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Optical absorption by design in a ferroelectric: co-doping in BaTiO 3

The combination of significant polarization and large light absorption is a challenge in ferroelectric materials. Here we report the optical absorption of BaTiO3 codoped with trivalent and pentavalent transition metal ions replacing the Ti 4+ cation, i.e., BaTi1-x(X1/2Y1/2)xO3 (X = Sc, Mn, Fe, Co; Y= Nb, Ta; with x = 0.075). We investigated the optical absorption behavior as a function of different pairs of co-dopants as well as physical properties such as ferroelectricity and piezoelectricity. X-ray diffraction and Raman spectroscopy measurements show that the tetragonality and polar coherence length decrease after co-doping, which affects the ferroelectric properties. It was found that the onset of absorption can decrease down to 1.5 eV, especially for the (Co 3+ , Nb 5+ ) co-doped samples, which simultaneously exhibit higher polarization than with the other co-doped ions.

The measured photoconductivity confirms that the (Co 3+ , Nb 5+ ) doping has higher absorption than others. Our Density Functional Theory calculations show that codoping inserts intragap levels which are responsible for lowering the energy of optical absorption, which is in full agreement with our experimental observations. This work opens new perspectives for the use of ferroelectrics in optoelectronic devices.

Introduction

The lack of inversion symmetry inherent to ferroelectric materials, whose electrical polarization can be controlled by external electric fields, has attracted a large and wide interest for their potential optical and photonic applications, e.g., in photovoltaic solar cells, photocatalysts, or innovative elastooptic devices. [1][2][3][4] Unlike conventional semiconductor p-n junctions, their so-called bulk photovoltaic (PV) effect can generate voltages larger than the bandgap. [5][6][7] Moreover, new functionalities related to the coupling between their polarization and the PV effect are conceivable. Unfortunately, most ferroelectric materials suffer from a large bandgap, typically larger than 3 eV. This results in poor absorption of the solar spectrum, causing low energy conversion efficiency in most ferroelectric-based solar cells. Lowering the bandgap, while maintaining decent ferroelectric properties (large remnant polarization, low losses upon switching) is therefore a crucial step towards applications of ferroelectrics in photovoltaic-based devices and beyond.

Many ferroelectrics crystallize in the perovskite ABO3 structure. A typical example is the model ferroelectric material BaTiO3 (BTO), whose bandgap 3.3 eV. Note that calculations 8 have shown that while BTO has an indirect bandgap between Γ-R Brillouin zone points, the direct band gap (Γ-Γ) is very close in energy (less than 0.05 eV whatever the hybrid functional). As a result in the following we assume a direct bandgap. The wide bandgap in BaTiO3 is electronically characterized by a valence band (VB) derived from O 2p states and a conduction band (CB) originating from the B-site transition metal 3d states (3d 0 for Ti 4+ ). 2 The strong hybridization between the aforementioned orbitals (especially 3d 0 states) causes symmetry breaking and leads to polar displacements at the origin of ferroelectric polarization. Therefore, altering the bandgap may also significantly impact the polarization and the related ferroelectric properties. A compromise between having a narrower bandgap while keeping a significant polarization amplitude is thus necessary. Bandgap engineering strategies have already been devised in an attempt to increase optical absorption. Most studies have focused on tuning the oxygen vacancy concentration, alloying solutions, or chemical substitutions. Control of the oxygen vacancy concentration has been carried out in works on (1x)BaTiO3-xBaNi1/2Nb1/2O3-δ and (1-x)BaTiO3-xBaCo1/2Nb1/2O3-δ, which exhibit a reduced bandgap of about 1.3 eV compared to 3.3 eV obtained in BTO. 9,10 In Wu et al.'s work 11 , by changing the ratio of Ni and Nb to modify the concentration of oxygen vacancies, the optical bandgap of doped BaTiO3 was significantly reduced down to 1.5 eV. Next, alloying was envisioned as a possible route to bandgap reduction in ferroelectrics, for instance, alloys based on the classical ferroelectric KNbO3 (KNO). Grinberg et al. mixed KNO with BaNi1/2Nb1/2O3δ to introduce Ni 2+ on the B-site and oxygen vacancies, creating an additional electronic band within the Please do not adjust margins Please do not adjust margins bandgap region. The obtained solid solution still exhibited ferroelectricity, while the bandgap was reduced to the range of 1.1-2 eV. 12 Similar reports of solid solutions of KNO with BaFe1/2Nb1/2O3, BaCo1/2Nb1/2O3-δ, BiYbO3, and LaFeO3 showed that the bandgap could be shifted down to 1.7 eV, 2.4 eV and 2.2 eV, 2.6 eV, respectively. [13][14][15][16] At last, several studies have focused on bandgap engineering by chemical substitution. Among those, reports on substitutions on the A-site of the perovskite showed a minor effect on the bandgap value. For instance, Bi/Li co-doped BTO (Ba1-x(Bi0.5Li0.5)xTiO3) exhibits nearly the same bandgap (3.2 eV 17 ) as pure BTO. The inefficiency of this approach can be understood in light of the nature of the states forming the VB and CB described earlier. It is worth noting that a large voltage for this polycrystalline system was explained by the covalent bonding and the nature of the Bi-based orbitals, favoring the shift current of the PV effect. 17 Similar observations were made with doping on the B-site, e.g. in Ba(Ti1-xSnx)O3 and [Ba(Zr0.2Ti0.8)O3]0.5[(Ba0.7Ca0.3)TiO3]0.5. 18,19 In these compounds the proximity of phase transitions is believed to increase the open-circuit photovoltage. When the substitution on the B-site is made with transition metal acceptors like Fe 3+ , Mn 3+ , Co 3+ , Cr 3+ or Ni 2+ , the bandgap tends to decrease. For example, the substitution of Ti 4+ by Cr 3+ in BTO showed a redshift of the absorption edge due to d-d band transitions between the Cr 3+ center and the Ti 4+ sites. 20 A similar strategy has been adopted in BiFeO3 compounds doped with Mn 3+ (3d 4 ). It was found that defect states develop within the bandgap that act as a scaffold for photogeneration. 21 The photogenerated power can be further enhanced by introducing donor and acceptor levels within the bandgap, as done in Fe-doped BaTiO3, through Fe 2+ and Fe 3+ , respectively, allowing to activate a PV effect that is mediated through successive Fe 3+ /Fe 2+ redox cycles. 22 However, doping with Cr 3+ , Mn 3+ or Fe 3+ usually deteriorates the ferroelectric properties. This can be understood in the framework of the simple tight-binding model of Khomskii as a consequence of the partially occupied nature of the 3d-orbitals of these ions . 23 In addition, the use of Fe 3+ and Fe 2+ as substitutes for Ti 4+ ions leads to a charge imbalance, which results in leakage currents that prevent proper polarization measurements.

To mitigate this latter flaw of charge imbalance, Das et al. employed a different approach by reducing the bandgap by codoping with Mn 3+ and Nb 5+ pairs (replacing two Ti 4+ ions). Eventually, a relatively stable polarization was maintained. 24 Compared to doping with a single ion 20 , the absorption edge of the co-doped BTO presents a more pronounced redshift. In such co-doping strategy, Mn 3+ induces intra-gap states, a reduction of the bandgap and a partial loss of polarization which is minimized thanks to strong Jahn-Teller (JT) effect. Nb 5+ (d 0 ), on the other hand, acts as a charge compensator, also capable to stabilize ferroelectric ground states in a similar way to ferroelectric niobates. 25 It was also shown by the first-principles theory that (1-x)BaTiO3-xBaMg1/2Mo1/2O3 shows good photovoltaic performance because of the charge balance created by Mg 2+ and Mo 6+ ions, and increased conduction bandwidth created by the Ti-O-Mo bonds. 26 From reports in the literature, it is clear that co-doping could be the best route to (i) decrease the bandgap and (ii) maintain very good ferroelectric properties. There is, however, a need to better understand the effects of different co-dopants on the optical and electrical properties of ferroelectrics. In that endeavour, we employ both experimental and theoretical tools on the model ferroelectric material, BaTiO3. Co-doping with various ion pairs on the B-site is realized to form the BaTi1x(X1/2Y1/2)xO3 system, and the resulting electrical and optical properties of these compounds are systematically reported herein and compared. We considered several couples of (X +3 , Y +5 ) co-dopants that keep the total average charge of +4 on the substituted Ti site, i.e. (Sc 3+ ,Nb 5+ ), (Mn 3+ ,Nb 5+ ), (Fe 3+ ,Nb 5+ ), (Co 3+ ,Nb 5+ ) and (Mn 3+ ,Ta 5+ ). For each couple we selected either Nb 5+ , which has empty d 0 orbitals thus favors the polarizability of BTO, or Ta 5+ ions, which also have empty d 0 orbitals but are less ferroelectrically-active. Indeed, KTaO3 is an incipient ferroelectric that exhibits some polarizability only at low temperature, while a compound like KNbO3 is a roomtemperature ferroelectric with similar properties to BaTiO3. 27,28 With the exception of Sc 3+ which has d 0 states, all X 3+ ions such as Mn 3+ , Fe 3+ , Co 3+ have partially filled d-states, i.e., 3d 4 , 3d 5 , and 3d 6 , respectively. We thus expect that only Co 3+ will significantly impact the electronic band structure.

Herein, we report the effects of co-doping on the structure, ferroelectric and piezoelectric properties of BTO. The optical absorption behavior is measured and compared to the theoretical one calculated using Density Functional Theory (DFT). We reveal by comparing the results from different pairs of co-dopants that the electronic bandgap is weakly changed, if any, while the unfilled d n≠0 states introduce extra bands within this bandgap that help absorb light below the bandgap by pushing down the onset of absorption to 1.5 eV. Finally, the photoresponse as a function of the wavelength for the best samples is measured, further demonstrating that the co-doping can favor the optical absorption and PV performances.

Experimental

Material preparation

BaTi0.925(X1/2Y1/2)0.075O3 ceramics (abbreviated as XY, where X stands for Sc 3+ , Mn 3+ , Fe 3+ or Co 3+ , and Y stands for Nb 5+ or Ta 5+ ) were fabricated by the conventional solid-state reaction method. The starting raw materials were: BaCO3 (STREM 99.9%), TiO2 (PROLABO 99%), Sc2O3 (STREM 99%), Mn2O3 (STREM 99%) , Fe2O3 (ALFA PRDUKTE 99.9%), Co3O4 (ALFA AESAR 99.7%), Nb2O5 (ALFA AESAR 99.9%) and Ta2O5 (FLUKA 99.9%). Only BaCO3 being very hygroscopic compared to TiO2 was preheated at 500 °C for 5 hours to remove any absorbed moisture. Then, the raw powders were weighed in stoichiometric amounts and mixed by ball-milling in ethanol. After drying, the homogenized powder was pressed into pellets and calcined at 900 °C for 12 hours. After subsequent grinding the calcined powder was again pressed into pellets of about 8

Please do not adjust margins Please do not adjust margins mm diameter and 1 mm thick with polyvinyl alcohol (PVA with 35 wt.%) as a binding agent. The pellets were then sintered at 1250~1280 °C for 10 hours. The amounts of dopants was fixed for all ionic pairs to x=7.5 %, which was found to be the optimal concentration for (Mn 3+ ,Nb 5+ ) co-doping. 24 Characterization X-ray diffraction (XRD) patterns were obtained on a Bruker D2 phase diffractometer using Cu-Kα radiation (l=1.5406 Å) with 20° ≤ 2θ ≤ 60° and steps of 0.02° with 2 s per step. Raman spectroscopy was recorded at room temperature using a Labram-Horiba spectrometer equipped with a He-Ne, 633 nm laser. The microstructure of the sintered ceramics was analysed by a field-emission scanning electron microscope (FE-SEM; JSM7600, Jeol Ltd., Tokyo, Japan), operated in backscattered electron mode.

The sintered pellets were ground into powders for diffuse reflectance spectra. Room-temperature diffuse reflectance spectra were collected in the wavelength range of 200-900 nm using Perkin Elmer UV-visible NIR spectroscopy (Lambda 850) equipped with a Harrick Praying Mantis TM diffuse reflectance accessory using the non-absorbing BaSO4 as a reference. The optical band gap was estimated by the Tauc plot of the absorption determined using the Kubelka-Munk formula FKM = k/s = (1-R) 2 /(2R) where R is the raw reflectance, k the absorption coefficient, and s the scattering coefficient. 29 The polished pellets were coated with silver electrodes on both sides to measure the ferroelectric properties. The polarizationelectric-field (P-E) hysteresis loops and piezoelectric strainelectric-field (S-E) loops were recorded by applying a triangular waveform with a frequency of 5 Hz in silicone oil using an AixACCT TF-2000 ferroelectric tester system.

For the photovoltaic measurements, gold electrodes were sputtered on both sides. Before testing, all the samples were pre-poled at 30 kV/cm at 150 °C and field-cooled. The photoresponse under dark and different wavelength laser source conditions versus time were measured under a bias of 10 V using a Keithley Model 6430 sub-femtoAmp remote source meter. The laser sources were 325 nm (30 mW, IK Series He-Cd LASER), 405 nm and 532 nm (both with a power 10 mW, Class IIIb Laser), respectively.

Computational Methods

We performed density functional theory (DFT) calculations using the Vienna Ab-initio Software Package (VASP). [30][31][32][33][34] Structural relaxation was performed on a 3x3x3 BaTiO3 supercell (135 atoms) using the PBESol exchange functional. A plane wave cut-off of 550 eV was used, alongside a 1 × 1 × 1 Γcentered k-mesh. Fermi-Dirac occupation with 25 meV smearing was employed. Convergence criteria on the energy and forces were respectively set to 10 -6 eV and 10 -3 eV/A. The density of states and optical dielectric constant were subsequently calculated on a 3 × 3 × 3 k-mesh. The optical dielectric constant was calculated in the Independent Particle Approximation (IPA). 35 

Results and discussion

Fig. 1a shows that the room temperature X-ray diffraction patterns of all the samples are very close to that of undoped BTO specimen in its room-temperature tetragonal phase (JCPDS card #05-0626). No parasitic phase could be evidenced on the basis of these X-ray diffractograms. A representative microstructure of the ceramics is shown in Fig. 1b, showing the example of (Mn 3+ , Nb 5+ ), with grain size typically smaller than 10 µm. As shown in Fig. 1c, the tetragonality, represented by the c/a ratio with a and c being the tetragonal unit cell parameters determined from the diffraction patterns analysis, drops significantly for each pair of co-dopants as compared to the undoped BTO. This is expected as non-ferroelectrically active ions (such as Sc 3+ , Mn 3+ , Fe 3+ , Co 3+ ) are replacing the ferro-active Ti 4+ ions. These results also indicate that a lower ferroelectricity is expected as the c/a is, in the case of the tetragonal polar symmetry, directly proportional to the square of the polarization. 36 Note that in the case of (Mn 3+ , Nb 5+ ) codopants the decrease of c/a is significantly lower than for the other dopants and might be related to the strong JT distortions about Mn 3+ that adequately couple the Mn 3+ -O6 octahedra to the overall ferroelectric BaTiO3 lattice as recently revealed using X-ray absorption spectroscopy. 25 Such an effect, if any, seems to be much weaker in the case of Co 3+ dopant which is also a JT active ion. It is also worth mentioning that when (Mn 3+ , Nb 5+ ) is replaced by (Mn 3+ , Ta 5+ ), the positive effect of Mn on the polarization is reduced because of the less-polarizable Ta 5+ compared to Nb 5+ . In Table I, we also reported the volume of the unit cell, determined from the XRD patterns, with respect to the average ionic radius for each (X 3+ , Nb 5+ ) pairs i.e. rave = (rX + rNb)/2. It can be seen that the volume depends on the substitution elements confirming the dopants have been inserted in BTO unit cell. For instance, because Sc 3+ has a larger radius (74.5 pm) and Fe 3+ has a smaller one (55 pm) compared to Ti 4+ (60.5 pm) the volume of (Sc 3+ , Nb 5+ ) and (Fe 3+ , Nb 5+ ) codoping increases and decreases respectively compared to that of pure BTO. Please do not adjust margins Please do not adjust margins three major groups of Raman-active bands (denoted 1 to 3 in Fig. 1d), which are the fingerprints of the BTO tetragonal phase 37 . In the range between 200-400 cm -1 , which is usually attributed to vibrations associated to polar BO6 octahedra in ferroelectric perovskite oxides 38 , there is a sharp peak at 305 cm -1 , corresponding to B1(TO)/E(TO+LO) modes (TO and LO refer to transverse and longitudinal optic modes, respectively), representative of the long-range ferroelectric phase related to the cooperative displacement of Ti 4+ in Ti-O chains 38 . The two bands at 520 cm -1 and 720 cm -1 , assigned to the A1(TO)/E(TO) and A1(LO)/E(LO) modes, respectively, are dominated by oxygen vibrations (bending and stretching) of the TiO6 octahedra. The co-doping of BTO has a clear impact on both the intensity and width of the sharp mode at 305 cm -1 that is related to the polar order. While the intensity of the mode can be related to the decrease of the tetragonality, i.e., polarization amplitude, its broadening is related to the lifetime of the associated phonon. The clear increase in the half-width of the Raman peaks with co-doping in Fig. 1d thus hints that coherence length in the tetragonal phase is shortened when co-dopants are added. In other words, the doping not only reduces the tetragonality and the polarization magnitude, but also induces some clustering through disorder which might originate from chemical defects/dopants or local chemical order, static/dynamic atomic shifts and oxygen octahedral distortion (e.g. because of JT effect) or local symmetry change. 9,25,39 Such a disorder results in a relaxation of the Raman selection rules and may explain the broadening as well as the asymmetries of bands located at 520 cm -1 and 720 cm -1 in Fig. 1d. These latter are also regarded as an indicator of ferroelectricity as they have mixed A and E characters, which further points to the fact that co-doping indeed partially disrupts the long-range ferroelectric order. Note that the disorder is also observed in the low wavenumber region around 200 cm -1 , as is observed in the cubic phase of pure BTO (expected to show no active Raman mode in case of strict selection rules) because of reminiscent Ti 4+ polar displacements. 37 The Raman spectra of samples co-doped with Mn or Fe also exhibit a Raman active mode at 635 cm -1 (denoted 4). As Mn ion is JT active, it may thus lead to extra modes because of local distorsions resulting in selection rules relaxation. However, Fe is not JT active and Co, which is JT active, does not show the 635 cm -1 mode. Rather, it is believed that such an extra band corresponds to the A1g mode of the hexagonal phase of BTO. [40][41][42][43][44][45][46] Indeed, it is known that partial substitution of Ti 4+ for transition metal ions can stabilize the hexagonal polymorph of BTO at room temperature. 47 Such phase is believed to be present only in trace amounts as no extra Bragg peaks can be revealed in the diffraction patterns. Note that a few works have also attributed this extra band to the presence of oxygen vacancies. 39 As a result, the existence of the hexagonal phase and/or oxygen vacancies may imply the presence of mixed valence transition metal ions (e.g. Mn 3+ /Mn 4+ or Co 3+ /Co 4+ ). I). In the case of undoped BTO (black in Fig. 2), a typical ferroelectric P-E hysteresis loop and a butterfly-like S-E curve are obtained, indicative of the ferroelectric and piezoelectric character, respectively. When codoping with (Fe 3+ , Nb 5+ ), these aforementioned features are suppressed and the P-E curve shows a linear dielectric behavior, while the S-E curve displays a parabolic-like shape, typical of electrostriction (i.e., 𝑆 ∝ 𝐸 ! while piezoelectricity shows a linear dependency, i.e., 𝑆 ∝ 𝐸) . Note that electrostriction is a universal feature occurring in all materials, including nonferroelectric ones, while all ferroelectrics are piezoelectrics. Table I also shows that there is a good correlation between the c/a ratio and the strain and polar reponse. The tetragonality decrease observed in Fig. 1c upon doping is indeed consistent with the reduction of the polarization amplitude displayed in Fig. 2a, which, in the extreme case of (Fe 3+ , Nb 5+ ) doping, drops to roughly zero. Moreover, our Raman investigation shows that doping increases the chemical/polar disorder, e.g., through the broadening of the 305 cm -1 Raman mode. In the case of (Fe 3+ , Nb 5+ ), the induced disorder appears strong enough to suppress the long range polar order despite the unit cell remaining on average tetragonal. Some uncorrelated local polar regions most likely remain due to the persistence of the 305 cm -1 mode.

Comparing with other (X 3+ , Nb 5+ ) pairs, iron is found here not only to disrupt the long-range polar correlation as evidenced from Raman data, but also to completely destroy the macroscopic polarization character (see Table I) and to lead to a non-polar tetragonal symmetry.

In the case of (Mn 3+ , Nb 5+ ) doping, the P-E curve shows a "pinched" loop with remanent polarization close to zero (blue in Fig. 2) and reduced coercive field EC compared to pure BTO
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Please do not adjust margins (Table I). Such "pinching" was attributed to defect dipoles 48 where defects associates with oxygen vacancies form, e.g. 2MnTi --VO 2+ . The defect complexes can also impact the photovoltaic response. 22 In addition to the pinched nature of its P-E loop, (Mn 3+ , Nb 5+ ) co-doped BTO shows a decreased piezoelectric response (Table I), with a clear electrostrictive nature observable from the S-E loop, plotted in blue in Fig. 2b. This can be understood as the result of the disruption of the long range polar order and formation of polar clusters. Such clustering is also likely to occur in the case of (Mn 3+ , Ta 5+ ) and (Sc 3+ , Nb 5+ ), as both also exhibit a slim P-E loop (without "pinching" like in (Mn 3+ , Nb 5+ ) sample). Usually, the slim loops are associated to the so-called ferroelectric relaxors known to be characterized by polar clusters. 49 Interestingly, doping pairs that show the most degraded ferroelectric properties correlate with those exhibiting a marked Raman peak around 635 cm -1 associated with the parasitic hexagonal phase and/or oxygen vacancies in Figure 1d. On the contrary, the loop showing strongest ferroelectric and piezoelectric character from the doped samples is observed for (Co 3+ , Nb 5+ ) co-doping (see purple in Fig. 2a, b and Table I), and accordingly shows little to no peak around 635 cm -1 in Figure 1b. Despite retaining good ferroelectric properties, (Co 3+ , Nb 5+ ) co-doped samples exhibit a 56 % lower maximum effective piezoelectric coefficient (deff = Smax/Emax) and about 33% larger coercive field (i.e., 14 kV/cm).

The remnent polarization (2Pr = 17 µC/cm 2 ), on the other hand, is larger than in undoped BTO. These values suggest that the JT distorsion due to Co ions may adequately couple to the overall polarization of BTO. Nevertheless, given the swollen-shape of the P-E loop, some leakage currents are not excluded and may parasitically contribute to the total polarization response. Let us now have a look at the light absorption properties of the co-doped samples. Fig. 3a and the zoom in Fig. 3b present Tauc plots involving the Kubelka-Munk function 𝐹 (a proxy for the absorption coefficient) versus photon energy as determined from diffuse reflectance spectroscopy experiments. The plots indicate that the optical bandgap of undoped BTO is 3.4 eV (see intersection of the linear fit with the x axis in Fig. 3a), with the onset of absorption at 3.2 eV, as observed in Fig. 3b. With doping, the bandgap as determined using Tauc plots decreases to about 3.3 eV for (Sc 3+ , Nb 5+ ), to 3.2 eV for (Fe 3+ , Nb 5+ ), and to 3.0 eV for (Mn 3+ , Nb 5+ ), (Mn 3+ , Ta 5+ ) and (Co 3+ , Nb 5+ ). Note that it is difficult to accurately determine the bandgap using Tauc plots with such absorption curves, as there is some degree of arbitrariness to locate the appropriate energy region for the linear fit. Hence, we found it important to additionally extract the onset of absorption which can be seen as the optical bandgap in contrast to the electronic bandgap separating the conduction band from the valence band. Interestingly, while the bandgap of the doped samples extracted from Tauc plots in Fig. 3a only moderately decreases, a much larger variation is observed when considering the absorption onset (Fig. 3b). Indeed, from 3.2 eV in undoped BTO, the absorption onset drops to 2.75 eV for (Sc 3+ , Nb 5+ ) and (Fe 3+ , Nb 5+ ), then to 1.9 eV for (Mn 3+ , Nb 5+ ) and (Mn 3+ , Ta 5+ ), finally reaching 1.5 eV for (Co 3+ , Nb 5+ ). The value of the absorption onset thus strongly depends on the X 3+ transition metal element. As an illustration, in the case of Mn-samples, both (Mn 3+ , Nb 5+ ) and (Mn 3+ , Ta 5+ ) have almost identical optical absorption curves. Interestingly, despite similar absorption properties, both samples display different ferroelectric-like features, as described above. Among the X 3+ dopant ions, Sc ion shows less effect on the absorption than Fe, while the impact of Mn and Co is significantly stronger. This can be understood by the partially filled d n≠0 orbitals of Fe 3+ , Mn 3+ and Co 3+ as well as the JT effect of both Mn 3+ and Co 3+ ions in contrast to the 3d 0 orbitals of Sc 3+ .

In order to get a deeper insight into the band structure and its consequences on the absorption properties, DFT calculations were performed. Fig. displays the density of electronic states (DOS) for undoped BTO, (Sc 3+ , Nb 5+ ), (Mn 3+ , Nb 5+ ) and (Co 3+ , Nb 5+ ) co-doped samples. The electronic bandgap using the GGA-PBESol exchange-correlation functional is underestimated as it is found to be 2.5 eV in undoped BTO (Fig. 4a). As expected, the conduction band (CB) has a strong Ti 3d-character, while the valence band is mainly due to O 2p-orbitals. It is interesting to note that whatever the doping (Fig. 4b-d), these features are kept and the CB and VB remain dominated by Ti-and O-orbitals. Consequently and while underestimated, the bandgap is found almost unchanged whatever the dopants, which is consistent with our experimental findings (see Fig. 3a). Interestingly, the partially filled d n≠0 orbitals of Mn 3+ and Co 3+ (also for Fe 3+ , not shown here) bring new intragap electronic bands (Fig. 4c-d), as also previously reported 21 24 25 , which is not the case of Sc 3+ with 3d 0 orbitals (Fig. 4b). These extra bands inevitably impact on the absorption as we found experimentally (see Fig. 3b). Note that the band structure is impacted by the d n≠0 orbitals of the transition metals and thus Sc 3+ , Nb 5+ as Ta 5+ have no effects on
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Please do not adjust margins the band structure; indeed, the density of states of (Mn 3+ , Nb 5+ ) and (Mn 3+ , Ta 5+ ) (not shown here) are similar and the experimental absorption curves are identical, as described previously.

Fig. 4 The density of states of (a) undoped BTO, (b) (Sc 3+ , Nb 5+ ), (c) (Mn 3+ , Nb 5+ ) and (d) (Co 3+ , Nb 5+ ) co-doped samples Using these calculations results, it is also possible to calculate at 0K the imaginary part of permittivity ε'' which is involved in the absorption. Fig. 5a-c display ε'' (both components, i.e., parallel and perpendicular to the polarization, the latter being along the [111] rhombohedral direction because the calculations are done at 0 K in the rhombohedral phase) for (Sc 3+ , Nb 5+ ), (Mn 3+ , Nb 5+ ) and (Co 3+ , Nb 5+ ), respectively. The absorption of undoped BTO is added for comparison (black lines in Fig. 5). It is interesting to see that the calculated absorption curves are in very good qualitative agreement with the experimental data. Indeed, it is remarkable to see that, e.g. in case of (Co 3+ , Nb 5+ ), the absorption curve (Fig. 3b) is very similar to the calculated one (Fig. 5c). Interestingly, and as suspected from the DOS plotted in Fig. 4b, the absorption spectrum of the (Sc 3+ , Nb 5+ ) co-doping pair is similar to that of undoped BTO; this is because none of the doping (Sc or Nb) provide partially filled d states. A similar result was found experimentally in Fig. 3. Both undoped BTO and (Sc 3+ , Nb 5+ ) co-doped BTO exhibit a steep absorption above the bandgap. In contrast, co-doping strategies involving d n≠0 ions such as Co 3+ and Mn 3+ show a smoothed absorption that starts to rise below the bandgap, due to the intragap states seen in Fig. 4c-d that provide a springboard for additional absorption e.g. optical transition between either occupied X 3+ d-states and the conduction band or between the valence band and the empty X 3+ d-state band. It is worth mentioning here that these results also highlight the difficulties one has to face when experimentally determining the bandgap value using the Tauc plot.

Another way to attest of the enhanced absorption efficiency when doping with Mn and Co is to measure the photoresponse when light is illuminating the sample using a perpendicular electrode configuration (see Fig. 6a). Fig. 6b-d show the time dependence of the current under 10 V bias (photoconductivity)

with the light switching on/off with laser diodes with wavelength 325 nm, 405 nm and 532 nm, corresponding to an energy of about 3.8 eV, 3.1 eV and 2.3 eV, respectively. Despite some residual leakage current, observed in dark conditions and associated to free carriers or defects, when the laser is on there is a clear stable photogenerated current. At times t when the light is on (off) this current rises (or drops) until reaching a plateau that is the steady state. The initial transient current jump is associated to a pyroelectric current due to the sudden heating (cooling) of the sample when the laser diode is on (off) Interestingly, the photoconductivity changes according to the illuminating wavelength value as well as to the type of doping with respect to undoped BTO. For undoped BTO whose experimental electronic bandgap obtained using Tauc plot is 3.4 eV and the optical bandgap, i.e., the real absorption onset is 3.2 eV (see Fig. 3), there is no detectable current (except jumps of pyroelectric current) when the incident energy is lower than the absorption onset (i.e., 2.3 eV in Fig. 6d or 3.1 eV in Fig. 6c). In contrast, it becomes significant when illuminated using above bandgap light of 3.8 eV (325 nm). When co-doping with (Mn 3+ , Nb 5+ ) and (Co 3+ , Nb 5+ ), the absorption onset shifts down to 1.9 eV and 1.5 eV, respectively, which explains why we do see photogenerated response even using the lowest energy diode, i.e., 2.3 eV (532 nm). Moreover, as expected from absorption spectra (Fig. 3), the photoresponse of (Co 3+ , Nb 5+ ) is higher than that of (Mn 3+ , Nb 5+ ) and (Sc 3+ , Nb 5+ ), which supports all previous experimental and theoretical results. Interestingly, (Co 3+ , Nb 5+ )

Please do not adjust margins Please do not adjust margins co-doped samples show also the best ferroelectric properties among the investigated co-doped BTO and thus could be considered as a good potential candidate for photovoltaicbased applications.

Conclusions

In this work, two different transition metal ions are introduced into BTO to substitute the Ti 4+ in the B site of the perovskite, while keeping the overall charge balance. The co-doping with 3d n≠0 ions introduces intra-gap levels within the bandgap of BTO and improves the absorption (by lowering the energy). The onset of absorption can be significantly decreased down to 1.5 eV for co-dopants (Co 3+ , Nb 5+ ) while retaining very good ferroelectric properties. The experimental optical absorption results are well supported by ab-initio calculations. Such chemical approach appears as an excellent strategy to decrease the optical bandgap, and increase the optical absorption in BTO and can be largely extended to other ferroelectrics, making it available for the development of the next generation of highperformance ferroelectric-based photovoltaic devices.

Table 1 :

 1 Fig. 1(d) shows the room temperature Raman spectra for all the samples. The typical Raman spectrum of undoped BTO shows

Fig. 1 (

 1 Fig. 1 (a) XRD patterns of the pure BTO and co-doped BTO samples measured at room temperature. (b) Typical microstructure of the ceramics (here the case of (Mn 3+ , Nb 5+ ) co-doping). Black areas are pores and the different shades of grains come from different grain orientations as commonly observed in polycrystalline ceramics (c) Tetragonality i.e. c/a ratio depending on the dopants. (d) Raman spectra of undoped BTO and the co-doped samples collected at room temperature In order to characterize the ferroelectric and piezoelectric properties of all our samples, the polarization versus electric field (P-E) hysteresis loops and the strain versus electric field (S-E) curves measured at room temperature are shown in Fig. (a) and (b), respectively (see also TableI). In the case of undoped BTO (black in Fig.2), a typical ferroelectric P-E hysteresis loop and a butterfly-like S-E curve are obtained, indicative of the ferroelectric and piezoelectric character, respectively. When codoping with (Fe 3+ , Nb 5+ ), these aforementioned features are suppressed and the P-E curve shows a linear dielectric behavior, while the S-E curve displays a parabolic-like shape, typical of electrostriction (i.e., 𝑆 ∝ 𝐸 ! while piezoelectricity shows a linear dependency, i.e., 𝑆 ∝ 𝐸) . Note that electrostriction is a universal feature occurring in all materials, including nonferroelectric ones, while all ferroelectrics are piezoelectrics. TableIalso shows that there is a good correlation between the c/a ratio and the strain and polar reponse. The tetragonality decrease observed in Fig.1cupon doping is indeed consistent with the reduction of the polarization amplitude displayed in Fig.2a, which, in the extreme case of (Fe 3+ , Nb 5+ ) doping, drops to roughly zero. Moreover, our Raman investigation shows that doping increases the chemical/polar disorder, e.g., through the broadening of the 305 cm -1 Raman mode. In the case of (Fe 3+ , Nb 5+ ), the induced disorder appears strong enough to suppress the long range polar order despite the unit cell remaining on average tetragonal. Some uncorrelated local polar regions most likely remain due to the persistence of the 305 cm -1 mode.Comparing with other (X 3+ , Nb 5+ ) pairs, iron is found here not only to disrupt the long-range polar correlation as evidenced from Raman data, but also to completely destroy the macroscopic polarization character (see TableI) and to lead to a non-polar tetragonal symmetry.

Fig. 2 (

 2 Fig. 2 (a) P-E and (b) S-E loops for undoped and co-doped BTO

Fig. 3 (

 3 Fig. 3 (a) Absorption as a function of incident energy for all the compositions, the intersection of the lines (indicative here for undoped BTO and (Co 3+ , Nb 5+ ) doped BTO) with the abscisse axis gives the bandgap value according to Tauc plot (b) zoom in of the absorption cuves

Fig. 5

 5 Fig. 5 Imaginary part of the permittivity of (a) (Sc 3+ , Nb 5+ ), (b) (Mn 3+ , Nb 5+ ) and (c) (Co 3+ , Nb 5+ ) samples compared to undoped BTO

Fig. 6 (

 6 Fig. 6 (a) Device configuration for the photoelectric measurement. (b -c) The photoresponse versus time curves with laser (325 nm, 405 nm, 532 nm) of undoped BTO, (Co 3+ , Nb 5+ ), and (Mn 3+ , Nb 5+ ) samples.
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