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Further Methods Details 

BTO/LSMO bilayers were grown in a single process by pulsed laser deposition on (001) SrTiO3 and 

(110) DyScO3 substrates (5  5  0.5 mm) using a KrF excimer laser (λ = 248 nm) and stoichiometric 

targets. The LSMO film was grown at 725 °C under an oxygen pressure of 0.2 mbar and a laser 

repetition rate of 2 Hz. The growth of BTO was performed at 700 °C and with an oxygen pressure of 

0.02 mbar and 2 Hz of laser frequency. The growth rate of per laser pulse is 0.12 Å p-1 and 0.35 Å p-1 

for LSMO and BTO, respectively. After growing the samples, top 20 nm platinum electrodes of 60  

60 m2 and with 15 m distance separating each were deposited ex-situ on the BTO surface by 

sputtering. Detailed structural characterization of the whole set of samples showing no-correlation 

between structural parameters and Pr is summarized in Supporting Information Figure S3-4. 

The ferroelectric measurements were conducted, at room temperature, in top-top configuration, where 

one top electrode was biased and the other was grounded.1-2 The two electrodes used in t-t are always 

adjacent. Ferroelectricity was characterized by applying triangular V-t pulses at a fixed frequency of 1 

kHz, and measuring the dynamic I-V hysteresis loops, using a TFAnalyzer2000 (aixACCT Systems 

GmbH) to determine the switchable polarization P. The electric field is evaluated as E = V / (2δ) for the 

t-t configurations (δ is the ferroelectric film thickness).  

P-E loops measured under illumination were collected by shinning the electrodes with a laser of 

wavelength 405 nm feed by a CPX400SA DC power source (AimTTi Co.). The used photons (3.06 eV) 
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are of sub-bandgap energy (3.3 eV for BTO3). The spot diameter is of 200 m, which largely covers 

two electrodes, allowing a homogeneous illumination with a power of 10 W∙cm-2. 

XPS measurements were performed with a Phoibos 150 analyzer (SPECS GmbH) in ultra-high vacuum 

conditions (base pressure 410-10 mbar) with a monochromatic aluminum Kα x-ray source (1486.74 eV). 

The energy resolution as measured by the FWHM of the Ag 3d5/2 peak for a sputtered silver foil was 

0.62 eV. Samples were fixed on the sample holder by metallic screws that were grounded. The samples 

have been exposed to air between when transferred from the growth chamber to the XPS chamber. 

Therefore, a clear C contamination was found in all spectra. (see Supporting Information Figure S13). 

The take-off angle was always 90. The data were analysed by the software CasaXPS4. The binding 

energy was corrected by using the C-1s line at 284.6 eV as the reference. Curve fitting was performed 

using Gaussian/Lorentzian (70/30) ratio for all peaks. Full width at half maximum (FWHM) was 

constrained at 1.50.2 eV and peak position at 0.1 eV fluctuations. Shirley algorithm was used to 

subtract the background before data fitting. The percentage of each specie (Io, I, II, III) is defined as: 

A(j) (%) = A(j) / A(Tot) (j = Io, I, II, III), where A(j) and A(Tot) indicate the area of j component and 

the total area of whole O1s spectrum above the background. 

Steam treatment experiment was using a YiDu PTC heater at ambient pressure and room temperature 

surroundings. The deionized water kept boiling in the glass bottle during the experiment. The thin film 

sample was hanging upon the bottle with the sample plane parallel to the water flux (see Supporting 

Information Figure S14).  
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Ferroelectric loops simulations were done using the 
d

f

f

EP

t

d
EE

 0

)(
  equation5 for a ferroelectric 

layer of thickness t containing a dielectric interface layer (non-ferroelectric) of thickness d for the 

calculation of the effective applied field to the ferroelectric (Ef) as a function of the external applied 

field (E),  where 0 corresponds to the vacuum dielectric permittivity, and P(Ef) the polarization of the 

ferroelectric layer as a function of Ef. For our simulation we used 

ff

f

sff E
EcE

PEP 


0, )tanh()( 


 that accounts for the polarization of the ferroelectric with Pf,s 

being the saturation polarization of the ferroelectric (26 C/cm2), Ec the coercive field (350 kV/cm), 

and  the amplitude of the coercive field (100 kV/cm), and f is the dielectric permittivity (300). Further 

details are in Supporting Information Figure S10. 
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Figure S1. Dependence of the relative dielectric permittivity (r) of the film in dark on frequency in Pt 

electrodes deposited before and after the steam treatment. From the frequency-dependent dielectric 

permittivity measurement, further evidence of the important role of adsorbates is obtained. It is well 

known that the low-frequency capacitance in metal/dielectric/metal structures can be severely affected 

by parasitic interface capacitance and thus it can be used as a fingerprint of their presence.6-11 In the 

Figure, we show the permittivity of the Pt/BTO/LSMO film with Pt contacts deposited either on the 

fresh BTO surface (solid symbols) or after steam treatment (empty symbols). It is clear that at low 

frequency, the capacitance of the steam treated structure is smaller than in the pristine sample, which 

as analyzed in detail in previous literature6-11, indicates than in the former there is a series interface 

capacitance. The frequency dependence of dielectric permittivity observed in the whole frequency range 

is commonly attributed to electronic conduction.7 
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The dielectric permittivity was extracted from impedance measurements at room temperature using a 

LF4182 impedance analyzer (Agilent Co.). The extracted capacitance was that corresponding to a 

parallel resistance-capacitor circuit, corresponding to a dielectric layer with sizable conductivity, as it 

is applicable for our film in parallel with the capacitor. Dielectric permittivity was obtained from out-

of-phase component of the impedance by using C=εA/2t, where C is the measured capacitance, A is the 

area of the electrode and t is the thickness of the film. The frequency range available in our set up ranges 

from 5Hz to 13 MHz; however at low frequencies ( < 8 kHz) measurements were not possible because 

the exceedingly large overall impedance of the measured device. 
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Figure S2. (a,c) J-E loops and (c,d) loops of 109.5 nm BTO/LSMO//DSO sample, in dark, obtained 

(a,c) before and (b,d) after steam treatment. (b,d) P-E loops in dark and under illumination with top 

electrodes deposited after 10 h steam treatment, for 109.5 nm BTO/LSMO//DSO and 50 nm 

BTO/LSMO/STO samples, respectively. It can be noticed a small shift towards positive electric field.  
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Figure S3. XRD 2-theta scan spectrum of (a,b,c) 36.5, 73 and 109.5 nm samples grown on LSMO//STO 

substrate (d,e,f) 36.5, 73 and 109.5 nm samples grown on /LSMO//DSO substrate, respectively. The 

dark and light grey region under the peak of BTO correspond to the fitting by two Gaussian curves of 

the data. 
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Figure S4. Out of plane parameters for both phases: (a) crelaxed and (b) cstrained extracted by Gaussian 

fitting from the XRD 2-theta scan spectrum of Figure S1. Dependence of ∆Pr on relaxed and strained 

phase: (c,d) ∆Pr versus crelaxed and cstrained values, respectively. (e,f) ∆Pr versus the intensity of the 

relaxed (Irelaxed) and strained (Istrained) peaks, respectively, extracted from the Gaussian fitting, 

normalized to the LSMO peak intensity (I/ILSMO). Note that crelaxed and cstrained values are larger than 

BaTiO3 bulk value (c = 4.038 Å), which we attribute not only to the larger tetragonality but also to 

oxygen vacancies as revealed by XRD reciprocal lattice maps of equivalent samples reported in 

previous works.12  
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Figure S5. AFM surface topography image collected for the 109.5 nm BTO film grown on LSMO//STO 

substrate, (a) before and (b) after the steam treatment, corresponding to the sample and results shown 

in Figure 6 of the main text. The RMS values extracted from the area enclosed by the yellow rectangle 

in (a) and (b) are 0.22 and 0.25 nm, respectively (c) XRD 2theta scan spectra, before and after steam 

treatment. 
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Figure S6. (a,b) P-E and J-E (c,d) loops of 109.5 nm BTO/LSMO//DSO and 50 nm BTO/LSMO//STO 

samples, in dark and under illumination, obtained before steam treatment. (e,f) P-E and (g,h) loops in 
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dark and under illumination with top electrodes deposited after 10 h steam treatment, for 109.5 nm 

BTO/LSMO//DSO and 50 nm BTO/LSMO/STO samples, respectively. All the loops were recorded in 

t-t configuration. It can be inferred from J-E loops of steam treated samples (g,h) that only the reduction 

of the ferroelectric switching current, which corresponds to the positive and negative current peaks 

apparent at ±300 and ±500 kV/cm, respectively, dominates to the reduction of the integrated 

polarization of panels (b,d). Thus, the effect of conductivity changes under illumination can be disregard 

as a dominant effect in the observed reduction of Pr. Small conductivity changes under illumination 

compared to the ferroelectric switching polarization decrease have been observed in samples of different 

thicknesses which P-E loops are included in Figure S9.  

  



S-13 

 

 

Figure S7. XPS spectra of O 1s core level (red dots). (a,b,c) 36.5, 73 and 109.5 nm BTO films on 

LSMO//STO, respectively. (d,e,f) 36.5, 73 and 109.5 nm BTO films on LSMO//DSO, respectively. Data 

fitting (see Methods) was performed by decomposing the spectra by 4 different contributions (labelled 

I0, I, II, and III) as indicated. The sum of the four components of the best fit is indicated by a continuous 

(brown) line. 
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Figure S8. (a-f) AFM topography images (2 m  2m) of BTO films of thicknesses 36.5nm, 73nm, 

109.5nm grown on STO (a,b,c) and DSO (d,e,f) respectively. White dots seem to be more present in 

thicker samples denote the increasing presence of adsorbates as thickness increases. (g) Surface 

roughness (RMS) vs film thickness. Therefore, we found that the measured roughness of all films 

increases very modestly from 0.2 to 0.5 nm for BTO/LSMO//STO films and a similar trend is found for 

BTO/LSMO//DSO films, although with marginally larger RMS values (0.3 – 0.7 nm). Therefore, 

although there is some enhancement of specific surface with thickness, which is even more pronounced 

in BTO films on DSO substrates, the observation of an opposite trend for the evolution of I (BaCO3) 

and II+III (H2O/OH-) species with thickness denies that changes of specific surface are at the root of 

this observation. 
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Figure S9. Polarization loops recorded in dark and under illumination (black and blue lines, respectively) 

of BTO films different thicknesses (36.5 nm, 73 nm, 109.5 nm) grown on different substrates (STO and 

DSO). (a-c) loops recorded on BTO/LSMO//STO; (d-f) loops recorded on BTO/LSMO//DSO. Note 

that, whereas the Pr values among the samples are very similar (except for the case of the 36.5nm sample 

grown on STO), the corresponding Pr values are not, thus suggesting that the magnitude of the dark 

Pr does not play a fundamental role on the observed photoresponse. 
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Figure S10. (a) P-E loops collected in dark, under illumination and after waiting 3 min in dark after 

illumination. (b) Pr relative to its initial value in dark versus delay time in dark after illumination. The 

Pr value measured in initial dark conditions is also indicated. (c) Pr relative to its initial value in dark 

versus electric field (400 kV/cm) bipolar cycling number. All data have been collected for the 109.5 nm 

sample grown on DSO.  
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Figure S11. (a) Model for a ferroelectric (with dielectric constant f and thickness t) plus a dielectric 

(no-ferroelectric) interface layer (with dielectric constant d and thickness d) where grey areas represent 

metallic electrodes. Based on this model the relation between the external applied field (E) and the 

effective applied field to the ferroelectric (Ef) can be extracted as in ref. 5, and reads as follows: 

d

f

f

EP

h

d
EE

 0

)(
 , where 0 corresponds to the vacuum dielectric permittivity. To simulate the 

main manuscript ferroelectric loops we have used the following equation 

ff

f

sff E
EcE

PEP 


0, )tanh()( 



, where the first part accounts for the ferroelectric hysteretic part 

with Pf,s being the saturation polarization of the ferroelectric (26 C/cm2), Ec the coercive field (350 

kV/cm), and  the amplitude of the coercive field (100 kV/cm), and the second part accounts for the 

linear dielectric response of the ferroelectric, where f is the dielectric permittivity (300). In the here 

shown and main manuscript simulations, the value for the ferroelectric layer thickness has been taken 

as 109.5nm. (b) Results of the Pr value of several simulated loops fixing the dielectric interface layer 
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permittivity to 76 (similar to the water permittivity at 30oC13) and varying the dielectric interface layer 

thickness from 0.1 to 10 nm. (c) Results of the Pr value of several simulated loops fixing the dielectric 

interface layer thickness to 1nm and varying the dielectric interface layer permittivity from 10 to 90. In 

(b,c) it can be observed that the Pr increases while increasing the dielectric interface layer thickness or 

decreasing the dielectric interface layer permittivity, as expected. We observed that only for thickness 

values around 10 nm the reduction of Pr is as large as 60%, and for 1 nm film a reduction of 60% is 

achieved with dielectric interface layer permittivity of 10.  
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Figure S12. Normalized variation of Pr for different (a) illumination times at 10mW, and (b) power 

after 10s respect to its initial value in dark. 
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Figure S13. Survey XPS spectra of BTO films different thicknesses (36.5 nm, 73 nm, 109.5 nm) grown 

on STO (a,b,c) and DSO (d,e,f) showing the presence C peaks.  
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Figure S14. Schematic diagram of the steam exposure experiment. 
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Figure S15. XPS normalized spectra of the six samples: XPS spectra of Ba 3d5/2 core level. (a,b,c) 

36.5, 73 and 109.5 nm thick BTO films grown on LSMO//STO substrate, respectively. (d,e,f) 36.5, 73 

and 109.5 nm thick BTO grown on LSMO//DSO substrate, respectively. The fitting was performed as 

described in the Methods section by decomposing the area above the background into 2 contributions: 

the main BTO peak (labelled I0) and the BaCO3 contribution14 (labelled I) as indicated in panel (a). Red 

line indicates the maximum of the high energy contribution for the thinnest film of each set of samples 

to serve as eye-guide to compare its decreasing contribution for increasing thickness (g) Dependence of 

BaCO3 intensity fraction on sample thickness.  
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Table S1. Data extracted from O 1s XPS spectra of BTO surface before and after steam treatment. The 

percentage of each contribution is defined as: A(j) (%) = A(j) / A(Tot) (j = I0, I, II, III) where A(j) is the 

area under the corresponding peak in the O 1s XPS spectra before and after the steam treatment (Fig. 

1(d,e)). The rough errors from fitted areas are indicated. 

 

O 1s 

∆Pr I0  

(BTO) 

I 

(BaCO3/OL-H) 

II  

(OH−) 

III 

(OH−/H2O) 

as-grown 56.2±0.1% 27.3±0.2% 14.5±0.1% 2.0±0.1% 0% 

steam 

treatment 
42.2±0.1% 27.4±0.4% 26.8±0.1% 3.6±0.1% 54.3±4.2% 
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Table S2. Relative fractions of the I0, I, II and III contributions to O1s peaks and contributions of BaCO3 

phase to Ba 3d5/2 peaks of BTO/LSMO on STO and DSO shown in Supporting Information Figure 

S15. The percentage of each contribution is defined as: A(j) (%) = A(j) / A(Tot) (j = I0, I, II, III and 

BaCO3 in Ba 3d5/2), where A(j) and A(Tot) indicate the area of j contribution and the total area of 

whole spectrum above the background. The errors from fitted areas are indicated  

Substrate 
t 

(nm) 

O 1s Ba 3d5/2 ∆Pr 

I0  

(BTO) 

I  

(BaCO3/ OL-H) 

II  

(OH−) 

III 

(OH−/H2O

) 

BaCO3 

 

SrTiO3 

36.5 60.6±0.2% 23.1±0.1% 14.6±0.1% 1.7±0.1% 18.3±0.1% 7.5±9.9% 

73 65.1±0.2% 20.1±0.2% 13.0±0.1% 1.8±0.1% 17.4±0.1% 6.5±6.0% 

109.5 61.4±0.1% 14.5±0.2% 16.8±0.2% 7.3±0.1% 16.0±0.1% 56.4±1.3% 

DyScO3 

36.5 60.6±0.4% 18.6±0.2% 18.7±0.1% 2.1±0.2% 22.4±0.1% 52.5±3.2% 

73 56.7±0.1% 18.0±0.1% 22.7±0.2% 2.6±0.1% 22.0±0.1% 68.6±4.9 

109.5 60.9±0.3% 13.1±0.1% 15.0±0.2% 11.0±0.1% 17.2±0.1% 76.8±3.0 
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