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Supplementary Figure S1 | Optical morphology and thickness determination of proton-doped NNO 
films. The optical image of (a) the H-NNO and (b) the pristine NNO film on the Nb:STO substrates. The 
bright spots of ~300-µm diameter are Pd electrodes of 50-nm thickness. The circles around  Pd 
electrodes are heavily H-doped regions due to the catalytic spillover. The doping density gradually 
decays further away from the electrode region. (c) Synchrotron X-ray reflectivity curves for the H-NNO 
film. The film thickness of 148 nm is estimated with the equation in the figure. The inset is a zoomed-in 
view over a small thickness range.   

 

 

Supplementary Figure S2 | XRD spectra of H-NNO films with different doping levels. 𝜃-2𝜃 Laboratory 
XRD curves with Cu Kα, β source for Nb:STO substrate, pristine NNO/Nb:STO, moderately doped H-
NNO/NbSTO, and heavily doped H-NNO/NbSTO. Moderate doping was performed at 200 °C for 30 
minutes under H2(5%)/Ar(95%) mixture gas. Heavy doping was performed at 250 °C for 8 hours in pure 
H2 gas. All film thicknesses are ~100 nm. The dash line marks the change of the (002)pc peak position in 
the film with the doping levels. The  (002)pc peak shifts towards a low diffraction angle and begins to 
overlap with the substrate peak. 
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Supplementary Table S1 | Structural parameters of NNO and H-NNO films. Peak positions in RSM 
Figure 1d,e. in-plane (𝑎pc) and out-of-plane (cpc) lattice constants of pristine NNO and hydrogenated H-
NNO films on Nb:STO substrates. The cell parameter 𝑎pc,bulk NNO of bulk NNO In the pseudocubic 

setting1 is calculated to be  3.807 Å. The lattice constant for Nb:STO substrate with cubic structure is 

3.905 Å. 

 K L 𝑎pc (Å) 𝑐pc (Å) 

NNO 1.010 2.036 3.866 3.836 
H-NNO 1.010 2.011 3.865 3.883 

 

 

 

Supplementary Figure S3 | In-plane (𝒂𝐩𝐜) and out-of-plane (𝒄𝐩𝐜) lattice constants of Nb:STO substrate, 

bulk NNO, pristine NNO films, and H-NNO films.  
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Supplementary Figure S4 | Polarization measurements of H-NNO and NNO films. (a) Electric 
displacement vs. applied electric field measured at 2 kHz on the H-NNO capacitor. As the electric field 
increases, the loop becomes more round indicating more contribution due to leakage current. (b) The 
PUND measurement for the pristine NNO film. The period of half wave 𝜏half is 0.05 ms. Inset shows 
extracted PUND loop from the measurement.  
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Supplementary Figure S5 | PUND measurements of H-NNO films with different amplitudes of electric 
fields. (a,d) The applied electric field pulse sequences with the same ramping rate for the PUND 
measurements at room temperature. Over a series of measurements, the maximum electric field varies 
from 33 to 631 kV/cm. (b, e) Part of the measured loops. The primary loops overlap well and the 
secondary loops have differences due to the modulation of remanent polarization. (c, f) the resultant 
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PUND loops calculated from the difference between the primary loops and secondary loops. It is clear 
that the PUND loops at high electric field have different shapes compared to ones at low field, implying 
different mechanisms for the remanent polarization.  

 

Supplementary Note 1 Extracting Pr(E) by modeling the non-switching displacement. 

The device is modeled with three components in a parallel circuit: a spontaneous-polarization-only 

capacitor causing hysteresis, a parasitic capacitor C, and a nonlinear resistor Rv.  

 

Supplementary Figure S6 | The equivalent circuit for the H-NNO device, consisting of a spontaneous-
polarization-only capacitor causing hysteresis, a parasitic capacitor C, and a nonlinear resistor Rv. 

In the rising ramp of the primary loops (Supplementary Figure S5b), the total displacement increases 

with the increase in electric field and consists of three parts, remanent polarization Pr and non-switching 

displacement Dnon caused by dielectric polarization and leakage current, i.e.,  

𝐷 = 𝑃r(𝑉M) + 𝐷non(𝑃r(𝑉M) , 𝑉)                                                              (1). 

As shown in the secondary loops (Supplementary Figure S5b,e), 𝐷non  is affected by 𝑃r  which is 

controlled by maximum voltage VM in the primary loop, so 𝐷non is a function of VM and V. In the primary 

loop, when the voltage is increasing, the non-switching displacement is affected simultaneously by Pr(VM) 

and V. Because in the rising part, 𝑉M = 𝑉, so 

𝐷non(𝑃r(𝑉M) , 𝑉) = 𝐷non(𝑉M = 𝑉, 𝑉)                                                          (2). 

We experimentally measured the PUND loops with VM from 1 V to 19 V with the same scan rate. The 

rising part of primary loops are the same (Supplementary Figure S5b,e). The rising ramp of the 

secondary loops as a function of VM and V are shown in Supplementary Figure S7a,b. These curves 

𝐷non(𝑉M, 𝑉) are fitted mathematically with MATLAB thin-plate spline interpolation method. Then the 

envelope of these measured curves is 𝐷non(𝑉M = 𝑉, 𝑉), acquired from interpolation shown as the light 

blue curve in Supplementary Figure S7a,b. Subtracting 𝐷non(𝑉M = 𝑉, 𝑉)  from the primary loops 

produces the desired 𝑃r(𝑉M) relationship (Figure 2f).   
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Supplementary Figure S7 | Extracting remanent polarization by fitting non-switching displacement. (a) 
The surface plot of displacement Dnon from the secondary loops in Supplementary Figure S5 as a function 
of maximum voltage and applied voltage. The meshed surface is from mathematical fitting. The blue 
curve is the interpolated envelope from the experimental data when VM=V. (b) Displacement as a 
function of applied voltage with different maximum voltage. Data are extracted from (a), fitted by the 
mathmatical interpolation method. 

 

 

Supplementary Figure S8 | Remanent polarizaiton measurements of H-NNO films. (a) The PUND loop 
for the H-NNO film at large electric field. (b) PUND loops with different frequencies which corresponds 
to 1/τ in the inset. The remanent polarization at 1 kHz has the largest value. 
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Supplementary Figure S9 | Relaxation of remanent polarization and low-temperature polarization 
measurements. (a) Normalized ∆𝑃 as a function of relaxation time with different maximum electric field. 
Inset shows the relaxation behavior within 1 ms. Higher initial remanent polarization has slower 
relaxation behavior. (b) The PUND loops at different temperatures for H-NNO films. Pr reaches maximum 
value at 165 K.  

 

Supplementary Note 2  

An extensive literature review was made on relaxation of remanent polarization in ferroelectrics and 

electrets, including organic ferroelectric BTA (trialkylbenzene-1,3,5-tricarboxamide)2 at 75 °C, ultrathin 

ferroelectric BaTiO3 film of 6.5 nm thickness3, 170-nm-thick ferroelectric PZT film4, 140-nm-thick 

SrBi2Ta2O9 film5, 13-um P(VDF-TrFE) film6, 11-nm HfxZr1-xO2 film7, 400-nm BiFeO3 film8, 300-nm BiFeO3 

film at 90 K9, 60-nm-thick BaTiO3 film10. 

     Supplementary Figure S10 shows a summary of remanent polarization vs. relaxation time. The 

relaxation time is extracted from reports via taking the time interval from initial polarization to 20% of 

polarization. Most of thick ferroelectric films and single crystals do not have large polarization loss. In 

ultrathin ferroelectric films, e.g., 6.5-nm-thick BTO, decay of spontaneous polarization is induced by the 

strong internal depolarization field.  
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Supplementary Figure S10 | Summary of remanent polarization and relaxation time of different 
ferroelectric materials. The symbols represent Pr values caused by intrinsic dipole moment. Film 
thickness details are included in the supplementary note. 

Supplementary Table S2 | Fitting parameters for the equation ∆𝑷(𝒕𝒓𝒆𝒍𝒂𝒙) = 𝑷𝟎 𝒆𝒙𝒑(− (
𝒕𝒓𝒆𝒍𝒂𝒙

𝝉
)

𝜷
). The 

fitted curves are shown in Fig. 2h. 

Electric field (kV/cm) 𝑃0 (𝜇C/cm2) 𝜏 (ms) 𝛽 

533 164.9 8.48 0.20 
400 54.9 3.83 0.21 
267 15.5 4.73 0.27 
133 4.8 3.22 0.32 
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Supplementary Figure S11 | The spin-polarized projected density of states of H-NNO for the non-polar 
structure as well as the “Polar 1-6” structures. 
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Supplementary Figure S12 | The voltage transients of the applied pulses setup to examine capacitance 
behavior by replacing the H-NNO capacitor with a commercial multi-layer ceramic capacitor (MLCC-
511). (a) The transient response of voltage Vf across the capacitor caused by the square pulse Vs. (b, c) 
The close-up view of the voltage transient corresponding to (a).  

 

Supplementary Table S3 | Hyperparameters for the FeCAP based neural network simulation. 

Parameter Value 

Number of input neurons 784 
Number of output neurons 100, 400 
Batch size 32 
Threshold membrane potential −52 mV 
Resting membrane potential −65 mV 
Reset membrane potential −65 mV 
Refractory period (in terms of timesteps) 5 
Number of simulation timesteps 100 
Adaptive threshold increment 0.05 mV 
Decay time constant of membrane potential (in 
terms of timesteps) 

100 

Decay time constant of adaptive threshold (in 
terms of timesteps) 

107 

Spike trace decay time constant (in terms of 
timesteps) 

20 

Weight normalization factor 78.4 

 

Supplementary Note 3 The effect of proton doping concentration on the polarization 

To study the effect of the proton doping, we annealed three Pd/NNO/NbSTO samples of 100 nm 

thickness at different temperatures. The low and moderate doping (SL and SM) were performed at 

150 °C and 200 °C separately for 30 minutes under H2(5%)/Ar(95%) mixture gas. The highest doping (SH) 

was performed at 250 °C for 8 hours in pure H2 gas.  

Elastic recoil detection analysis (ERDA)  was performed to detect the hydrogen concentration in three 

samples. In Supplementary Figure S13a, the spectra show that the hydrogen content increases with the 



12 
 

doping temperature as expected for diffusional process. The averaged H concentrations from SIMNRA 

modeling of experimental data are given in Supplementary Table S4.   

The resistance was determined for the three samples by measuring I-V from 0 to 0.1 V and fitting the 

slope. The resistivity increases with the increase in proton doping concentration (Supplementary Figure 

S13b) and reaches 4.2E+09 Ω ∙ cm in the highest doping sample. The resistivity results are consistent 

with literature11. 

The PUND method was used to measure the remanent polarization for different voltage amplitudes in 

three different doping samples at room temperature. The PUND loop profiles use the same ramping rate, 

32 V/ms, shown in Supplementary Figure S5a. Supplementary Figure S13c shows the dependence of the 

extracted remanent polarization on the amplitude of the applied voltage 𝑉max in H-NNO samples of 

different doping levels. At the same voltage, the induced polarization 𝑃r decreases with the proton 

doping level. Higher hydrogenation level results in smaller proton concentration gradient which 

corresponds to smaller resistance gradient. With the same voltage drop across the thin film, the electric 

field is smaller and therefore induces less polarization in H-NNO.  

 

Supplementary Figure S13 | ERDA, transport, and polarization measurements of H-NNO films with 
different doping levels. (a) ERDA spectra of H-NNO samples doped at 150 °C (SL), 200 °C (SM), and 
250 °C (SH) respectively. The energy per channel is 0.67 keV. The thickness of H-NNO is around 100 nm. 
(b) Room temperature current-voltage (I–V) characteristics for the  Pd/NNO/NbSTO device and a series 
of Pd/H-NNO/NbSTO devices with different doping levels. The resistance which is calculated by fitting 
from 0 to 0.1 V, increases from 752 to 4.6×107 Ω by proton doping. (c) Remanent polarization measured 
by the PUND method as a function of the amplitude of the applied voltage for H-NNO samples doped at 
different temperatures. The highest doping temperature results in the largest resistivity. The device 
setup is shown in the inset. Due to the conductive NbSTO substrate, the polarization was induced by the 
out-of-plane electric field. 

Supplementary Table S4 | Parameters obtained from ERDA analysis of ~100 nm thick NNO and H-NNO 
films. 

Sample SL, doped at 150 °C SM, doped at 200 °C SH, doped at 250 °C 

H/Ni Atomic 
Ratio 

0.1 0.17 0.33 
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