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Abstract 

Precise control of the band gap is crucial for lead-free ferroelectrics in the 

application of high-performance optical devices. In this work, we demonstrate that 

continuous and reversible tuning of optical band gap can be realized through 

mechanical strain in flexible Ba0.9Ca0.1Ti0.975Fe0.025O3 (BCTF)/mica films. Through 

bending the flexible films, a large mechanical strain of 0.85% could be introduced 

into the ferroelectric active layer, leading to a reduction in the band gap of 0.38 eV. 

The strong dependence of the optical band gap on mechanical bending mainly 

arisen from the strain-induced modification of Fe-O bond. Because of the superior 

mechanical property of mica, the flexible BCTF/mica film also exhibits excellent 

anti-fatigue characteristics over 103
 bending cycles. Thus, this work provides an 

alternate perspective for the design and fabrication of ferroelectric optical devices 

that cover the entire visible light region. 
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1. Introduction 

ABO3-type perovskite ferroelectric (FE) oxides show great potential in the field of 

energy conversion, such as photovoltaic cell, solar water splitting.[1-5] However, 

the energy conversion efficiency is generally restricted by their large band gaps (Eg 

≈ 3-4 eV) which limits the solar energy harvesting to a small part of the 

spectrum.[6, 7] It is mainly resulted from the large difference of electronegativity 

between the B-site transition metal cations and oxygen.[8] Prior works have 

focused on chemical substitution as a means for reducing their gaps, but with 

unintended consequences for other properties.[9] Since the optical absorption of FE 

oxides is related to the electron transition from the occupied O 2p orbitals (the top 

of the valence band) to unfilled B-site cation d orbitals (the bottom of the 

conduction band), modifying the B−O bond properties can effectively tailor the 

band gap.[10, 11] Strain engineering has provided another route to tune the 

electronic structure through epitaxial mismatch strain.[12] However, owing to the 

small lattice mismatch and then tensile strain, only a small reduction (0.09 eV) in 

the band gap is realized. Similar results have been found in our previous work that 

a lattice expansion can delocalize electrons from B-site cations and induce a small 

reduction (0.1 eV) in the band gap for non-FE LaFeO3-x films.[13] In addition, the 

epitaxial strain can also change the local crystal field of the BO6 octahedral. And 

the enhanced d-d transition forms a narrower sub-band gap in FE YFeO3 films, 

resulting in a reduction in the band gap of 0.16 eV.[14] Although great research 

progresses have been achieved in tuning the band gap of FE oxides through 

mechanical strain,[15] developing approaches of tailoring their band gap in large 

scale with a continuous and reversible manner will bring significant scientific and 

technological breakthroughs in FE devices. 

Inspired by the recent breakthroughs in the fabrication of inorganic oxide films on 

flexible mica substrate,[15-19] we have developed an effective approach to 

manipulate the band structure of FE oxides in a continuous and reversible manner 

by mechanical strain through substrate bending. It is realized with flexible 

ferroelectric Ba0.9Ca0.1Ti0.975Fe0.025O3 (BCTF) epitaxial thin films fabricated on 

mica substrates. The effects of mechanical strain on the band gap have been 

investigated through UV-Vis absorption spectrum. In-situ Raman analysis has been 

used to examine the changes in lattice structure induced by the mechanical strain. 

The stability of the flexible film structures has been evaluated via continuous 

bending. Our results have demonstrated that the mechanical strain can change the 

structure of BO6 octahedral and induce a large red-shift of 110 nm in optical 
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absorption, or a reduction of 0.38 eV in the band gap. The inter-relationships 

between the strain, structure and optical properties have been elucidated for 

providing a rational design strategy for flexible optical FE devices.  

2. Experimental Section 

2.1 Fabrication of BCTF target 

Ba0.9Ca0.1Ti0.975Fe0.025O3 (abbreviated as BCTF) FE ceramics were prepared by a 

conventional solid-state method using high-purity metal oxides or carbonate 

powders: BaCO3 (99.5%), CaCO3 (99%) TiO2 (99.9%) and Fe2O3 (99.0%). The 

ceramic fabrication processes can be found in our previous work.[20] The ceramics 

were finally sintered in air at 1400°C for 4 hours. After confirming the crystallite 

structure and purity using X-ray diffraction (XRD) analysis, the ceramics were 

used as targets for preparing epitaxial thin films using the pulsed laser deposition 

technique. 

2.2 Epitaxial growth of flexible BCTF/Mica films 

(00l)-cut fluorophlogopite mica (KMg3(AlSi3O10)F2 (Changchun Taiyuan Co., Ltd., 

China) were used as substrates (of dimensions 10 cm 10 cm) in this work. 100 nm 

BCTF film was directly deposited on mica using the pulsed laser deposition 

technique. The target was ablated at 750C (substrate temperature) with a target-to-

substrate distance of 48 mm in pure oxygen of 15 Pa by a KrF excimer laser ( = 

248 nm) operated at 6 Hz with an energy density of 1.5 J/cm2. After 25 min 

deposition, the film was post-annealed in situ at 750C in an oxygen pressure of 

104 Pa for 30 min to reduce oxygen vacancies. The as-grown sample was cooled 

down to room temperature at a rate of 5 °C/min. To acquire good mechanical 

flexibility for the bending experiment, the two-dimensional layered mica substrate 

was mechanically exfoliated to a thickness of 30 μm using tape. Another sample 

with a conductive LSMO film bottom electrode inserted between BCTF film and 

mica substrate was used for ferroelectricity analysis. Au top electrode of area 1 

mm2 was finally deposited on the film surface using E-beam evaporation for the 

electrical measurements. The thickness of the LSMO bottom electrode, BCTF film 

and Au top electrode are 50 nm, 100 nm and 20 nm, respectively. 

2.3 Thin film characterization 

The crystal structure and epitaxial nature of the BCTF/mica film were examined 

using high-resolution XRD (SmartLab, Rigaku Co.) equipped with Cu K1 ( = 
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1.5406 Å). The surface morphology was examined using Atomic Force 

Microscopy (AFM, Asylum MFP-3D Infinity, Oxford).  The transmittance spectra 

were recorded using a UV-Vis spectrometer (Shimadzu Co. UV 2550). The Raman 

spectra were recorded using a confocal Raman system (WITec alpha300 R). The 

ferroelectricity of the BCTF films was evaluated based on their polarization 

hysteresis (P-E) loops measured at room temperature (Precision Premier II, 

Radiant Technologies Inc.). And a triangular wave electrical signal with a 

frequency of 1000 Hz was applied to the FE films. 

2.4 Strain engineering 

In order to facilitate the transmission of light for UV-Vis test, we opened a 

rectangular gap (8 × 2 mm) in the stainless steel by laser cutting. Then, the 

controllable mechanical strains in the BCTF thin films were introduced by taping 

the flexible BCTF/mica samples on stainless steel holder with various radii of 

curvature. And the radii of curvature were controlled by changing the distance 

between the two sides of stainless steel holder. 

3. Results and Discussion: 

The XRD patterns of the BCTF/mica films are shown in Fig. 1a. The BCTF film 

possesses a typical P-4mm space group, which is similar to the structure of 

tetragonal BaTiO3 ferroelectrics. As demonstrated by the appearance of only (111) 

and (222) reflections, the BCTF film has a single-phase structure and preferentially 

grown along the [l l l] direction. The epitaxial relationship between the BCTF film 

and mica substrate is investigated based on their XRD ϕ scans measured on their 

(101) and (202) reflection peaks, respectively (Fig. 1b). Ascribed to the trifold 

symmetry of mica, the BCTF film exhibits six-fold symmetric reflection peaks at 

60° intervals. This clearly suggests the good epitaxial feature of the BCTF film on 

the mica substrate. As revealed by the surface morphology image shown in Fig. 1c, 

the BCTF/mica film exhibits a flat surface with a root mean square roughness of 

2.49 nm, which also indicates a uniform thickness of 105.4 nm (Fig. 1d,e). 

Tetragonal crystals (such as BaTiO3) normally adopt a tri-fold symmetry along 

[111] orientation. The six-fold symmetry observed in the BCTF (lll) film may be 

resulted from the 180o twin domains.[20] The out-plane and in-plane epitaxial 

relationships can be described as (111)BCTF || (001)Mica and [1 -1 0]BCTF || 

[010]Mica. We then obtained the in-plane lattice arrangement for the BCTF unit 

cell on a mica substrate as shown in Fig. 1d. Because the lattice parameter of 
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BCTF along [1 -1 0] is slight larger than 1/2 bMica, the epitaxial BCTF film shows a 

compression stress in-plane.  

 

Figure 1. (a) XRD θ-2θ scan spectra of bare mica, BCTF on mica (0 0 l) substrates; 

(b) XRD ϕ scans of the BCTF (101) and mica (202) reflection peaks, (c) AFM 

image for the surface morphology analysis of BCTF film, SEM images for 

BCTF/Mica film cross section (d) and in plane (e), (f) Schematic of in-plane lattice 

arrangement for BCTF unit cell on the monoclinic mica substrate. 

It has been known that the doping of transition metal cations with non-d0 

configuration at the B site of perovskite-type FE oxides can form a new sub-band 

gap.[9] The effect of Fe-doping on the as-grown BCTF/mica films has then been 

investigated. As shown in Fig. 2a, the mica substrate exhibits a high transmittance 

(over 85 %) in the visible region together with a strong absorption at wavelengths 

shorter than 370 nm. Attributed to the BCTF layer, the as-grown BCTF/mica film 

exhibits two absorption peaks. The strong absorption around 370-400 nm should 

be attributed to the Ti4+ which matches well with the band gap of BaTiO3 (~3.2 

eV)[21], whereas the absorption around 500-550 nm should be resulted from the 

Fe3+ dopant which agrees with the band gap (~2.4 eV) observed in Fe-based 

perovskite oxides.[13] 
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For studying the mechanical strain effect on the optical band gap, the BCTF/mica 

films have been bent to different extents using a simple device shown in the insert 

of Fig. 2a. Via precisely controlling the distance (l) between the two sides of the 

film (Fig. 2b), a quasi-circular arc with different radii of curvature (r) 

(corresponding to center angle of θ radian) is formed and then a tensile strain () 

can be exerted on the BCTF film. In this work, mica owns a size of a = 10.0 mm 

and thickness h = 0.03 mm. Combining with the following relationship, 

l = 2 Sin (θ/2)  

a = r∙ θ 

we could obtain the tensile strain value  = [(h + r)θ – rθ] / rθ = h / r  (Fig. 2b). So, 

we could apply the maximum strain to the film when a = πr, namely max = 0.94%. 

Because of the superior mechanical property of mica, the strained flexible 

BCTF/mica film belongs to elastic deformation. In this work, a large tensile strain 

of ~ 0.85 % is realized at l = 7.0 mm. The UV-Vis transmittance spectra of the 

BCTF/mica film in different bent states (with different l) have then been measured, 

giving the results shown in Fig. 2c. Both the absorption peaks attributed to Ti4+ and 

Fe3+ exhibit a clear shift to longer wavelengths (i.e., red shift). For the Fe-peak, the 

absorption cutoff shifts from 550 nm to 660 nm (as denoted by a dotted line in Fig. 

2c), suggesting that the tensile strain can effectively tune the band gap of FE 

oxides. To provide evidence, the optical band gap Eg of the films is estimated from 

the Tauc plots. Accordingly, the absorption coefficient  is calculated from the 

transmittance T by 

 α = 1/t Log (1/T%) 

where t is the thickness of the BCTF film (100 nm). With the assumption of direct 

transition, the relationship between Eg and  is given as: 

 (αhv)2 = A (hv − Eg) 

where ν is the photon frequency, h is Planck’s constant and A is a constant.  

Due to the larger electronegativity of Fe3+ than that of Ti4+, it will introduce a new 

electronic state of Fe 3d with lower energy in the original band gap.[22, 23] As 

shown in Fig. 2d, all the films (in different states) exhibit a weak absorption peak 

around 2.5 eV, which is attributed to the Fe3+ dopant. By extrapolating the linear 

portion of the curve to zero (as denoted by the dotted lines in Fig. 2d), the Eg for 

the films in different strain states are determined. For perovskite oxides, the top of 

the valence band are mainly occupied  by the filled 2p orbits of oxygen, while the 
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bottom of the conduction band (CB) are formed by the empty d orbits of B-site 

transition metal cations.[24] Here, the mechanical strain modifies the B-O bonds, 

and thus inducing a slight change in the crystal field of BO6 and then a decrease in 

the hybridization between O 2p and Fe 3d orbits.[25] Consequently, a drop in 

energy of the hybridized 3d orbits will narrow the gap between CB and VB, and 

then lead to a smaller optical band gap.[26, 27] 

As shown in Fig. 2e, the observed Eg shows a strong dependence on the 

mechanical strain. It remains almost unchanged at  below 0.4%, and then 

decreases rapidly from 2.27 eV to 1.89 eV as  increases to 0.85%. These suggest 

that the Eg can be effectively adjusted within the visible region through mechanical 

strain. It should be noted that the flexible BCTF/mica film could afford a larger 

mechanical strain. But a larger strain means a smaller radius of curvature. The 

stainless-steel holders will not permit the UV transmission test. 

 

Figure 2. (a) UV-Vis transmittance spectra for bare mica and BCTF/mica film, the 

insert shows the simple device for bending test; (b) The relationship between the 

distance (l) for two sides of mica substrate and theoretical mechanical strain, the 

insert shows the diagram for mechanical strain; (c) The dependency of 

transmittance spectra on different mechanical strain; (d) The Tauc plots calculated 

based on Kubelka–Munk functions to show the optical band gaps with different 

mechanical strain; (e) The effect of mechanical strain on the optical band gap for 

BCTF films. 
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Owing to the high sensitivity to local ionic configurations, in-situ Raman 

spectroscopy has been used to investigate the crystal structure evolution during the 

bending process. As shown in Fig. 3a, the spectrum for the film in the flat state 

exhibits a weak peak at 308 cm-1, which is related to the [B1] vibration and 

considered as a salient feature for distinguishing the ferroelectric tetragonal phase 

from the paraelectric cubic phase.[28] The shoulder remains at different bent states, 

but is overlaid by a Raman band attributed to the [A1(TO)] vibration or the 

stretching of B-O bonds (Fig. 3b).[29] After Lorentzian fitting for these Raman 

peaks, the band locates at 225 cm-1 for the film in the flat state exhibits a blue shift 

to 263 cm-1 as the strain increases to 0.85 % (l = 7.0 mm). As the vibration is 

related to the stretching of the B-O bond of the BO6 octahedral, the observed blue 

shift provides evidence of the elongated B-O bond which induces a reduction in 

bang gap as discussed.[30, 31] As also shown in Fig. 3a, the Raman band attributed 

to the [A1(TO4)] vibrations (Fig. 3c) shifts slightly from 517 cm-1 to 502 cm-1 as 

the mechanical strain increases from 0 to 0.85 %. This indicates that the B-site 

cations are moved from the symmetric center, and thus increasing the asymmetry 

of the BCTF crystal structure, which should then be favorable for retaining the 

intrinsic ferroelectricity.[32-34] It can be induced from the loops that the quality of 

the loop only starts to improve and to show some ferroectric activity in the film 

under strength. Compared with the original BCTF, the ferroelectric polarization for 

films with 0.85% mechanical strain increases faster at the same electric field (Fig. 

3d). 
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Figure 3. (a) The Raman spectra for BCTF films with different ROCs; Diagram for 

different Raman vibrations in BCTF (b) [A1(TO)] and (c) [A1(TO4)]; (d) PE loop 

with maximum and minimum strain. 

Optical devices with stable performances are generally required for practical 

applications. For evaluating the reversibility as well as stability of the induced 

change in the band gap, the UV-Vis transmittance spectrum of the flexible 

BCTF/mica film subjected to cyclic bending (up to 103 cycles) have been 

investigated, giving the results shown in Fig. 4a. It can be seen that the spectra of 

film in both the flat (l = 10 mm) and bent (l = 7.0 mm) states remain almost 

unchanged after 103 cycles of bending. Similarly, the calculated band gap of the 

film in the flat and bent states remain almost the same after different cycles of 

bending (Fig. 4b), i.e., retaining at about 2.27 ± 0.01 eV in the flat state (l = 10.0 

mm) and 1.89 ± 0.02 eV in the bent state (l = 7.0 mm). These clearly demonstrate 

the good reversibility and high stability of the structural change and band gap 

induced by the mechanical strain.  

 

Figure 4. Stability characterization in both the flat and bending states: (a) The UV-

Vis transmittance spectra for BCTF/mica films before and after bending 103 cycles; 

(b) The band gap for several interval cycles during cycling test. 
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4. Conclusion 

In summary, we report a continuous and reversible method to tailor the optical 

band gap of Ba0.9Ca0.1Ti0.975Fe0.025O3/mica epitaxial thin film through mechanical 

strain. The non-decay response in UV-Vis transmittance spectra indicates a strong 

dependency of optical band gap on the mechanical strain. Raman spectra reveal 

that the large red shift in absorption cutoff results from the strain-induced 

modification of B-O bond. Based on the excellent mechanical flexibility for mica 

substrates, the BCTF/mica FE films exhibit superior stability for mechanical 

bending over 103 cycles. Thus, our results offer a general strategy to reversibly 

manipulate the band structure for ferroelectric oxides. It will open up a leap for the 

design and fabrication of optical devices with giant potential in the field of energy 

conversion, photodetector, information storage. 
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