trace the Q-to-P 
transition and surface structures evolution.
3. Strain contrast. 120 nm thick films grown on NdGaO3 (110) 
(compressive) and SrTiO3 (001) (near-matched) in order to isolate 
elastic effects at fixed temperature.
4. Orientation contrast. 120 nm thick films on NdGaO3 (101) and 
NdGaO3 (110) grown side-by-side at 750 ◦C reveal how lattice tilt 
relative to the polar axis steers the phase outcome.

Reciprocal-space maps and θ – 2θ scans track changes in the Q-to-P 
cell unit's out-of-plane vs in-plane orientation. Tapping-mode AFM and 
conductive-AFM (c-AFM) couple surface structures to local cur
rent–voltage loops, directly linking domain texture to crystal structure. 
Raman and impedance spectroscopy confirm changes in the crystal 
structure and, therefore, the macroscopic physical properties.

2. Experimental methods

2.1. NNO thin films preparation

The NNO thin films were prepared by PLD. The NNO target was 
prepared by solid-state reaction. The prepared target was utilized in a 
vacuum chamber for the PLD of NNO thin films. The deposition was 
performed with varying partial oxygen pressure from 10− 2 mbar–1 mbar 
to optimize the deposition conditions. The substrate temperature was 
held at 600 ◦C and 750 ◦C during deposition to investigate the tem
perature's influence on the crystallographic quality of the films. In this 
study, 1.4 % Nb-doped STO (Nb-STO) (001) and NdGaO3 with (110) and 
(101) orientations, hereafter referred to as STO and NGO, respectively, 
were employed to investigate how different substrate, because of the 
lattice matching, surface energy and symmetry, influence the growth, 
microstructure, and properties of the deposited thin films. Structural 
characterization (θ–2θ and RSM) were performed on films grown on 
insulating NGO substrates as stated in each series in Results and Dis
cussion. Conductive 1.4 % Nb:STO was used only for c-AFM measure
ments to provide a conductive bottom contact; Nb doping is confined to 
the substrate and does not modify the PLD growth recipe.

For the further details see Supplementary Information.

2.2. Misfit evaluation

To estimate the lattice mismatch among STO, NGO, and the P and Q 

O. Krymskaya et al.                                                                                                                                                                                                                            Materials Chemistry and Physics 351 (2026) 132010 

2 



phases of NNO, we refer to their respective pseudocubic unit cells. The 
in-plane misfit strain was computed as 

ε=
(
asub − afilm)

afilm 

along the two orthogonal substrate axes. For NNO, we adopt, a 
pseudocubic (pc) unit cell derived from the real lattice parameters re
ported by Hewat [30] and Ahtee and Hewat [31]. The orthorhombic 
AFE P-phase lattice parameters can be expressed in terms of a quadru
pled pseudocubic cell. The polar FE Q-phase (Pmc21) cell on the other 
hand, corresponds to a doubled pseudocubic cell. The resulting pceu
docubic lattice parameters are: 

• AFE P phase (Pbcm) → (apc
P = aP/√2 = 3.9358 Å, bpc

P = bP/4 = 3.879 Å, 
cpc

P = cP/√2 = 3.8933 Å);                                                                   

• FE Q phase (Pmc21) → (apc
Q = aQ/√2 = 3.9244 Å, bpc

Q = bQ/ √2 =
3.981 Å, cpc

Q = cQ/2 = 3.93 Å).                                                            

The substrate in-plane lattice parameters are: for STO(001)aSTO = bSTO 
= 3.905 Å, for NGO(110)aNGO(110) = 3.863 Å, bNGO(110) = 3.854 Å, for 
NGO(101)aNGO(101 = 3.889 Å, bNGO(101) = 3.853 Å.                             

The resulting per-axis misfits are tabulated in Supplementary Infor
mation Table S2 (reported as εa, εb).

2.3. Structural, morphological and electrical characterization

The films were characterized by X-ray diffraction (XRD) and recip
rocal space mapping (RSM) to determine their crystallographic quality, 
structure and strain state, by atomic force microscopy (AFM) and 
conductive AFM (c-AFM) to probe surface morphology and local elec
trical behaviour, by Raman spectroscopy on selected NNO/STO samples 
to refine the Q/P phase assignment, and by low-field impedance mea
surements to obtain an effective permittivity for representative films. 
Conventional θ–2θ scans and rocking curves were recorded on a Rigaku 
diffractometer equipped with a Co anode, emitting radiation with 
wavelength λ = 1.78901 Å, operated at 30 kV and 30 mA. High- 
resolution RSMs were acquired on a Malvern Empyrean four-circle 
diffractometer with a Cu anode (40 kV, 30 mA), a double-bounce 2 ×
Ge(220) hybrid monochromator providing the Cu Kα1 (1.54060 Å) 
wavelength only, and a GaliPIX3D detector with an active area of 481 ×
465 pixels (equatorial and axial angular windows of 6.8898◦ and 
5.7632◦, respectively).

AFM and c-AFM measurements (Nanosurf CoreAFM) were used to 
analyse the surface topography and local conductive properties of the 
NNO films. Topography was recorded in tapping mode with an Al- 
coated cantilever (190 kHz, 48 N/m, 225 μm). Local conductive mea
surements were performed in contact mode with a cantilever (75 kHz, 3 
N/m, 225 μm) coated with 5 nm Cr and 25 nm Pt on both sides.

Raman spectroscopy experiments were carried out on NNO/STO 
films using an Xplora Plus (Horiba) spectrometer equipped with a 532 
nm laser line to further characterise the structural properties, in 
particular the presence of the FE Q phase and the emergence of the AFE 
P phase. For each sample, three spectra were collected on different 
surface regions by focusing the beam on areas of a few μm2 to check 
reproducibility. The recorded spectra were processed by first subtracting 
the STO contribution, achieved by subtracting the spectrum of a bare 
STO substrate acquired under identical conditions. The resulting 
spectra, which exhibited very broad bands, were then deconvoluted 
using the LabSpec software.

Temperature-dependent impedance measurements were performed 
using a Solartron impedance analyser controlled by MTS software. The 
real and imaginary components of the impedance (Z′ and Z″) were 
recorded as a function of temperature at 1 kHz with an AC excitation 
amplitude of 10 mV. An effective capacitance was obtained from the 
imaginary part of the impedance at this frequency, and the 

corresponding relative permittivity was then obtained.

3. Results and Discussion

The XRD pattern of NNO thin films, with thicknesses ranging from 16 
to 200 nm, deposited on an NGO (110) oriented substrate at 600 ◦C and 
an oxygen partial pressure of 1 mbar, clearly confirms that the films are 
highly oriented. Notably, no spurious phases are present, and only peaks 
corresponding to a single crystallographic orientation are observed 
(Fig. 1a). The X-ray diffraction pattern of the 16 nm-thick film (Fig. 1a, 
blue line) displays two peaks at 2θ = 26.0◦ and 53.6◦. In contrast, thicker 
films (45, 125, and 200 nm; green, red, and black lines, respectively) 
show these peaks shifted to higher angles, at 2θ = 26.4◦ and 54.4◦, 
respectively. Such shifts in XRD angular positions with increasing 
thickness may arise either from relaxation of compressive strain or from 
the emergence of two distinct crystallographic phases coexisting at room 
temperature. The orthorhombic Q phase (a = 5.55 Å, b = 5.63 Å, c =
7.86 Å) [29,32] would produce the (110) and (220) reflections at 2θ =
26.16◦ and 53.83◦, whereas the orthorhombic P phase (a = 5.57 Å, b =
15.52 Å, c = 5.50 Å) [30] would produce the (101) and (202) peaks at 
2θ = 26.43◦ and 54.40◦. Although symmetric XRD alone cannot 
unambiguously distinguish between these phases, the close agreement 
between experimental and calculated peak positions suggests that the 
16 nm film crystallizes in the FE Q phase. In contrast, the 45, 125, and 
200 nm films adopt the AFE P phase, as explained below.

The full width at half maximum (FWHM) values observed in the 
omega scan, around the reflection at 2θ = 54.4◦ for the 125 nm thick 
film, approximately 0.07◦, further confirm the excellent structural 
quality of the films. Such narrow FWHM values are indicative of low 
mosaicity and reduced defect density (inset Fig. 1a). The deposition rate 
and, consequently, the film thickness were calculated based on the finite 
size Laue oscillations observed in the symmetric θ–2θ XRD pattern, of 
the 16 nm thick film showed in Fig. 1b). These results were confirmed by 
X-ray-reflectivity measurements (Fig. 1c). The observation of Laue os
cillations indicates the high structural quality of the deposited films, 
demonstrating that the deposition parameters are optimized.

To investigate the in-plane structural relationship between the sub
strate and the NNO films as a function of the thickness, RSMs around the 
(33-2)-NGO asymmetric reflections were acquired. Fig. 1d and e dis
plays two diffraction peaks, which, very likely, can be indexed as the 
NNO-Q-(33-2) and NNO–P-(3–43) reflections along with those of the 
NGO substrate. In the thinnest NNO film (Fig. 1d), a single diffraction 
peak is clearly visible, aligning with the Qx direction, defined as the in- 
plane component of the scattering vector corresponding to the sub
strate's peak position, thus indicating that the observed NNO film, 
confidently assigned to the Q-phase, grows, at the earliest stage, fully 
strained with the substrate. As the thickness increases, a second 
diffraction peak, assigned to the NNO P-phase, appears with a different 
value of Qx, indicating the mismatch in the in-plane lattice parameters of 
the substrate (Fig. 1e). Interestingly, regarding the Q-phase, there is no 
trace of a structural relaxation of this very strained phase. In fact, both 
the Q and P phases do not always show any change in the out-of-plane 
lattice parameter. Such behavior is also evident in the symmetrical 
θ–2θ scans, where only the relative intensities of the diffraction peaks 
change with film thickness, while their angular positions remain con
stant. Such a scenario is compatible with a sudden structural relaxation 
occurring at a critical thickness, which abruptly separates the interfacial 
fully-strained Q-phase from the P-phase relaxed one far from it.

To investigate the effect of temperature on the structural properties, 
further studies were conducted on NNO films, with different thicknesses, 
deposited on NGO (110) oriented substrate at temperature T = 750 ◦C 
and oxygen partial pressure P = 1 mbar.

Fig. 2a illustrates XRD θ-2θ patterns for films having thicknesses 
ranging from 22 to 290 nm. For films with thicknesses up to 80 nm, a 
single, distinct diffraction peak is observed at about 2θ = 26.4◦ and at 
higher 2θ angle around 54.5◦. In this case, assuming for the Q and P 
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phases the previously mentioned orthorhombic unit cells, it is very likely 
to attribute the XRD peaks, observed for thinner samples, to the (110) 
and (220) reflections of the Q phase. For films with a thickness over 125 
nm, specifically 290 nm, the P phase, characterised by the XRD peaks at 
2θ = 26.58◦ and 54.85◦, corresponding to the (101) and (202) re
flections, becomes predominant. For the 50 nm and 80 nm thick films, it 
is possible to observe a shift, or a potential broadening of the diffraction 
peak toward higher 2θ angles compared to the peaks in the diffraction 
pattern of the 22 nm film. This behaviour indicates the possible early 
coexistence of the two phases that become clearly distinguishable in the 
diffraction pattern of the 125 nm film. The coexistence of these phases 
suggests either the onset of structural instability or a competitive 
interplay between them as the film thickness increases from 22 nm to 50 
nm.

To better clarify the determination of the correct phase, namely Q or 
P, similarly to the analysis conducted for NNO samples deposited at 
600 ◦C, RSMs were acquired as a function of film thickness for NNO films 
deposited at high temperature (750 ◦C), as reported in Fig. 2b–c.

Different from samples grown at lower temperature, the thinnest (22 
nm) NNO film shows the presence of a diffraction peak well aligned 
along the in-plane scattering vector Qx direction of the substrate's peak, 
along with an intensity profile spreading far from it. Such data indicate 
the presence of a structural relaxation process of the NNO Q-phase, 
originating at the film/substrate interface and extending up to a few tens 
of nanometers far from it. Again, for very thick films (290 nm), NNO P- 
phase has been observed to occur in a structurally relaxed way, with no 
in-plane matching with the lattice parameter of the substrates. As for the 
previous case, such a structural evolution of the NNO films as a function 

Fig. 1. X-ray diffraction study for NNO films deposited on NGO (110) substrates at 600 ◦C and oxygen partial pressure 1 mbar 
θ − 2θ diffraction pattern, normalized to the substrate peak intensities as a function of thickness. In the inset the rocking curve around the NNO reflection at 2θ =
54.5◦, for the film 125 nm thick. (b) Laue finite-size oscillations around the reflection at 2θ = 26◦ and (c) X-ray reflectivity profile both experimental data (black dots) 
fitted by simulation (red curves). Reciprocal space maps around the NGO-(33-2) asymmetric reflection of the substrate refers to a 16 nm (d) and a 125 nm (e) NNO 
film thicknesses; in particular, NNO-Q(33-2) and NNO–P-(3–43) asymmetric reflections can be identified. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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of the thickness is also visible in the symmetrical θ–2θ scans (Fig. 2a), 
where, in addition to the arising of second diffraction peaks (i.e. P 
phase), the diffraction peaks related to the interfacial Q phase are 
observed to shift to higher angles.

The whole set of data therefore indicates profound differences in the 
relaxation mechanism of NNO films grown at lower (600 ◦C) and higher 
(750 ◦C) temperatures. While in the first case, the NNO films appear to 
be formed by two independent, although structurally homogeneous, 
phases (i.e. fully strained Q phase and fully relaxed P phase), in the NNO 
films grown at higher temperature, the interfacial Q phase partially re
laxes before being replaced by the relaxed P phase, which is confirmed 
to be typical of NNO films with higher thickness.

To clarify the XRD signatures of the P and Q phases, previously 
observed to vary with both film thickness and deposition temperature, 
we investigated their temperature-dependent growth behavior by also 
depositing films of 200 nm thickness on NGO(101) substrates. Fig. 3a 
presents the XRD patterns for films grown at 600 ◦C (blue line) and 
750 ◦C (red line). The film grown at 750 ◦C exhibits two diffraction 
peaks at 2θ = 47.0◦ and 105.5◦, which can be ascribed to the (042) and 
(084) reflections of the P phase. Theoretical 2θ positions for these re
flections are 46.98◦ and 105.72◦. The excellent agreement with the 
experimental values indicates that, at the deposition temperature of 
750 ◦C, the P phase is predominant.

In contrast, the film deposited at 600 ◦C shows peaks at 2θ = 46.5◦

and 104.5◦, which can be attributed, within experimental uncertainty, 

either to the (202) and (404) reflections of the Q phase or to the (240) 
and (480) reflections of the P phase, expected at 46.49◦ and 104.23◦ and 
46.58◦ and 104.51◦ respectively. These findings indicate that the peaks 
appearing at higher temperatures are correlated, very likely, to the 
appearance of the AFE P phase. The two XRD peaks appearing in the 
films deposited at lower temperature can be correlated to the P phase 
with slightly different lattice parameters, because of different strain 
conditions induced by the deposition temperature, or to the Q phase.

In order to enlighten possible strain mechanisms at play in those 
NNO films deposited onto NGO (101) oriented substrate at 600 ◦C and 
750 ◦C, RSMs were performed and are reported in Fig. 3b–c. Different 
from NNO films grown on (110)-oriented NGO, here the RMSs do show a 
single diffraction peak of the grown phase with no trace of a double- 
phase structure, nor of fully strained ones at the interface with the 
substrate. The two observed peaks belong to two different fully relaxed 
structures both at 600 ◦C and 750 ◦C.

At 600 ◦C, the strain for FE Q phase on NGO(101) is biaxially 
compressive, with εa = − 2.31 % and εb = − 1.96 %; for the AFE P phase 
the strain is also compressive, however, because its lattice parameters 
are closer to those of the substrate, the strain is lower, with εa = − 1.19 % 
and εb = − 1.04 % (see Supplementary information, Table S2). At lower 
growth temperature, the thickness for the appearance of the P phase 
becomes larger, allowing the elastic energy stored in the highly com
pressed strained layer to stabilize the FE Q phase during growth. Raising 
the deposition temperature to 750 ◦C enhances dislocation mobility and 

Fig. 2. X-ray diffraction study for NNO films deposited on NGO (110) substrates at 750 ◦C and oxygen pressure 1 mbar 
θ − 2θ diffraction pattern, normalized to the substrate peak intensities as a function of thickness ranging from 10 nm to 290 nm. Reciprocal space maps around the 
NGO (33-2) asymmetric reflection of the substrate refer to a 22 nm (b) and a 125 nm (c) NNO film thickness; in particular, NNO-Q(33-2) and NNO–P-(3–43) 
asymmetric reflections can be identified.
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enables partial relaxation already during deposition; as a result, the 
better-matching AFE P is favoured and a pure P film is obtained. This 
temperature lever on NGO(101), therefore, reflects a change from 
strained (Q) to relaxed (P) growth.

An AFM study of the morphology of NNO films deposited on (110)- 
oriented NGO substrate was conducted to gain deeper insight into the 
mechanisms governing this structural phase transition and the interplay 
between the two phases.

In Fig. 4, the tapping mode AFM topography images show the 
morphology of two films deposited at oxygen partial pressure 1 mbar 
and deposition temperatures 600 ◦C and 750 ◦C, Fig. 4a and b, respec
tively. Both samples have the same thickness of 125 nm, where Q and P 
phases are expected to coexist. However, the Q phase is likely to 
dominate at a growth temperature of 600 ◦C, while the P phase should 
prevail at 750 ◦C. The AFM analysis reveals significant differences in the 
surface morphology, which can be correlated to the structural features 

observed in the XRD scans. Despite the different types of grain 
morphology, which becomes more wrinkle- or boomerang-like in the 
NNO film grown at higher temperature, the surface root mean square 
roughness, obtained by Gwyddion based AFM measurements, resulted to 
be approximately 30–40 nm for both samples possibly related to the 
presence of the two distinct phases in XRD scans. As strain effects on the 
differing morphologies can be excluded, due to the use of the same 
substrate type and film thickness, the observed variations in morphology 
indicate that deposition temperature plays a crucial role in governing 
the film growth. These data support the XRD findings and highlight the 
influence of deposition temperature on phase formation and film growth 
mechanisms. In agreement with the XRD measurements discussed 
above, both NNO films are expected to exhibit coexistence of the Q and P 
phases. The different morphologies can be associated to the different 
strain conditions of the underlying layer: in the film grown at 600 ◦C, the 
Q phase is still strained when the P phase starts to appear at a thickness 

Fig. 3. X-ray diffraction study for 200 nm thick NNO films deposited on NGO (101) substrates at oxygen partial pressure 1 mbar 
(a) θ − 2θ diffraction pattern normalized to the substrate peak. The blue line corresponds to deposition at 600 ◦C and the red line to 750 ◦C. Reciprocal space maps 
around the NGO-(4–24) asymmetric reflection of the substrate, (b) samples grown at 600 ◦C and (c) at 750 ◦C; in particular, NNO-Q-(4–24) and NNO–P-(4–82) 
asymmetric reflections can be identified for the films. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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of about 45 nm, whereas in the film grown at 750 ◦C, the Q phase is 
already relaxed when the P phase emerges at about 80 nm. The larger 
nanocrystal domains observed in Fig. 4 b can therefore be associated 
with the higher growth temperature, which stabilizes the formation of 
the Q relaxed phase at the interface with the substrate.

Further steps were taken to study the double-phase growth of NNO at 
a deposition temperature of 750 ◦C, excluding the strain influence 
induced by the substrate. The STO cubic cell, with a lattice parameter of 
3.905 Å, closely matches the pseudocubic cell of NNO, which has a 
lattice parameter ranging from 3.89 to 3.92 Å. As a result, the diffraction 
peaks from the film and the substrate are nearly superimposed in con
ventional θ–2θ XRD scans, making it challenging to distinguish the film 
peak from that of the substrate.

To better understand the role of the substrate, within the same 
deposition run, STO (001) and NGO (110) substrates (the one shown in 
Fig. 4), both approximately 3 × 3 mm2 in size, were placed side by side 
on the sample holder. Under these conditions, the deposition parameters 
for the two films grown on these substrates can be considered identical. 
This is supported by the fact that PLD generally produces samples with a 
high degree of surface homogeneity over areas around 10 × 10 mm2. 
This procedure ensured the resulting films differed only in the substrate 
used.

Fig. 5 demonstrates the tapping mode AFM topography of the sam
ples deposited onto STO substrate at 750 ◦C and 1 mbar of oxygen partial 
pressure (Fig. 5 a and 5 c for the 125 nm thickness and Fig. 5 b and 5
d for the 290 nm), respectively. While the 125 nm thick film grown on 
NGO (Fig. 4b–d) presents “light” 3D structures approximately 20 nm 
high on the underlying “dark” layer, its twin-film on STO (Fig. 5a) re
sults in almost a flat, “dark” surface, represented in blue rectangle. The 
overall roughness of 2 nm is essentially due to the presence of “light” 
points. In Fig. 5c, the roughness profile was obtained on the line crossing 
the “light” points (Fig. 5a, white rectangle). Moving to the 290 nm thick 
film on STO, we observe the regular “light” structures (Fig. 5b, white 
rectangle), similar to those of 125 nm thick film grown on NGO (Fig. 4
b), where the two P and Q phases are expected, while the underneath 
areas are of “dark” color (Fig. 5 b, blue rectangle). For this film, the 

roughness, measured along the green line (Fig. 5 b), is reported in Fig. 5
d and results in about 50 nm. Moreover, for the 125 nm STO sample, the 
“light” points (Fig. 5a, white rectangle) very likely represent the 
nucleation seeds of the P phase grown on the smoother surface of the Q 
phase. For films of comparable thickness, where we observed the 
appearance of nucleation seeds, Schneider et al. [6] reported the 
emergence of an additional reflection in the XRD pattern for 130 
nm-thick samples deposited on STO at 750 ◦C. Considering that on STO 
(001) the FE Q misfit is modest (− 1.91 %/− 0.49 %) (see Supplementary 
materials Table 2), relatively to NGO(110), the Q→P transition occurs at 
a higher thickness (~120–130 nm). In addition, switching from Q to P 
phase reverses the sign on one in-plane axis (AFE P: − 0.78 %/+0.30 %), 
so further relaxation is required before the P phase becomes energeti
cally favorable, thus reinforcing the delayed transition on STO.

To independently confirm the emergence of the AFE P phase on STO 
as the film becomes thicker, we performed Raman spectroscopy on NNO 
films with thicknesses of 100 nm and 150 nm, grown at 750 ◦C on STO 
substrate. These thicknesses were chosen on either side of the FE–AFE 
crossover on STO, which, as discussed below, occurs for thicknesses 
slightly above 125 nm. Fig. 5e and f shows the corresponding Raman 
spectra. The spectra display the broad bands characteristic of NaNbO3, 
in good agreement with previous Raman studies on NaNbO3 in different 
forms [41,42], together with some residual features from the STO sub
strate. Group-theory analysis indicates that both the Q and P structures 
give rise to many Raman-active modes, most of which are common to 
the two phases and therefore not phase-selective. A notable exception is 
the band around 600 cm− 1, assigned to the ν1 stretching mode of the 
NbO6 octahedra, whose position is known to depend on the phase: in 
NaNbO3 it typically appears at 610–620 cm− 1 in the FE Q phase and 
598–605 cm− 1 in the AFE P phase [41,42]. In our films, this mode is 
centred at 611 cm− 1 for the 100 nm sample (Fig. 5e) and at 598 cm− 1 for 
the 150 nm sample (Fig. 5f). This behaviour is consistent with a FE 
Q-like structure at 100 nm and an AFE P-dominated structure for 
thicknesses above 125 nm on STO, and provides an independent 
confirmation of the thickness-driven evolution from FE to AFE character 
inferred from XRD and AFM.

Fig. 4. AFM study on NNO films deposited on NGO (110) substrate 
Tapping mode AFM topography images and roughness profiles of NNO films with a thickness of 125 nm, deposited on NGO (110) substrate at an oxygen partial 
pressure of 1 mbar and at the deposition temperatures of 600 ◦C (a, c) and 750 ◦C (b, d), respectively.
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In order to investigate the correlation between the morphology and 
local electrical properties of the NNO films we performed contact mode 
conductive AFM measurements on NNO films deposited onto conductive 
1.4 % Nb-doped STO (Nb-STO) substrates.

Fig. 6 presents the current-voltage curves for films with thicknesses 
of 125 nm and 290 nm (a) and (b), respectively. For the NNO film 125 
nm thick, the measurement areas were chosen as “dark” ones, indicated 
in blue frame on the topography image in Fig. 5a. The loops exhibit the 
typical FE behavior with two visible current peaks [25]. This I–V hys
teresis behavior observed in the 125 nm thin film is primarily attribut
able to the NNO layer at the substrate interface, which is presumed to 
exhibit the FE Q phase [32]. Fig. 6b presents measurements on films 
with thicknesses of 290 nm deposited on Nb-STO, and, in this case, 
interpreting the I–V curve is more challenging due to the simultaneous 
contributions from the Q phase, near the substrate, and the overlying P 
phase. Two different hysteresis loops were observed based on the 
measurement area: one corresponding to the 3D structures (“light” 
higher area in the AFM topography image on Fig. 6b, red curve) and the 
other to the underlying 2D structural layer (“dark” lower area in the 
AFM topography image on Fig. 6b, blue curve). The displayed I–V curves 
of this mixed state are characterized by two butterfly-like loops at higher 
voltages that tend to close at the origin. However, an enlargement of the 
low voltage-current region, in the inset of Fig. 6b, reveals again behavior 

typical of FE materials. Moreover, it is evident that in the I–V curve 
corresponding to the 2D (lower, “dark”) region, the FE response is more 
pronounced, the butterfly wings are less evident, and the FE loop is 
considerably wider (Fig. 6b, blue line). This dual behavior, coexistence 
of FE and AFE characteristics, can be explained by the superposition of 
two contributions in the thicker films, where both the FE Q phase and 
the AFE P phase coexist.

To confirm this phase assignment at the macroscopic level, we per
formed the dielectric permittivity measurements as a function of tem
perature on two representative films grown on NGO(110): a 16 nm fully 
strained FE Q-phase film and a 160 nm relaxed AFE P-phase film (see 
Fig. 6c and d, respectively). The in-plane relative permittivity is of the 
order of 102–103 in the explored range of temperature in the 16 nm thick 
film, whereas in the 160 nm thick film it remains below 30 over the same 
temperature window. Thus, under comparable measurement conditions, 
the FE Q-phase film is roughly two orders of magnitude more polarizable 
than the AFE P-phase film. This picture is consistent with Landau
–Ginzburg treatments of misfit-strain phase diagrams in epitaxial 
perovskite films and with first-principles misfit-strain phase diagrams 
for NaNbO3 [39,40].

The formation of the AFE P phase is a highly complex process that 
initiates when nucleation centers appear on the surface of the FE Q 
phase layer. The P phase begins to deposit once the film reaches a 

Fig. 5. AFM study and Raman spectroscopy on NNO films deposited on STO (001) substrate 
Tapping mode AFM topography images with roughness profiles and experimental Raman spectra of NNO films, deposited on STO (001) substrate at an oxygen partial 
pressure of 1 mbar at the temperatures of 750 ◦C with thicknesses of 125 nm (a, c, e) and 290 nm (b, d, f) respectively. The blue curves correspond to the individual 
vibrational modes obtained through spectral deconvolution of the Raman spectra (black lines). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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threshold thickness, which depends on the deposition temperature and 
decreases with increasing temperature. Moreover, we observed that the 
onset of the presumed Q-to-P transition varies with the substrate, likely 
due to differences in strain conditions and interfacial chemistry between 
the film and the substrate. In particular, this Q-to-P phase transition 
thickness is lower for films deposited on NGO with respect to STO. 
Considering that the pseudocubic lattice parameter of NGO (3.875 Å) 
imposes a larger strain on the NNO film compared to the cubic lattice 
parameter of STO (3.905 Å), the enhanced strain energy facilitates the 
earlier growth of the P phase in the case of NNO grown on NGO sub
strate. These observations are in agreement with the findings of Luo 
et al. [33].

Based on our findings, we propose that NNO films initially grow in 
the Q-phase during laser deposition at both 600 ◦C and 750 ◦C. Once the 
films reaches a sufficient thickness, dependent on the substrate and 
growth temperature, the P phase begins to form as nucleation centers 
emerging on the film surface. The predominance of the P phase at higher 
growth temperatures suggests that increased thermal energy promotes 
the gradual transformation of the Q phase into the P phase. This is 
consistent with the different contributions of the FE and AFE phases 
observed in Fig. 6b, which correspond primarily to regions at the bottom 
and top of the wrinkle-like structures, respectively. These outcomes 
quantitatively correlate with changes in the concentrations of the Q and 
P phases in the bulk material [31], due to the thermal energy necessary 
for the Q-to-P transition. The emergence of the P phase is accompanied 
by a particular surface morphology: columns of the new phase protrude 
from the original layer. This can be attributed to the combined effects of 

increased thermal energy and local strain. The resulting rise in total free 
energy makes layer wetting unfavorable, leading to island growth be
tween the Q and P phases to minimize the interface. The local strain of 
the underlying layer can be responsible for the wrinkle-like morphology. 
Additionally, strain minimization may promote the formation of the AFE 
phase from the FE phase, as reported by Schneider et al. [6].

4. Conclusions

Our study demonstrates that the NNO thin films deposited at 600 ◦C 
exhibit the FE Q phase for thicknesses below 45 nm and the AFE P phase 
for thicknesses above 45 nm. For a deposition temperature of 750 ◦C, 
films initially grow in the Q phase, with thicknesses ranging from 45 nm 
to 125 nm, depending on the substrate used. Beyond this thickness, the P 
phase begins to form, suggesting that temperature and substrate- 
induced strain significantly influence the phase transition. Films 
grown on STO substrates have a thicker initial Q-phase layer, requiring 
up to 125 nm before the P phase nucleates at the surface. In contrast, 
films on NGO substrates show the appearance of the P phase at a 
thickness of about 45 nm. This lower thickness is due to the combined 
effect of the thermal energy required for the phase transition from Q to 
P, and the higher strain energy stored in the NGO-based films. For NNO 
films on NGO (101), an appropriate choice of deposition temperature 
produces a fully single-phase layer — either pure Q or pure P — with no 
detectable mixed domains.

The ability to control phase formation through deposition tempera
ture and substrate selection allows fine-tuning of NNO films' properties, 

Fig. 6. EIS and conductive-AFM measurements of NNO films grown on 1.4 % Nb-doped STO (001) at 750 ◦C and partial oxygen pressure of 1 mbar. 
(a) I–V curves measured on the “dark” areas of the 125 nm thick film, displaying the double-peak FE behaviour, characteristic of the Q phase; (b) I–V curves acquired 
on the “light” 3D column (red curve) and on the “dark” area (blue curve) of the 290 nm thick film, showing an AFE-like butterfly loop response for the “light” 
columns and a FE hysteresis loop for the underlying “dark” area. (c) and (d) represent the in-plane relative permittivity temperature dependence measured at a 
frequency of 1 kHz on the samples of 16 nm and 160 nm thickness, respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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making them promising for advanced electronic and optoelectronic 
applications.
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