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Figure S1. SEM cross section images of the control and different molar ratios 1D/3D mixed 
OIHP films. Scale bar: 0.2 μm. The thickness of perovskite layer is around 500 nm.  
  



 
 

Figure S2. Top-view SEM images of the control and different mol ratios 1D/3D mixed OIHP 
films. Scale bar: 0.2 μm. 
 

 



 
 

Figure S3. TRPL spectra of control and 1D/3D mixed OIHP films. 
  



 
 
Figure S4. Phase mapping (a) and amplitude mapping (b) of the lateral PFM overlaid on the 
3D topography for the thin film (1D/3D mixed OIHP). It is clear that the piezoresponse has 
no obvious correlation with the local topology of the sample surface. We chose three areas 
marked with dotted ellipses of different colors for detailed explanation. From the phase and 
amplitude images, we can see that the domain walls are not only at the highest boundary of 
the grain, but also at the left and right of the grains. Moreover, the adjacent domains on either 
side of domain walls have nearly equal amplitude signals, rather than that high amplitude 
signals occur on the same side of the grain. These results indicate there is no significant 
correlation between the contrast in both amplitude and phase images and the scan direction of 
the cantilever. 
  



 
 

 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure S5. (a). Dependence of phase and amplitude signals with applied DC bias for a 
selected point on the 1.1 μm thin film (1D/3D mixed OIHP) on the ITO substrate when the 
sample is grounded, showing a hysteresis loop and a butterfly curve. The local coercive 
voltage is about 5 V, as indicated by the minima of the amplitude loop.  
(b). In the hysteresis measurement shown in Figures. 2d and S5, an AC drive voltage is 
carried by a stepped DC bias voltage during the switching process. In order to minimized the 
electrostatic effect, the piezoresponse induced by VAC is recorded after each step when VDC = 
0. 
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Figure S6. Topographic images of the thin film (1D/3D mixed OIHP) before (a) and after (b) 
the measurement of the hysteresis. The blue points indicate where the DC-sweep shown in 
Figure 2d was performed. 
 



 
Figure S7. J–V curve obtained by reverse scan and forward scan for the control and 1D/3D 
mixed OIHP solar cell. 
 
Table S1. Jsc, Voc, FF ,PCE and Hysteresis parameters of control and 1D/3D mixed OIHP solar 
cell. 

 Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 
Hysteresis 

Index  

Control reverse 23.1 1.13 77 20.1  
11.9% 

Control forward 22.9 1.12 69 17.7  

Mixed reverse 24.6 1.15 75 21.2  
5.2% 

Mixed forward 24.6 1.15 71 20.1  

 
 



  

 
Figure S8. Statistics of Jsc, Voc, FF and PCE parameters of control and different molar ratios 
of 1D perovskite phase in the 1D/3D mixed OIHP solar cells before poling. 
  



 

Figure S9. Statistics of Jsc, Voc, FF and PCE parameters of control and different molar ratios 
of 1D perovskite phase in the 1D/3D mixed OIHP solar cells after poling. 
  



 

Figure S10. J-V curves of 1D/3D mixed OIHP solar cells before and after repeated poling. 
 

 
Table S2. Jsc, Voc, FF and PCE parameters of above 1D/3D mixed OIHP solar cells before and 
after poling.  
 

 Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

Before poling 24.2 1.15 75 21.0 

After 1V poling 24.3 1.18 79 22.6 

After -1V poling 24.2 1.10 72 19.1 

After 1V poling 24.3 1.18 79 22.6 

 
  



 

 

 

Figure S11. J-V curves of the champion Voc (1.19 V) for 1D/3D hybrid perovskite solar cells 
before and after repeated poling. 
 
Table S3. Jsc, Voc, FF and PCE parameters of above 1D/3D mixed OIHP solar cells before and 
after poling.  
 
 

 Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

Before poling 22.7 1.18 79 21.2 

After 1 V poling 23.2 1.19 78 21.6 

After -1 V poling 22.7 1.17 76 20.2 

After 1 V poling 23.2 1.19 78 21.6 

  



 

 

Figure S12. J-V curves of control OIHP solar cells before and after poling. 
 

 
Table S4. Jsc, Voc, FF and PCE parameters of the above control OIHP solar cells before and 
after poling.  

 Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

Before poling 23.0 1.13 77 20.1 

After 1V poling 22.8 1.13 75 19.2 

After -1V poling 22.6 1.12 72 18.2 

  
  



The coercive field 
To quantitively compare the coercive field in the device and in the PFM is not very 
easy. As the structures of devices and the thicknesses of perovskite films are both 
different. In the solar cells, there are the ETL and HTL in the device, and the thickness 
of perovskite is around 500 nm. The perovskite film for PFM measurement are directly 
deposited on ITO, with no ETL and HTL, and the thickness is over 1 μm. Furthermore, 
the shape of electric field in solar cells is different as the one in the PMF measurement, 
which might influence the coercive field as well. 
 
 
  



 

 

Figure S13. J-V curves of capping OIHP solar cells before and after poling. 
 

Table S5. Jsc, Voc, FF and PCE parameters of above capping OIHP solar cells before and after 
poling.  

 Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

Before poling 22.8 1.13 79 20.3 

After 1 V poling 22.8 1.15 80 20.9 

After -1 V poling 22.7 1.11 77 19.5 

 



 

 

Figure S14. Statistics of Jsc, Voc, FF and PCE parameters of control and different 
concentrations 1D/3D capping OIHP solar cells before poling. 
 
  



 

Figure S15. Statistics of Jsc, Voc, FF and PCE parameters of control and different 
concentrations 1D/3D capping OIHP solar cells after poling. 
 

 

 



 
Figure S16. J-V characters of 1D/3D mixed OIHP solar cells after poling with (0.1456 cm-2) 
and w/o (0.17cm-2) aperture during testing. 
 

 

Table S6. Jsc, Voc, FF and PCE parameters of 1D/3D mixed OIHP solar cells after poling with 
(0.1456 cm-2) and w/o (0.17cm-2) aperture during testing. 

Area (cm2) Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

0.1456 22.9 1.17 80 21.3 

0.17 23.3 1.16 79 21.6 

 
  



Capacitance characteristics 
A layer of 1D and 3D mixed perovskite film was deposited on the aluminum splitter finger 
electrode. The channel width of the split-finger electrode is 10 μm. The capacitance of 1D/3D 
mixed perovskite device before poling was measured under dark condition, with different 
frequency. And then the 1D/3D mixed perovskite device is polarized for 70 s at 18 V, which 
gives similar electric field as on the vertical device. The capacitance of the polarized 1D/3D 
mixed perovskite device was measured under the same condition. For the comparison, a control 
device with 3D perovskite and same structure are fabricated and measured. The results are 
shown in Figure S17. 
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Figure S17. Capacitance measurement results and corresponding Debye models fitted for the 
control device and 1D/3D mixed device before and after poling. The Debye model is given by 

𝐶𝐶 = 𝐶𝐶0
𝜖𝜖𝑠𝑠+𝜔𝜔2𝜏𝜏2𝜖𝜖∞
1+𝜔𝜔2𝜏𝜏2

, where 𝜖𝜖𝑠𝑠 and 𝜖𝜖∞ are the static and high-frequency dielectric constants, 

respectively. 𝜏𝜏 is the relaxation time. 𝜔𝜔 is the angular frequency. The relationship between 
the angular frequency ω and the frequency f is: ω = 2 π f. 
 
 
 
 
 
 
 
 
 



Table S7. Fitted Debye models for the control device and 1D/3D mixed device before and after 
poling. 

 
 
 
 
 
  

 
control before poling control after poling mix before poling mix after poling 

𝜖𝜖𝑠𝑠  222.76±2.23 393.80±5.29 177.25±0.56 627.97±17.3 

𝜖𝜖∞  173.75±1.02 180.54±3.16 153.54±0.27 177.54±12.8 

𝜏𝜏  3.90e-5±7.24e-6 2.22e-5± 1.40e-6 3.76e-5 ± 3.57e-6 1.30e-5 ± 1.13e-6 



Drift-diffusion simulation 
The drift-diffusion simulation was conducted by our home-made transient drift-
diffusion model. The governing equations of this model include: 

𝜕𝜕𝜕𝜕
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= 1
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𝑞𝑞
𝜕𝜕𝐽𝐽𝑎𝑎
𝜕𝜕𝜕𝜕

 (S3) 

𝜕𝜕2𝑉𝑉
𝜕𝜕𝑥𝑥2

= − 𝑞𝑞
𝜀𝜀0𝜀𝜀𝑟𝑟

(𝑛𝑛 − 𝑝𝑝 − 𝑎𝑎 + 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑁𝑁𝐴𝐴 − 𝑁𝑁𝐷𝐷)  (S4) 

where Equations S1-S3 are the continuity equations of electron (n), hole (p), and 
positive mobile ion (a), and Equation S4 is the Poisson’s equation. Nstatic is the 
negative immobile ion and NA and ND are the doping densities for buffer layers. G 
and R refer to the generation rate and recombination rate, respectively, where the 
generation rate used in this simulation study is uniform in the absorber and the 
recombination includes radiative recombination, SRH recombination, as expressed 
below: 

𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟(𝑛𝑛𝑛𝑛 − 𝑛𝑛𝑖𝑖𝑖𝑖2 )  (S5) 

     𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑛𝑛−𝑛𝑛𝑖𝑖
2

𝜏𝜏𝑛𝑛(𝑝𝑝+𝑝𝑝𝑡𝑡)+𝜏𝜏𝑝𝑝(𝑛𝑛+𝑛𝑛𝑡𝑡)
   (S6) 

Capture cross-section and density of the trap are represented by the reciprocal of 
their product, SRH lifetime τn(p), which is more intuitional and directly related to 
the lifetime measured in transient photoluminescence study. If the surface 
recombination is needed in the simulation study, the defect-assisted surface 
recombination will be set into SRH type as: 

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑛𝑛+𝑝𝑝−−𝑛𝑛𝑖𝑖
2

𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝−+𝑝𝑝𝑡𝑡)+𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑛𝑛++𝑛𝑛𝑡𝑡)
 (S7) 

 
where n+ and p- are the electron and hole densities on the two sides of the interface, 
respectively, and τsurfn(p) donates the surface recombination lifetime, which is 
physically related to the reciprocal of the product of surface defect density and its 
capture cross section. The surface recombination Rsurf will be added in Eqs. S1-S2 
in addition to RSRH. 

The drift-diffusion current terms in the continuity equations are:  
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Carrier mobilities of electron, hole, and positive mobile ion are µn, µp, µa, 
respectively, and Einstein’s relation is implicitly included. T is temperature, and kB 
is Boltzmann constant. It is worth noting that the potential terms in Equations S8-



S9, ψn/p, and in Equation S10, V, are different, as ψn/p includes the effect from the 
energy band structures, expressed as: 

𝜓𝜓𝑛𝑛 = 𝑉𝑉 + 𝜒𝜒
𝑞𝑞

+ 𝑘𝑘𝐵𝐵𝑇𝑇
𝑞𝑞

ln (𝑁𝑁𝑐𝑐)  (S11) 
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− 𝑘𝑘𝐵𝐵𝑇𝑇

𝑞𝑞
ln (𝑁𝑁𝑉𝑉) (S12) 

 
For continuity equations of electron and hole, current boundary conditions are 
applied, as: 

𝐽𝐽𝑛𝑛𝑛𝑛 = 𝑆𝑆𝑛𝑛𝑛𝑛(𝑛𝑛 − 𝑛𝑛0𝑐𝑐) (S13) 

𝐽𝐽𝑛𝑛𝑛𝑛 = 𝑆𝑆𝑛𝑛𝑛𝑛(𝑛𝑛 − 𝑛𝑛0𝑎𝑎) (S14) 

𝐽𝐽𝑝𝑝𝑝𝑝 = 𝑆𝑆𝑝𝑝𝑝𝑝(𝑝𝑝 − 𝑝𝑝0𝑐𝑐) (S15) 

𝐽𝐽𝑝𝑝𝑝𝑝 = 𝑆𝑆𝑝𝑝𝑝𝑝(𝑝𝑝 − 𝑝𝑝0𝑎𝑎) (S16) 

where Snc, Spa, Sna, Spc are surface recombination velocities, and n0c, n0a, p0c, p0a are 
the boundary values of electron and hole densities at the electrodes, determined by 
the Schottky barriers. Infinite large surface recombination velocities for majority 
carriers (Snc, Spa) and zero surface recombination velocities for minority carriers 
(Snp, Spc) represent the perfectly selective contacts.  

For the continuity equation of positive mobile ion, Dirichlet boundary 
condition is applied, indicating the contacts are insulating for ionic carriers: 

a(x = 0) = a(x = d) = 0  (S17) 
where x=0 and x=d represent the spatial grids at cathode and anode, and d refers to 
the thickness of the device. What insulates the transport of mobile ion across the 
perovskite/CTL interface is the zero mobility in the CTL. 

For Poisson’s equation, we also apply the Dirichlet boundary condition: 
V(x = 0) = −𝑊𝑊𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜 (S18) 

V(x = d) = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 −𝑊𝑊𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (S19) 
where WFcathode/anode is the work function of cathode or anode, and Vapp is the 
externally applied voltage.  

The continuity equations were discretized in space domain by S-G scheme [1], 
and in time domain by backward Euler's method. These equations were solved 
sequentially in Gummel’s iteration and the converged solutions were obtained in 
each time step.  

Through the post-processing of the converged solution of the proposed model 
at specific applied voltage, we can directly plot the potential distribution as the 
solution of Poisson’s equation (Figure 5a), from which we can also calculate the 
electric field results (Figure 5d). Recombination rate distribution can be obtained 
from the electron and hole density distributions based on the recombination 
equations Eqs. S5-S7 (Figure 5b). By sweeping the applied voltage, we will have 
the evolution of current density at the electrodes and plot the J-V curves as shown 
in Figure 5c.  

For simplification and approximation, symmetric modeling structures were 
used and the input parameters were extracted from other studies or selected in the 



realistic region. The device structure of p-i-n is applied in the simulation study, 
where the ETL and HTL are set as perfect selective CTLs with high majority carrier 
mobility and low minority carrier mobility. High enough blocking energetic band 
offsets are also set for better selectivity, whereas the surface recombination will 
exist at the interfaces between the CTLs and perovskite if necessary. Carrier 
generation rate is uniformly distributed in the absorber with the approximated value 
which ensures the simulated Jsc can be compared with the experiments.  

 
Table S8. Parameters used in the drift-diffusion simulation 

Parameter 
Names 

Symbols 
[units] 

Values 
ETL Absorber HTL 

Bandgap Eg [eV] 2.3 1.6 [2] 2.3 
Thickness L [nm] 200 500 200 
Electron 
affinity  

χ [eV] 4.1 3.8 2.8 

Effective 
Fermi level 

E0 [eV] 4.2 4.6 5.0 

SRH lifetime 
for electron 
and hole 

Τ [µs] Inf large 1 [0.1 for 
surface if 
applicable] 

Inf large 

Nominal 
radiative 
recombination 
coefficient 

krad [cm3/s] 1.5*10-10 3.6*10-12 1.5*10-10 
 

Electron 
mobility 

µn [cm2/Vs] 20 2 [3] 0 

Hole mobility  µp [cm2/Vs] 0 2 [3] 20 
Cation 
mobility 

µa [cm2/Vs] 0 10-9 0 

Initial cation 
density 

a [/cm3] 0 1018 [4] 0 

Generation 
rate  

G [/m3s] 0 3*1027 0 

Density of 
state 

Nc/v [/cm3] 1019 1019 1019 

Relative 
dielectric 
constant 

εr 4 31 [5] 4 

Schottky 
barrier 

Bn, Bp [eV] 0.1 -- 0.1 

 
  



 
 
 

 
Figure S18. Compare of simulated J-V curves of control and ferroelectric PSCs with 
negligible interfacial recombination.  
  



 
Figure S19. (a) Voc versus light intensity for control PSCs with positive and negative poling. 
C-F-P: Control PSCs forward poling. C-R-P: Control PSCs reverse poling. (b) Voc versus light 
intensity for 1D/3D mixed PSCs with positive and negative poling. M-F-P: Mixed PSCs 
forward poling. M-R-P: Mixed PSCs reverse poling. The lines in the figure are guide for the 
eye.  
 

The fitting curves was performed via using the Equation (2), 

                    )1/ln()( 0
1

B += − JJTqnKV scoc                       (2) 

where n is the ideal factor, BK  is Boltzmann constant, T  is temperature, q  is 

elementary charge and 0J  is saturated dark current density. According 0J  is 

negligible compared with scJ  and scJ  is proportional to light intensity, the equation 

could be simplified as qTnKV B /oc ∝ . Relatively lower n  value of 1.74 for 1D/3D 

mixed PSCs with positive poling (2.72 with negative poling), where an ideal trap-free 

system tend to close to 1, illustrates reduced trap-assistant recombination. 
 
 
  



Low temperature polarization 
 

A J-V characteristic before/after poling at room/low temperature of control (a) and 

1D/3D mixed (b) PSCs have been studied systematically, to exclude the effect of ion 

migration. 

The result in Figure S20a shows that there is no observable change of the J-V curves in 

control device after positive or negative polarization at 250 K. However, in ferroelectric 

PSCs even without ion migration, the current before and after poling will still differ 

much, indicating polarization field is contributed by ferroelectric property of 1D/3D 

mixed OIHP.  

Furthermore, the zero of current indicates the zero of the total electric field. From 

Figure S20a, in the control device, at room temperature, the zero point changes in a 

very small range, generated by the mobile ions. However, in the ferroelectric device, 

the zero point has changed a lot more, which proves that the electric field arising from 

ferroelectric polarization is much higher than that from mobile ions.   
 

 
 
Figure S20. J-V characteristic before/after poling at room/low temperature of control (a) and 
1D/3D mixed (b) PSCs. R-T-B-P: Room temperature before poling. R-T-A-F-P: Room 
temperature after forward poling. R-T-A-R-P: Room temperature after reverse poling. L-T-B-
P: Low temperature before poling. L-T-A-F-P: Low temperature after forward poling. L-T-A-
R-P: Low temperature after reverse poling. 
  



 

 
 

 

Figure S21. The simulated J-V characteristics of the ferroelectric PSCs with extremely large 
bulk dielectric constants. 
  



 

Figure S22. J-V curves under dark condition of 1D/3D mixed OIHP solar cell before and after 
poling. 
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Figure S23. J-V curves of all 1D/3D mixed PSCs before and after poling which shown in 
Figure 3f.  



TRPL and PL measurements 
A layer of 1D/3D mixed perovskite film was deposited on the aluminum splitter 
finger electrode. The channel width of the split-finger electrode is 10 μm. TRPL and 
PL data of control device and 1D/3D mixed device were measured before and after 
poling. The 1D/3D mixed perovskite device is polarized for 70 s at 18 V, which gives 
similar electric field as on the vertical device. In the control device, there is no 
obvious change in TRPL or PL data. However, the PL lifetime of the 1D/3D mixed 
ferroelectric perovskite film is clearly increased, with a red shift of PL peak. This is a 
solid evidence, proving the intrinsic radiative recombination rate can be reduced by 
the ferroelectric polarization field. 
 
 

 
 
Figure S24. TRPL and PL data of control device and 1D/3D mixed device before and after 

poling.



 
Figure S25. The local coercive voltages for ten selected points in the grains with strong 
amplitude signals on the thin film (1D/3D mixed OIHP) when the sample is grounded. The 
local coercive voltage ranges from 4.6 to 8.9 V, with an average of 6.5 V, as indicated by the 
minima of the amplitude loop. 
 

We have chosen ten positions in the grains with strong amplitude signals on the 

1D/3D mixed OIHP film to carry out new local PFM-based hysteresis loop 

measurements in the revised version. All of them can show 180° phase hysteresis 

loops and typical butterfly-shape amplitude loops, indicating the good reproducibility 

of PFM phase and amplitude switch data. Figure S1 exhibits the corresponding local 

coercive voltages, ranging from 4.6 to 8.9 V, with an average of 6.5 V, as indicated by 

the minima of the amplitude loop. For polycrystalline films, the local coercive 

voltages are often different in various places on a surface, due to the anisotropy of 

different grains. 

 
  



 
Figure. S26 (a) Transmission spectrum of ITO substrates in manuscript; (b) Absorption 
spectrum of ITO substrates covered with (SnO2+ perovskite) films. 
 
ITO with high transmittance was purchased from YiYang South China Xiangcheng 
Technology Co., Ltd, the product specification is "6 Ohm JM Etch". The ITO in the 
manuscript was used directly after purchase, without further processing. As shown in 
Figure S26(a), the transmittance of ITO substrate was measured, and we obtained that 
the light transmittance was 94% at 590 nm, which was consistent with the value 
provided by the company. The absorbance of the perovskite/SnO2/ITO film was then 
measured, showing 98.8% at 550 nm, shown in Figure S26(b). The increase of 
transmittance comes from the decrease of reflection loss, as the refractive index of 
perovskite is much higher than ITO/glass. We agree with reviewer’s suggestion to 
include the transmittance data as Fig S in SI. 
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