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Abstract: The dielectric function and interband critical points of compressively strained
ferroelectric K0.85Na0.15NbO3 thin film grown by metal-organic vapor phase epitaxy (MOVPE)
are studied in broad spectral and temperature ranges by spectroscopic ellipsometry (SE). The
temperature dependence of the measured pseudodielectric functions is strongly affected by a
structural phase transition from the monoclinic Mc-phase to the orthorhombic c-phase at about
428 K. Using a parametric optical constant model, the corresponding dielectric functions as well
as the interband optical transitions of the film are determined in the spectral range of 0.73–6.00 eV.
Standard critical point (SCP) analysis of the 2nd derivatives of the dielectric functions identified
three and four critical points for monoclinic and orthorhombic symmetries, respectively. A
systematic redshift of the threshold energies with increasing temperatures was observed.
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1. Introduction

Ferroelectric oxide materials are used in a wide spectrum of optical applications as various
sensors, electro-optic modulators and infrared detectors. These materials are characterized by
nonlinear optical properties, high transparency and large index of refraction in the visible spectral
range [1]. Ferroelectric perovskite oxides with the chemical formula ABO3 typically undergo a
series of structural phase transitions upon cooling from the high temperature paraelectric cubic
phase to various ferroelectric phases with lower crystal symmetry. Potassium sodium niobate
(K,Na)NbO3 exhibits attractive optical properties such as high transparency, high refractive index,
and a large electro optic coefficient [2,3]. Being lead-free, it represents an interesting alternative
for lead-based oxides in devices. Heteroepitaxially grown complex oxide films offer a number
of advantages, as normally corresponding single-crystalline bulk materials cannot be easily
synthesized because of their high melting points [4–7]. On the other hand, in complex oxides
phase symmetry and their functional properties crucially depend on the lattice modifications
induced by the epitaxial growth on lattice mismatched substrates. This concerns not only
the ferroelectric polarization [6,8] but also the optical properties of the films [9,10]. Since
KxNa1−xNbO3 (x ≥ 0) thin films grown under anisotropic compressive lattice lattice strain exhibit
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a monoclinic symmetry at room temperature (RT) and an orthorhombic symmetry at higher
temperature [5], they represent an ideal system to investigate the influence of the phase symmetry
on the dielectric function and the interband transitions. For the use of KxNa1−xNbO3 thin films
in optical devices a more detailed knowledge of the optical/dielectric properties of these films is
necessary [11]. Spectroscopic ellipsometry (SE) is a suitable method of determining complex
optical functions (ε = ε1 + iε2) over a wide range of photon energies [4,12–15]. ε is related to
the electronic band structure and electronic transitions in the material [16] and is connected to
the refractive index (n) and the extinction coefficient (k) via ε1 = n2 − k2 and ε2 = 2nk.

In the present work, we apply SE to determine the optical constants in the spectral range
of 0.7–6 eV of a ferroelectric K0.85Na0.15NbO3 thin film below and above the phase transition
at 428 K where the low temperature monoclinic Mc-phase transforms to the high temperature
orthorhombic c-phase. The K0.85Na0.15NbO3 thin film was grown by metal-organic vapor phase
epitaxy which provides well-ordered and stoichiometric films [17,18]. The optical band gap
energy is determined by using a linear extrapolation of the absorption coefficients [19,20] and
revealed redshift. The energies of interband critical points (CP) are specified by using the
standard critical point model [21] analysis of the 2nd derivative of the dielectric function. We
identify four critical points (CP) in the Mc and c-phases between 3.5 and 6 eV. The temperature
dependence of the CPs at 4.70 eV and 4.87 eV exhibits an anomaly at about 428 K, which is a
signature of the phase transition. Our results underline the importance of a basic understanding
of the impact of the phase symmetry on the optical properties.

2. Experimental

A K0.85Na0.15NbO3 film with a nominal thickness of about 40 nm was grown on a 0.1° off-
oriented (110) Gd0.6Sm0.4ScO3 (GSSO) substrate by liquid-delivery spin metal-organic vapor
phase epitaxy (MOVPE), for details the reader is referred to Ref. [18]. Prior to the deposition
process, the Gd0.6Sm0.4ScO3 substrate was annealed at 1373 K in pure oxygen atmosphere for 10
hours to obtain a pure ScO2 surface termination [22]. At room temperature the Gd0.6Sm0.4ScO3
substrate exhibits an orthorhombic symmetry. As a consequence, the (110) surface unit cell
exhibits slightly different in-plane lattice parameters of 2× 3.973 Å and 2× 3.978 Å along the
[001]GSSO and [11̄0]GSSO directions, respectively [23]. Note that the index “GSSO” refers to
the Gd0.6Sm0.4ScO3 substrate for which we use the orthorhombic notation throughout. Also
bulk (K,Na)NbO3 displays an orthorhombic symmetry at room temperature, but for reasons of
simplicity, we use the pseudocubic (pc) notation [24] to describe the unit cell dimensions of
K0.85Na0.15NbO3 with lattice parameters of apc = 3.964 Å and bpc = cpc = 4.025 Å. A comparison
of the lattice parameters of Gd0.6Sm0.4ScO3 and K0.85Na0.15NbO3 suggests a cpc surface
orientation of the film, as this is expected to cause the lowest in-plane strain and thus the smallest
epitaxial strain energy. In this orientation the bpc axis experiences strong compressive lattice
strain of −1.2% while the apc axis grows under slight tensile lattice strain of +0.2% (more details
can be found in Refs. [17,25]). The surface morphology of K0.85Na0.15NbO3 film was examined
by using atomic force microscopy (AFM, Dimension Icon, Bruker). The ferroelectric domain
pattern of the epitaxial film was visualized using piezoresponse force microscopy (Asylum
Research, MFP-3D standalone) in a dual AC resonance tracking mode. High-resolution X-ray
diffractometry (HR-XRD) was carried out on a 9 kW SmartLab system (Rigaku) using Cu Kα1
radiation (λ= 1.54056 Å). Fast two-dimensional (2D) X-ray reciprocal space mappings (RSM)
were carried out using a 2D area detector (HyPix-3000). An Anton Paar DHS 1100 heating stage
enabled measurements under non-ambient conditions (in air). Ellipsometric data were collected
using a Woollam M2000DI rotating compensator ellipsometer in the spectral range of 0.73–6 eV
at an angle of incidence of 60°. Temperature dependent measurements were performed with a
heating stage between room temperature and 523 K.
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3. Results and discussion

Figure 1(a) shows a 2θ–ω HR-XRD scan in the vicinity of the symmetrical out-of-plane (110)
Bragg reflection of the Gd0.6Sm0.4ScO3 substrate. The K0.85Na0.15NbO3 film peak appears at
slightly lower 2θ values than the expected value for (001)pc oriented bulk K0.85Na0.15NbO3
(marked as red dashed line). This proves (001)pc surface orientation of the film and net
compressive in-plane strain. Pronounced thickness fringes are observed on both sides of the film
peak, attesting that both film surface and film-substrate interface are smooth.
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Fig. 1. (a) 2– scan of a K0.85Na0.15NbO3 thin film in the vicinity of the (110) out-of-plane 
Bragg reflection of the Gd0.6Sm0.4ScO3 substrate. The red dashed line indicates the nominal 
angular position of bulk K0.85Na0.15NbO3 with (001)pc surface orientation. (b) Corresponding 
atomic force micrograph of the film surface.

From the angular period of the intensity fringes a film thickness of (39 ± 1) nm can be deduced. 
The AFM image in Fig. 1b confirms the smooth surface of the K0.85Na0.15NbO3 film. The 
surface morphology mimics the step-and-terrace structure of the substrate prior to growth due 
to the 0.1° off-orientation, i.e., it is formed of regularly spaced surface steps, indicating a step-
flow growth mode with a very low root mean square (rms) surface roughness of about 0.15 nm. 
To investigate the phase transition from the monoclinic Mc-phase to the orthorhombic c-phase 
in the epitaxial K0.85Na0.15NbO3 film, temperature dependent X-ray reciprocal space mappings 
and corresponding lateral PFM measurements were performed. Figs. 2a-d show lateral PFM 
micrographs (amplitude images) when the temperature is increased from 300 K to 433 K. 

At 300 K (Fig.2a) a very regular periodic stripe domain pattern typical for Mc domains [5] 
is observed, which is still preserved at 363 K (Fig. 2b). When further increasing the temperature 
to 423 K (Fig. 2c) the periodicity of the domain pattern shows clear disturbances and finally 
disappears completely at 433 K (Fig. 2d). In Figs. 2e-h the corresponding X-ray reciprocal 
space maps in the vicinity of the asymmetric (444)GSSO substrate Bragg reflection (containing 
both in-plane and out-of-plane scattering vector components) are presented. At 300 K (Fig. 2e) 
a complex diffraction pattern including strong and equally spaced satellite reflections is 
observed which is caused by the periodic arrangement of the monoclinic Mc-domains [5]. When 
increasing the temperature, the satellite pattern starts to be less prominent, indicating a 
reduction of the regularity of the domain pattern, which is in accordance with the corresponding 
PFM images. Between 423 K (Fig. 2g) and 433 K (Fig. 2h) the satellite pattern has completely 
vanished confirming the absence of a periodic domain structure, again in agreement with the 
PFM images shown in Fig. 2(c,d).

Fig. 1. (a) 2θ–ω scan of a K0.85Na0.15NbO3 thin film in the vicinity of the (110) out-of-
plane Bragg reflection of the Gd0.6Sm0.4ScO3 substrate. The red dashed line indicates the
nominal angular position of bulk K0.85Na0.15NbO3 with (001)pc surface orientation. (b)
Corresponding atomic force micrograph of the film surface.

From the angular period of the intensity fringes a film thickness of (39± 1) nm can be deduced.
The AFM image in Fig. 1(b) confirms the smooth surface of the K0.85Na0.15NbO3 film. The
surface morphology mimics the step-and-terrace structure of the substrate prior to growth due to
the 0.1° off-orientation, i.e., it is formed of regularly spaced surface steps, indicating a step-flow
growth mode with a very low root mean square (rms) surface roughness of about 0.15 nm. To
investigate the phase transition from the monoclinic Mc-phase to the orthorhombic c-phase in the
epitaxial K0.85Na0.15NbO3 film, temperature dependent X-ray reciprocal space mappings and
corresponding lateral PFM measurements were performed. Figures 2(a)-(d) show lateral PFM
micrographs (amplitude images) when the temperature is increased from 300 K to 433 K.

At 300 K (Fig. 2(a)) a very regular periodic stripe domain pattern typical for Mc domains [5] is
observed, which is still preserved at 363 K (Fig. 2(b)). When further increasing the temperature
to 423 K (Fig. 2(c)) the periodicity of the domain pattern shows clear disturbances and finally
disappears completely at 433 K (Fig. 2(d)). In Figs. 2(e)-(h) the corresponding X-ray reciprocal
space maps in the vicinity of the asymmetric (444)GSSO substrate Bragg reflection (containing
both in-plane and out-of-plane scattering vector components) are presented. At 300 K (Fig. 2(e))
a complex diffraction pattern including strong and equally spaced satellite reflections is observed
which is caused by the periodic arrangement of the monoclinic Mc-domains [5]. When increasing
the temperature, the satellite pattern starts to be less prominent, indicating a reduction of the
regularity of the domain pattern, which is in accordance with the corresponding PFM images.
Between 423 K (Fig. 2 g) and 433 K (Fig. 2 h) the satellite pattern has completely vanished
confirming the absence of a periodic domain structure, again in agreement with the PFM images
shown in Fig. 2(c,d).
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Fig. 2. (a-d) Lateral piezoresponse force micrographs (amplitude images) of the K0.85Na0.15NbO3 
strained film grown on (110) Gd0.6Sm0.4ScO3 substrate recorded at different temperatures, (e-h) 
corresponding X-ray reciprocal space maps in the vicinity of the sharp (444)GSSO substrate Bragg 
reflection.

In accordance with our previous results [5], this implies the absence of a monoclinic distortion, 
and instead points to an orthorhombic symmetry of the K0.85Na0.15NbO3 unit cells. Meanwhile, 
the center position of the X-ray intensity scattered by the film is still at the same horizontal Qx 
= Q001 position as the (444)GSSO substrate Bragg reflection proving that the film does not 
undergo any plastic lattice relaxation but perfectly preserves its fully strained relation to the 
substrate. Note that the (110) oriented Gd0.6Sm0.4ScO3 substrate exhibits a non-squared surface 
unit cell, so that a tetragonal symmetry is not possible in the clamped layer. More details on 
this issue can be found elsewhere [5, 6, 8, 18, 26, 27]. In summary, from Fig. 2 we conclude a 
structural phase transition from a monoclinic Mc-phase to an orthorhombic c-phase between 
423 K and 433 K. 

In order to evaluate the optical properties, ellipsometric measurements in the energy range 
of 0.73 – 6.0 eV were performed. The complex reflectance ratio of the light polarized parallel 
and perpendicular to the plane of incidence (Rp and Rs, respectively) was measured and can be 
expressed by [12]: 

𝑅𝑝

𝑅𝑠
= tan () ∙ 𝑒𝑖∆, (1)

where tan () is the amplitude ratio and ∆ the phase difference. The reflection coefficients 𝑅𝑝 
and 𝑅𝑠 are related to physical characteristics of the sample, such as refractive index (n) and 
extinction coefficient (k), through Fresnel equations [28]. To evaluate the temperature 
dependence of the optical properties of the film we determined the pseudodielectric function 
<> = <1> + i<2> (see for more details in Supplement 1) by the measurement of the 
ellipsometric angles ψ and ∆ under continuous heating and cooling at 3.5 eV. Since the energy 
of 3.5 eV is close to the optical absorption edge the pseudodielectric function is sensitive to 
structural changes that occur during a phase transition [29, 30]. The real and imaginary parts of 

Fig. 2. (a-d) Lateral piezoresponse force micrographs (amplitude images) of the
K0.85Na0.15NbO3 strained film grown on (110) Gd0.6Sm0.4ScO3 substrate recorded at
different temperatures, (e-h) corresponding X-ray reciprocal space maps in the vicinity of
the sharp (444)GSSO substrate Bragg reflection.

In accordance with our previous results [5], this implies the absence of a monoclinic distortion,
and instead points to an orthorhombic symmetry of the K0.85Na0.15NbO3 unit cells. Meanwhile,
the center position of the X-ray intensity scattered by the film is still at the same horizontal
Qx =Q001 position as the (444)GSSO substrate Bragg reflection proving that the film does not
undergo any plastic lattice relaxation but perfectly preserves its fully strained relation to the
substrate. Note that the (110) oriented Gd0.6Sm0.4ScO3 substrate exhibits a non-squared surface
unit cell, so that a tetragonal symmetry is not possible in the clamped layer. More details on this
issue can be found elsewhere [5,6,8,18,26,27]. In summary, from Fig. 2 we conclude a structural
phase transition from a monoclinic Mc-phase to an orthorhombic c-phase between 423 K and
433 K.

In order to evaluate the optical properties, ellipsometric measurements in the energy range
of 0.73–6.0 eV were performed. The complex reflectance ratio of the light polarized parallel
and perpendicular to the plane of incidence (Rp and Rs, respectively) was measured and can be
expressed by [12]:

Rp

Rs
= tan(ψ) · ei∆, (1)

where tan (ψ) is the amplitude ratio and ∆ the phase difference. The reflection coefficients Rp and
Rs are related to physical characteristics of the sample, such as refractive index (n) and extinction
coefficient (k), through Fresnel equations [28]. To evaluate the temperature dependence of the
optical properties of the film we determined the pseudodielectric function <ε>=<ε1>+ i< ε2>
(see for more details in Supplement 1) by the measurement of the ellipsometric angles ψ and
∆ under continuous heating and cooling at 3.5 eV. Since the energy of 3.5 eV is close to the
optical absorption edge the pseudodielectric function is sensitive to structural changes that occur
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during a phase transition [29,30]. The real and imaginary parts of the pseudodielectric function
⟨ε1⟩ and ⟨ε2⟩ of the K0.85Na0.15NbO3 film are plotted in Figs. 3(a) and (b), respectively. They
show a strong increase as well as a respective decrease in the temperature range between 300 K
and 523 K and pronounced discontinuity at the phase transition temperature (∼ 428 K). This
behavior is essentially attributed to the K0.85Na0.15NbO3 thin film, since ⟨ε1⟩ and ⟨ε2⟩ of a bare
Gd0.6Sm0.4ScO3 substrate do not exhibit any significant changes in this temperature range, but
basically show constant values (corresponding data are additionally shown in Fig. 3(a) and (b) as
blue triangles). To extract the optical constants from the SE measurements, we used a model,
which consists of a four-component stack composed of air/surface roughness/film/ substrate, to
fit ψ and ∆. The quality of such fit is described by the mean squared error (MSE), representing
the difference between measured and modeled data [31].

MSE =
√︃

1
2n − m

∑︂n

i=1

[︂ (︁
ψexp − ψmod

)︁2
+
(︁
∆exp − ∆mod

)︁2]︂
× 1000 (2)

where n is the number of (ψ, ∆) pairs, m is the number of fit parameters, and exp and mod refer
to experimentally measured data and theoretically modeled data, respectively. For the surface
roughness layer we used the Bruggeman effective medium approximation [32] with a [50% bulk
film]/[50% void] mixture.
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Fig. 3. Temperature dependent spectra of the real (a) and imaginary (b) parts of the 
pseudodielectric function of the K0.85Na0.15NbO3 film and the Gd0.6Sm0.4ScO3 substrate 
determined at 3.5 eV.

We would like to point out that we treat the optical properties as isotropic. This approach is 
justified since the off-diagonal elements of the Müller matrix are nearly zero in the entire 
spectral range (see Supplement 1, Fig. S1a and b). Furthermore, rotating the sample from 0° to 
360° in 10°-steps revealed that the Jones matrix elements [13] vanish for measurements along 
[001]GSSO (corresponds to rotation angle 0°) and [110]GSSO directions (corresponds to rotation 
angle 90°, see Supplement 1, Fig. S1c). On the other hand, the very weak influence of a 
preferred domain orientation (Fig. 2) on the in-plane anisotropic dielectric function can be 
explained by the fact that the size of the light spot on the sample (about 1 mm) is much larger 
than the lateral dimensions of the ferroelectric domains. Therefore, all measurements were 
carried out exclusively along the [001]GSSO in-plane direction.
First, we determined the film thickness based on our model described above and the Sellmeier 
equation to describe the dispersion relation of the refractive index n [33]. By 

Fig. 3. Temperature dependent spectra of the real (a) and imaginary (b) parts of the
pseudodielectric function of the K0.85Na0.15NbO3 film and the Gd0.6Sm0.4ScO3 substrate
determined at 3.5 eV.

We would like to point out that we treat the optical properties as isotropic. This approach is
justified since the off-diagonal elements of the Müller matrix are nearly zero in the entire spectral
range (see Supplement 1, Fig. S1a and b). Furthermore, rotating the sample from 0° to 360° in
10°-steps revealed that the Jones matrix elements [13] vanish for measurements along [001]GSSO
(corresponds to rotation angle 0°) and [11̄0]GSSO directions (corresponds to rotation angle 90°,
see Supplement 1, Fig. S1c). On the other hand, the very weak influence of a preferred domain
orientation (Fig. 2) on the in-plane anisotropic dielectric function can be explained by the fact that
the size of the light spot on the sample (about 1 mm) is much larger than the lateral dimensions
of the ferroelectric domains. Therefore, all measurements were carried out exclusively along the
[001]GSSO in-plane direction.

First, we determined the film thickness based on our model described above and the Sellmeier
equation to describe the dispersion relation of the refractive index n [33]. By consider-
ing/examining only the absorption-free spectral range (< 3 eV) at room temperature, where the
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light is coherently reflected by the substrate, we obtained a film thickness and surface roughness
of (38.4± 0.2) nm and (0.84± 0.02) nm, respectively. The film thickness is in good agreement
with the X-ray data (39± 1 nm) while the surface roughness is slightly overestimated compared
to the AFM rms surface roughness of 0.15 nm. Despite the deviation in the surface roughness
(which can be attributed to the specific measurements conditions and evaluation of AFM and SE
data [34,35], the result basically confirms our model assumption.

The approach in this study is to obtain a mathematical and Kramers-Kronig consistent
determination of the dielectric function by means of B-splines [36,37] (see the Supplement 1).
Such a treatment of the deposited K0.85Na0.15NbO3 film requires no prior knowledge about
the film properties or assumptions about the interaction of light with the film. B-splines have
already proven their effectiveness for material modeling in multiple spectroscopic ellipsometry
applications [36–39]. The dielectric function (ε) of K0.85Na0.15NbO3 layer was constructed by
the B-spline formula [36] . A spline function is basically a series of polynomial segments, which
is constructed in a manner to maintain continuity up to a certain degree of differentiation. On the
other hand, the Kramers-Kronig (K-K) integral can be applied to the B-spline recursion formula
to generate K-K consistent basis functions (i.e., the ε1 curve is defined by the K-K transformation
of ε2) [36,39]. However, there is a problem that arises from the number of knots (resolution) used
to describe the dielectric function. Using fewer knots in the considered wavelength range can
lead to data underfitting and some relevant spectral features will be neglected. On the other hand,
if there are too many knots within the wavelength range beyond the optimal value there is a risk
of overfitting the data and, hence, to catch random noise in the data or unrealistic curve bending
[40]. To solve this problem different resolutions were used to optimally fit the experimental data
using B-splines. The resolution of 0.2 eV implemented in this study was the best one in terms
of consistent optical constants, which was verified by the comparison with analytical models
of physical relevance (Gaussian dispersion) (see Fig S2 in the Supplement 1). Polynominal
B-spline functions [36,39] (see the Supplement 1) are used to fit the measured SE angles ψ and
∆ (MSE= 1.2) for the entire photon energy range (0.73–6.0 eV) recorded at room temperature,
where the film is in the Mc-phase, and at 523 K, well above the phase transition to the c-phase;
both experimental and simulation data of the ellipsometry angles ψ and ∆ for the Mc-phase (black
squares) and the c-phase (red circles) are presented in Fig. 4(a).
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to fit the measured SE angles ψ and ∆ (MSE = 1.2) for the entire photon energy range (0.73–
6.0 eV) recorded at room temperature, where the film is in the Mc-phase, and at 523 K, well 
above the phase transition to the c-phase; both experimental and simulation data of the 
ellipsometry angles ψ and ∆ for the Mc-phase (black squares) and the c-phase (red circles) are 
presented in Fig. 4a.

Fig. 4 (a). Ellipsometric angles Ψ and ∆ measured for the Mc phase at room temperature and the 
c-phase at 523 K as well as results from fitting with B-spline functions (green lines) as a function 
of the photon energy, (b) Refractive index n and extinction coefficient k as a function of photon 
energy in the Mc-phase (black curves) and c-phase (red dotted lines) for the epitaxial 
K0.85Na0.15NbO3 film on Gd0.6Sm0.4ScO3 substrate.

Fig. 4. (a). Ellipsometric angles Ψ and ∆ measured for the Mc phase at room temperature
and the c-phase at 523 K as well as results from fitting with B-spline functions (green lines)
as a function of the photon energy, (b) Refractive index n and extinction coefficient k as a
function of photon energy in the Mc-phase (black curves) and c-phase (red dotted lines) for
the epitaxial K0.85Na0.15NbO3 film on Gd0.6Sm0.4ScO3 substrate.

From the B-spline fit, the refractive index (n) and the extinction coefficient (k) are calculated
as a function of the energy and shown in Fig. 4(b) for the Mc phase (black lines) and the c-phase

https://doi.org/10.6084/m9.figshare.25486879
https://doi.org/10.6084/m9.figshare.25486879
https://doi.org/10.6084/m9.figshare.25486879
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(red lines). While in the energy range up to ∼3.5 eV the extinction coefficient k is close to zero
indicating a transparent region, the refractive index n slightly increases from 2.2 to about 2.5
for both phases. A strong increase in k displays the onset of absorption at higher energies,
which also results in an increase of n until a maximum is obtained at ∼4.5 eV and subsequently
a strong decrease, often observed for many perovskite oxide thin films [9,41]. From Fig. 4(b)
we also conclude that n and k are quite similar for the film in the monoclinic Mc-phase and the
orthorhombic c-phase in the transparent region, but in the absorption region (>3.5 eV) significant
differences can be detected.

For a more detailed analysis, the absorption coefficient (α) of the K0.85Na0.15NbO3 film is
calculated in the energy range between 0.73 eV and 6.0 eV by α= 4πk/λ, where λ is the wavelength
of the incident light and k is the extinction coefficient. The optical band gaps are deduced from
Tauc plots [19], where the low energy part of the measured absorption coefficient is fitted with a
power function (αE)= (E-Eg)r [20]. The exponent r depends on the nature of the transition with
r= 0.5 and 2 for direct and indirect allowed transitions, respectively. For K0.85Na0.15NbO3, the
valence band is primarily constituted by the O 2p states, while the conduction band derives from
the transition-metal (Nb) d orbitals. The d band consists of a lower energy, wide dε sub-band
and a higher energy, narrower dγ sub-band [42,43]. On the basis of density functional theory
calculations [44,45] and experimental data [42] for (K,Na)NbO3 we assume an indirect band
gap. By extrapolating the linear fit using (αE)1/2 = (E-Eg) we determined the indirect band
gaps to be (3.75± 0.02) eV and (3.60± 0.02) eV at room temperature (Mc-phase) and 523 K
(c-phase), respectively, indicating a significant redshift. The redshift of the absorption edge is
due to temperature-dependent dilatation of the lattice, while the main contribution comes from
the electron-lattice interaction [46]. Chernova et al. [9] reported a bandgap energy of 3.53 eV in
a K0.5Na0.5NbO3 film on SrTiO3 substrate. The large value of the band gap (3.75± 0.02) eV of
K0.85Na0.15NbO3 is tentatively explained by the ferroelectric polarization induced by compressive
lattice strain, which leads to additional bandgap widening [47,48].

The temperature dependence of the real (ε1) and imaginary (ε2) parts of the dielectric function
in the photon energy range of 2 - 6 eV is presented in Fig. 5. Several (local) maxima and minima
in the dielectric function (3.8 - 6 eV) can be observed.

For example, the real part of the dielectric function clearly shows the occurrence of a new
maximum at about 4.5 eV (435 K) in the c-phase. These local extrema are typically referred to
as critical points (CP) [49] and are related to electronic interband transitions from the highest
valence bands to the lowest conduction bands at various regions in the Brillouin zone [50]. In
order to investigate this in more detail, we have evaluated the real and imaginary parts of the
dielectric function of the K0.85Na0.15NbO3 thin film only in the absorption region (> 3 eV) at
300 K (Mc-phase) and 523 K (c-phase) (Fig. 6(a)).

A standard critical point (SCP) analysis of the 2nd derivatives d2ε/dE2 of the dielectric function
was performed to identify interband transitions by:

d2ε

dE2 =

⎧⎪⎪⎨⎪⎪⎩
t(t − 1)Amei∅m (E − Em + im)t−2, t ≠ 0

Amei∅m (E − Em + im)−2, t = 0
(3)

Here, Am, Em, Γm and ϕm are the amplitude, threshold energy, broadening, and excitonic phase
angle, respectively, for the mth electronic transitions [39]. The exponent t may take values of
− 1

2 , 0, 1
2 and −1 for, one-, two-, three-dimensional and excitonic lineshapes, respectively. For

the evaluation of our data we choose t = −1 for both Mc-phase and c-phase, in accordance with
previously published data for PbTiO3 and PbZrO3 materials [51] and based on strong excitonic
interactions in perovskite oxides. The second derivatives of both the real and imaginary parts
of the dielectric function of the K0.85Na0.15NbO3 thin film were fitted with the same set of
parameters.
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Fig. 5. Real (𝜀1) and imaginary (𝜀2) parts of the dielectric function at 325, 370, 405, 435 and 500 
K as a function of photon energy in the epitaxial K0.85Na0.15NbO3.

For example, the real part of the dielectric function clearly shows the occurrence of a new 
maximum at about 4.5 eV (435 K) in the c-phase. These local extrema are typically referred to 
as critical points (CP) [49] and are related to electronic interband transitions from the highest 
valence bands to the lowest conduction bands at various regions in the Brillouin zone [50]. In 
order to investigate this in more detail, we have evaluated the real and imaginary parts of the 
dielectric function of the K0.85Na0.15NbO3 thin film only in the absorption region (> 3 eV) at 
300 K (Mc-phase) and 523 K (c-phase) (Fig. 6a). 

A standard critical point (SCP) analysis of the 2nd derivatives 𝑑2𝜀 𝑑𝐸2 of the dielectric 
function was performed to identify interband transitions by:

𝑑2𝜀
𝑑𝐸2 = 𝑡(𝑡 ― 1)𝐴𝑚𝑒𝑖∅𝑚(𝐸 ― 𝐸𝑚 + 𝑖𝑚)𝑡―2,      𝑡 ≠ 0

𝐴𝑚𝑒𝑖∅𝑚(𝐸 ― 𝐸𝑚 + 𝑖𝑚)―2,                        𝑡 = 0 (3)

Here, Am, Em, m and m are the amplitude, threshold energy, broadening, and excitonic phase 
angle, respectively, for the mth electronic transitions [39]. The exponent t may take values of ―
1
2, 0, 1

2 and ―1 for, one-, two-, three-dimensional and excitonic lineshapes, respectively. For 
the evaluation of our data we choose 𝑡 = ―1 for both Mc-phase and c-phase, in accordance with 
previously published data for PbTiO3 and PbZrO3 materials [51] and based on strong excitonic 
interactions in perovskite oxides. The second derivatives of both the real and imaginary parts 
of the dielectric function of the K0.85Na0.15NbO3 thin film were fitted with the same set of 
parameters.

Fig. 5. Real (ε1) and imaginary (ε2) parts of the dielectric function at 325, 370, 405, 435
and 500 K as a function of photon energy in the epitaxial K0.85Na0.15NbO3.

To fit the data for the Mc phase in the energy range between 3.5 and 5.75 eV, it was sufficient
to superimpose three separate line profiles, each of which can be assigned to a specific critical
point (CP). The corresponding energy positions are indicated by the black lines and labeled as
Ea, Eb, and Ec in the order of increasing photon energy (Fig. 6(b)). However, for the c-phase
(Fig. 6(c)) four critical points with corresponding energies Ea, Eb, EN and Ec were needed to
obtain good agreement between experiment and simulated curves.

The observed CPs are tentatively attributed to charge transfer transitions from O (p) to Nb
(d-t2 g) [52], and corresponding energies for the Mc-phase and the c-phase are given in Table 1.

Table 1. SCP model parameters for K0.85Na0.15NbO3 film extracted from the best fitting of the
second derivatives of the dielectric functions (Figs. 6(b) and (c)) at room temperature (Mc-phase)

and 523 K (c-phase)

Ferroelectric phase Ea Eb EN Ec

Mc

Em (eV) 4.30± 0.02 4.68± 0.02 5.61± 0.02

Am 1.90± 0.01 1.49± 0.01 0.48± 0.01

φm(°) 118± 2.00 90.0± 2.00 198± 2.00

Γm (eV) 0.31± 0.01 0.36± 0.01 0.34± 0.01

c

Em (eV) 4.10± 0.02 4.51± 0.02 4.61± 0.02 5.55± 0.02

Am 1.18± 0.01 1.33± 0.01 0.25± 0.01 0.73± 0.01

φm(°) 114± 2.00 83.0± 2.00 99.6± 2.00 215± 2.00

Γm (eV) 0.28± 0.01 0.34± 0.01 0.26± 0.01 0.41± 0.01

In order to investigate the critical points in more detail, we plotted the values for the threshold
energies Ea, Eb, EN and Ec as a function of the temperature in Fig. 7. With increasing temperature,
a redshift of all CP energies can be observed, which is caused by temperature-dependent electron-
phonon interaction [46]. For a closer look, the temperature-dependence of electronic transitions
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Fig. 6. (a) Real (𝜀1) and imaginary (𝜀2) parts of the dielectric function as a function of photon 
energy in the Mc-phase and c-phase. Experimental (dots) and the best-fit (solid lines) data for 
the second derivatives of 𝜀1 and 𝜀2 in the (b) Mc-phase and (c) c-phase, respectively, of the 
K0.85Na0.15NbO3 film. The vertical blue lines indicate four interband electronic transitions.

To fit the data for the Mc phase in the energy range between 3.5 and 5.75 eV, it was sufficient 
to superimpose three separate line profiles, each of which can be assigned to a specific critical 
point (CP). The corresponding energy positions are indicated by the black lines and labeled as 
Ea, Eb, and Ec in the order of increasing photon energy (Fig. 6b). However, for the c-phase (Fig. 
6c) four critical points with corresponding energies Ea, Eb, EN and Ec were needed to obtain 
good agreement between experiment and simulated curves. 

The observed CPs are tentatively attributed to charge transfer transitions from O (p) to Nb 
(d-t2g) [52], and corresponding energies for the Mc-phase and the c-phase are given in Table 1. 

Fig. 6. (a) Real (ε1) and imaginary (ε2) parts of the dielectric function as a function of
photon energy in the Mc-phase and c-phase. Experimental (dots) and the best-fit (solid lines)
data for the second derivatives of ε1 and ε2 in the (b) Mc-phase and (c) c-phase, respectively,
of the K0.85Na0.15NbO3 film. The vertical blue lines indicate four interband electronic
transitions.

was fitted independently for the Mc and c-phases using a linear function E(T) = E0 − βT , with
E0 is the transition energy at 0 K and β the temperature coefficient.

The resulting temperature coefficients of Ea, Eb, EN and Ec are presented in Table 2. Figure 7
reveals that in the range of the phase transition, the threshold energies Ea, Eb and Ec show a clear
discontinuity. Furthermore, the phases below (Mc) and above (c) the phase transition temperature
have different temperature coefficients which are always larger in the monoclinic Mc phase
than in the orthorhombic c-phase. The values in the range of 10−4 eV/K are in good agreement
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Table 1. SCP model parameters for K0.85Na0.15NbO3 film extracted from the best fitting of the second 
derivatives of the dielectric functions (Figs. 6b and c) at room temperature (Mc-phase) and 523 K (c-phase).

Ferroelectric phase Ea Eb EN Ec

Em (eV) 4.30  0.02 4.68  0.02 5.61  0.02
Am 1.90  0.01 1.49  0.01 0.48  0.01

m (°) 118  2.00 90.0  2.00 198  2.00Mc

m (eV) 0.31  0.01 0.36  0.01 0.34  0.01
Em (eV) 4.10  0.02 4.51  0.02 4.61  0.02 5.55  0.02

Am 1.18  0.01 1.33  0.01 0.25  0.01 0.73  0.01
m (°) 114  2.00 83.0  2.00 99.6  2.00 215  2.00

c

m (eV) 0.28  0.01 0.34  0.01 0.26  0.01 0.41  0.01

In order to investigate the critical points in more detail, we plotted the values for the 
threshold energies Ea, Eb, EN and Ec as a function of the temperature in Fig. 7. With increasing 
temperature, a redshift of all CP energies can be observed, which is caused by temperature-
dependent electron-phonon interaction [46]. For a closer look, the temperature-dependence of 
electronic transitions was fitted independently for the Mc and c-phases using a linear function 𝐸
(𝑇) = 𝐸0 ―𝛽𝑇, with E0 is the transition energy at 0 K and  the temperature coefficient. 

Fig. 7. Temperature dependence of the threshold energies Ea, Eb, EN and Ec.

The resulting temperature coefficients of Ea, Eb, EN and Ec are presented in Table 2. Fig. 7 
reveals that in the range of the phase transition, the threshold energies Ea, Eb and Ec show a 
clear discontinuity. Furthermore, the phases below (Mc) and above (c) the phase transition 
temperature have different temperature coefficients which are always larger in the monoclinic 
Mc phase than in the orthorhombic c-phase. The values in the range of 10-4 eV/K are in good 
agreement with temperature coefficients for Pb-oxide based ferroelectric materials [16, 53]. 
The significant decrease in the transition region has similarly been observed for Pb(Zr,Ti)O3-
related materials [53] and Na0.5Bi2.5Nb2−xWxO9+δ ferroelectric ceramics [54] in the phase 
transition region.

Fig. 7. Temperature dependence of the threshold energies Ea, Eb, EN and Ec.

with temperature coefficients for Pb-oxide based ferroelectric materials [16,53]. The significant
decrease in the transition region has similarly been observed for Pb(Zr,Ti)O3-related materials
[53] and Na0.5Bi2.5Nb2−xWxO9+δ ferroelectric ceramics [54] in the phase transition region.

Table 2. Temperature coefficients of Ea, Eb, EN and Ec in the Mc-
and c-phases.

Critical points
Temperature coefficient, β (eV/K)

Mc-phase c-phase

Ea (9.00.2) × 10−4 (4.00.2) × 10−4

Eb (8.50.2) × 10−4 (3.80.2) × 10−4

EN (2.80.2) × 10−4

Ec (3.70.2) × 10−4 (1.00.2) × 10−4

Our results indicate that electronic transitions are very sensitive to structural variations during
the transition from the Mc-phase (monoclinic) to the c-phase (orthorhombic) and the narrow
temperature range where both phases coexist. Moreover, we observe an additional transition EN
near 4.67 eV (425 K) in the orthorhombic c-phase (Fig. 7), which does not exist in the monoclinic
Mc-phase.

On first sight, the experimentally observed strong phase dependence is not expected since former
calculations [55–57] on KNbO3 bulk crystals have shown that similar band structures emerge
for the cubic paraelectric phase as well as for the tetragonal, orthorhombic and rhombohedral
phases. Schmidt et al [43], reported that in all phases of KNbO3 including the orthorhombic and
monoclinic ones, there are states elsewhere in the Brillouin zone which are nearly degenerate
with the valence band maximum or the conduction band minimum. Such near-degeneracies
strongly influence the optical properties because the electronic transitions at different k-points
are strongly mixed in the optical response. However, differences between bulk crystals and
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strained epitaxial films have been demonstrated [58–60]. Tyunina et al. [58] demonstrated, that
epitaxy of strained thin films causes dramatic changes of the interband transitions compared to a
reference KNbO3 crystal: the energies of transitions change, some transitions are significantly
suppressed while new transitions also appear. Corresponding first-principle calculations on
the monoclinic and orthorhombic phases (among others) in strained NaNbO3 films have also
shown differences in the band structure [61]. To shed light on the variation of the CP energies,
the microstructure has to be considered. The ABO3 perovskite structure is a three-dimensional
network of regular corner-linked BO6 octahedra with small B cations in the center of each
octahedron [55]. Li et al. [45] reported that the Nb-O bond lengths change, and the angles of
O-Nb-O bonds deviate from 90° when the crystal symmetry of NaNbO3 changes. Li et al. [54]
attributed the appearance of an additional transition for the Na0.5Bi2.5Nb2−xWxO9+δ ferroelectric
material to the structural distortion induced by the phase transition. Here we speculate that
the transformation from the monoclinic (Mc) to the orthorhombic phase (c-phase) shifts the
Nb position of the NbO6 octahedron [62]. This affects the orbital hybidization and leads to
appearance of new electronic transition. Similarly, Zhang et al. [63] reported the emergence of
an additional electronic transition upon the phase transition from the tetragonal to the cubic phase
in 0.93Pb(Zn1/3Nb2/3)O3-0.07PbTiO3 single crystals which could be attributed to a transition
from the O 2p to the conducting Nb-4dxz state.

4. Conclusion

Spectroscopic ellipsometry was used to reveal the dielectric functions for a compressively
strained K0.85Na0.15NbO3 film at room temperature for the monoclinic Mc-phase and above the
phase transition in the orthorhombic c-phase at 523 K c-phase. The dielectric functions showed
significant differences in the spectral region above 3.5 eV. By using standard critical point model
analysis, we identify three and four critical points energy in the Mc and c-phases, respectively. A
redshift of the critical points and additional absorption peak with increasing temperature was
observed. Temperature-dependent analysis of the threshold energies of the critical points Ea,
Eb, and Ec revealed clearly different behavior in the monoclinic and orthorhombic phase, with
considerably higher temperature coefficient for the Mc-phase as compared to that of the c-phase.
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