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Optical characteristics of strontium barium niobate thin films depending

on temperature
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The optical properties of single-crystal thin films of Sr0.61Ba0.39Nb2O6, with a thickness of ∼ 646 nm, synthesized

on MgO (001) substrates using high-frequency cathode sputtering in an oxygen atmosphere, have been studied

using spectrophotometry in the spectral range 200−1000 nm and at temperatures between 299.15−393.15 K. It has

been observed that the edge of the optical absorption in the transmission spectra of the Sr0.61Ba0.39Nb2O6/MgO

system shifts towards the long-wavelength region with increasing temperature. The dispersion dependences of the

refractive index n(λ) and extinction coefficient k(λ) of the film have been calculated at fixed temperatures. It

has been shown that the film has slightly lower values of these optical parameters compared to the single-crystal

Sr0.61Ba0.39Nb2O6 material. The dispersion of n(λ) has been interpreted within the framework of the individual

dipole oscillator model and approximated using the Cauchy relation. The results obtained in this study indicate

the stability of the optical properties of Sr0.61Ba0.39Nb2O6 heterostructures grown on MgO substrates over a given

wavelength range within the specified temperature range.
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Introduction

Strontium barium niobate (SrxBa1−xNb2O6, SBN) is an

environmentally friendly lead-free uniaxial relaxor ferroelec-
tric crystal with the tetragonal tungsten bronze structure.

SBN single crystals [1–5] are of great fundamental and

applied research interest, since they have high potential for

practical use in modern microelectronic and optoelectronic
devices [4,6]. The refinement of deposition techniques

has made it possible to obtain heterostructures based on

high-quality SBN thin films [7]. When incorporated into

optoelectronic devices [6], such structures are better suited
to the industrial needs than their bulk counterparts due to

the potential for fabrication of integrated devices and control

over the properties of thin films in accordance with specific

requirements. New applications of ferroelectric materials in
modern photonic devices have also been explored in recent

years [8]. It is evident that the temperature dependence of

the refraction index is of particular importance for photonic
devices, since a number of optical phenomena, design,

and operational characteristics depend on it. It is known

that the refraction indices of the most common photonic

semiconductors (Si or GaAs) increase with temperature [9].
During operation, a certain fraction of supplied power is

inevitably dissipated as heat, which leads to an increase

in temperature of the crystal lattice and, consequently, a

change in refraction index, exerting a negative influence
on the device performance parameters. An understanding

of thermo-optical properties is key to monitoring and

controlling temperature-induced changes in parameters [10].

Thus, data on the thermo-optical characteristics of strontium

barium niobate thin films are of critical importance for

future applications in the development of new devices.

In the present study, we report the results of examination

of the spectral dependence of transmittance of single-layer

SBN-61 heterostructures on MgO (001) substrates obtained
by RF cathode sputtering in oxygen at high temperatures

t = 299.15−393.15K and λ = 200−1000 nm.

Objects. Fabrication and research
methods

Single-crystal Sr0.61Ba0.39Nb2O6 films were formed by

gas-discharge RF cathode sputtering on 0.5-mm-thick single-

crystal (001) MgO substrates (polished on both sides).
Deposition was performed at the

”
Plasma 50-SE“ setup

(shared research facility of the Scientific Research Institute

of Physics of the Southern Federal University) and followed

the method detailed in [11]. The initial substrate temper-

ature (before switching on the discharge) was ∼ 673K;

after the discharge was switched on, the temperature

was set within the range of 793−813K. The pressure of

pure oxygen in the chamber was maintained at 0.5 Torr

throughout the entire process of sputtering, the RF power

was 110W, and the target−substrate distance was 12mm.

Measurements of the spectral dependence of trans-

mittance T of objects at wavelengths λ = 200−1000 nm

were carried out using a complex based on an SF-56

UV spectrophotometer (
”
OKB Spektr,“ Russia) and an
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Figure 1. Transmittance spectra T (λ): (a) 1, 2 — MgO substrate, 3, 4 — SBN-61/MgO heterostructure at t = 299.15K and 393.15K,

respectively; (b) SBN-61/MgO optical absorption edge region; (c) zoomed-in spectral region.

LN-121-SPECTR cryostat (
”
Kriogennye pribory,“ Russia)

in the regime of heating from room temperature (RT,
t = 299.15K) to 393.15K in vacuum. The scanning pitch

was 1 nm.

Experimental results and discussion

Optical transmittance spectra T (λ, t) of the SBN-61/MgO

heterostructure and the MgO substrate recorded at fixed

temperatures (RT and 393.15K) are shown in Fig. 1, a.

SBN-61 films on MgO substrates are highly transparent

(T = 64−85%) in the visible and near IR spectral ranges.

Compared to the MgO substrate transmittance (86% at RT),
the optical transmittance of SBN-61/MgO is indicative of

a smooth surface and fine film uniformity. Interference

effects are also seen in the T (λ) dependences for SBN-

61/MgO. It is evident that the optical transmittance of SBN-

61/MgO and the substrate itself changes slightly as the

temperature increases. Notably, the transmittance spectra

of SBN-61/MgO reveal a considerable shift of the optical

absorption edge (Fig. 1, b) toward longer wavelengths at

higher temperatures. This is indicative of a corresponding

change in the optical constants and the optical band gap. It

should be noted that the transmittance spectra are presented

with the limits of absolute errors of measurement of T
within the given spectral range and adjustment of wave-

lengths λ (Figs. 1, a−c). The shift of the optical absorption

edge (1λ) was estimated at a material transmittance level

of 50%. It follows from the figure that we obtained the

values of λ1 = 334 nm at RT, λ2 = 338 nm at 393.15 K, and

1λ ∼ 4 nm (∼ 0.05 eV).
A model of the

”
isotropic film/transparent substrate“

optical system with radiation incident normally to the film

plane was used to process the transmittance spectra. Optical

constants (refraction index n and extinction coefficient k)
and thickness d were calculated by the envelope curve

method [12,13] in the transparency region. To verify the
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Figure 2. Transmittance spectra T (λ) of SBN-61/MgO with

envelope curves (TM, Tm) and the theoretical spectrum at RT.

obtained values, theoretical transmittance spectra (Fig. 2)
were modeled at constant temperatures. The theoretical

spectra match the experimental ones, confirming the relia-

bility of the obtained data. The spectrum at RT is shown as

an example.

Figure 3 presents the dispersion dependences of optical

constants of the SBN-61 film. Dependences n(λ) and k(λ)
make it clear that the dispersion behavior of the curves is

normal. Experimental n(λ) and k(λ) data are approximated

well by Cauchy relations of the form

n(λ) = A + B/λ2 + C/λ4 + D/λ6,

k(λ) = E + F/λ2 + G/λ4 + H/λ6, (1)

where λ is the wavelength and A, B, C, D, E, F, G, H are

empirical constants.
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Figure 3. Wavelength dependences of refraction indices and ex-

tinction coefficients for the SBN-61 film at constant temperatures.

Solid and dashed lines indicate the results of approximation with

the Cauchy formula for n(λ) (1, 3) and k(λ) (2, 4), respectively;
5 — no of the SBN-61 single crystal [14]

.

The results of approximation with Cauchy relations are

presented in Fig. 3. The Cauchy coefficients are listed in

Table 1.

A comparison of the obtained data at RT with the values

of ordinary refraction index (no) of the SBN-61 single

crystal [14] at 297.65 K (see Fig. 3) reveals that the films

have a slightly lower n within the studied wavelength range.

It should be noted that n decreases further with an increase

in temperature, but this reduction is within the permissible

absolute error limit.

The refraction index reduction may be attributed to

porosity and/or stress and strain in the films. Using the

Lorentz–Lorenz model, one may define packing density P
of a film as

P = [(n2
f − 1)(n2

f + 2)−1]/[(n2
b − 1)(n2

b + 2)−1], (2)

where n f — refraction index of the film and nb — refraction

index of the single crystal [14]. Setting nb = 2.4443 (at
435.83 nm), we find that P = 0.974 for the SBN-61 film.

This result illustrates the advantages of the used method for

synthesis of films with given optical properties.

The refraction index dispersion data were also inter-

preted using the individual dipole oscillator model (the
DiDomenico–Wemple model [15]). According to this

model, the refraction index in the region of low absorption

should follow relation

n2(E) = 1 + EdE0/(E
2
0 − E2), (3)

where Ed is the dispersion energy and E0 is the oscillator

energy.

The dependences of 1/(n2
− 1) on E2(1/λ2) (Fig. 4)

were used to calculate the values of Ed and E0. Specif-

ically, the oscillator energy was E0 = 6.129 eV at RT

and E0 = 6.054 eV at 393.15 K, which is comparable with

literature data for other materials [16]. The dispersion

energies are 22.33 eV and 21.18 eV, respectively.

The absorption spectra were analyzed in order to deter-

mine the magnitude and nature of the optical band gap.

Absorption coefficient α in the region of strong absorption

by the film material was calculated from the transmittance

spectra in the following way [17]:

α(λ) = 1/d ln[(1− R1)(1− R2)(1− R12)/T ], (4)

where d — film thickness and R1, R2, and R12 —
coefficients of reflection from the air/film, film/substrate, and

substrate/air interfaces, respectively.

As is known, the exponential absorption edge may be

interpreted as a result of exponential distribution of local

states in the band gap that is associated with the structure

of materials. The Urbach rule [18] is valid in region E < Eg :

α = α0 exp[EU(E − E0)], (5)

where EU is the localized state tail width and α0 is

a constant corresponding to the absorption coefficient in

the energy gap. Urbach energy EU provides information

regarding the existence of localized states in the band gap

region. Their presence is associated with unsaturated bonds

and/or defects in films and the degree of electron–phonon
interaction. Thus, Urbach energy EU is a measure of

disorder in the system [18]. The value of EU is estimated

from the slope of the linear part of the lnα(E) curve

(see Fig. 5). The calculated Urbach energy values are

presented in Table 2. The Urbach energy of SBN-61

films is ∼ 0.216 eV at RT and increases with temperature

(∼ 0.242 eV), which suggests that the degree of structure

ordering decreases.

According to the Tauc model [19], the transition type

(direct or indirect) may be determined by plotting the

dependences of (αhν)m on E . Index of power m = 2

corresponds to an allowed direct transition, while m = 1/2
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Figure 4. Dependences of 1/(n2
− 1) on 1/λ2 plotted for the

SBN-61 film at constant temperatures. Lines correspond to the

results of approximation.
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Table 1. Cauchy coefficients for n(λ) and k(λ) of the SBN-61 film

A B · 104, C · 109, D · 1014, E · 10−4 F · 103, G · 108 H · 1013,

nm2 nm4 nm6 nm2 nm4 nm6

1∗ 2∗ 1 2 1 2 1 2 1 2 1 2 1 2 1 2

2.1496 2.1336 4.5136 2.5605 −3.096 2.6370 4.6645 1 −3.9757 7.9124 1.490 1.078 −3.2182 −2.675 3.434 3.1932

∗1 — RT; 2 — 393.15K.

Table 2. Optical characteristics of the SBN-61 film

d, nm Edir
g , eV E ind

g , eV Eph, meV (cm−1) EU, meV

646±30 RT 295K 393.15 K RT 295K 393.15K RT 295K 393.15 K RT 295K 393.15K

[27] [27] [27] [27]

4.121 4.28 4.066 3.628 3.67 3.573.15 47 105 43 216 250 242

±0.004 [27] ±0.005 ±0.003 [27] ±0.003 (375) (847) [27] (345) [27]

3.93.6
8

10

12

Energy, eV

RT
393.15 K
Linear fit.
Linear fit.

4.2 4.5

ln
 α

Figure 5. Calculation of the Urbach energy for SBN-61 films

at constant temperatures. Lines correspond to the results of

approximation.

corresponds to an allowed indirect one. A direct transition

yields one linear section, and its extrapolation to the E
axis provides the direct band gap value (Edir

g ). An

indirect transition yields two linear sections leading to

two extrapolations (Eg1 + Eph) and (Eg2 − Eph), where

Eph is the phonon energy facilitating the transition; Eg1 is

the absorption threshold corresponding to the process of

phonon absorption; and Eg2 is the absorption threshold

corresponding to the process of phonon emission [20].

We have found that absorption coefficient α of the film

in the region of intrinsic absorption is characterized well by

the (αhν)2 and (αhν)1/2 dependences. This indicates that

SBN-61 films have a direct- and indirect-type band gap in

the region of higher and low energies, respectively. The

results of approximation are listed in Table 2 and presented

in Fig. 6. The coefficient of determination (R2) was 0.99 for

all approximations. For clarity, the dependence of (αhν)1/2

on E is plotted at RT only.

It follows from the data in Table 2 that the Eph contri-

bution decreases with increasing temperature. Naturally,

films are characterized by a lower phonon energy Eph

than a single crystal. The Eph value of our SBN-61 films

(Table 2) is 43−47meV, which corresponds to characteristic

phonon frequencies of ∼ 345−375 cm−1. According to the

results of experimental Raman studies of ceramics [21],
single crystals [22–25], and thin films of strontium barium

niobate [26], these values are close to the frequencies

of phonon modes that the authors associate with Nb−O

stretching and O−Nb−O strain due to internal vibrations

of NbO6 octahedra [21–26]. As was noted in [21], an

abrupt shift of line frequencies in the Raman spectra toward

the low-frequency region at temperatures above 380K is

indicative of a phase transition (PT).
Having compared our results with the data for the SBN-

61 single crystal [27], we conclude that the obtained SBN-

61 films have optical band gaps that are quite close in

magnitude under the assumption of direct and indirect

transition types at RT. As the temperature increases, the Edir
g

and E ind
g values for SBN-61 films decrease. Since pressure p

and temperature t affect the crystal lattice parameters, their

detectable influence on band gap Eg of the material was

reported in [28,29]. The following relation characterizes the

overall effect quantitatively:

dEg

dt
=

(

dEg

dt

)

V

+
β

γ

(

dEg

d p

)

t

, (6)

where β is the thermal expansion coefficient and γ is the

compressibility. The typical magnitude of variation of Eg

is ≈ −4 · 10−4 eV per 1K. Since all measurements in the

present study were performed under vacuum conditions

(i.e., at the same pressure), the variation of Eg with

pressure is neglected. Our preliminary estimate of variation

is dEg/dt ≈ −0.0005 eV/K−1 in the region from RT to

393.15K.
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Figure 6. Dependences (αhν)2, (αhν)2 vs. E plotted for the SBN-61 film, which illustrate direct and indirect types of transition through

the band gap.

The value of Eg may decrease due to an increase in

amplitude of thermal vibrations of crystal lattice atoms and

a change in interatomic distances during thermal expansion

of the crystal. According to [30], where the behavior of

lattice parameters of the Sr0.61Ba0.39Nb2O6 single crystal

was characterized, the thermal motion of Nb atoms in

the direction perpendicular to bond O−Nb−O leads to

shortening of the O−O distance along axis c, which, in

turn, results in negative thermal expansion. The values

of parameter c start to decrease at t from 200 to 400K

and increase again above 400K. It was also demonstrated

that structural changes associated with the PT (Tc ≈ 350K)
into the paraelectric phase start to manifest themselves at

t = 200K. Since it is fairly difficult to account rigorously

for the factors mentioned above, dependence Eg(t) is

determined empirically, which will be the aim of our future

studies.

Findings and conclusion

The results of an experimental spectrophotometric

study of optical transmittance of the SBN-61/MgO

(001) heterostructure within the temperature range

of 299.15−393.15 K and the wavelength range of

200−1000 nm were reported. It was found that the

optical absorption edge in the transmittance spectra of

SBN-61/MgO shifts toward longer wavelengths at higher

temperatures. At RT, the film material has n = 2.38± 0.03

at λ = 436 nm, which is only slightly lower than n of

the SBN-61 single crystal (nb = 2.4443). The dispersion

dependences of refraction indices n(λ) and extinction

coefficients k(λ) and the values of band gap determined

as function of temperature under the assumption of direct

Edir
g and indirect E ind

g allowed transitions for the SBN-61

film were presented. It was demonstrated that the refraction

index dispersion may be interpreted within the individual

oscillator model. The degree of ordering of the structure

was estimated by approximating the absorption edge with

an exponential dependence. The results revealed that the

optical characteristics of SBN-61 thin films remain fairly

stable within the examined temperature and wavelength

ranges.
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