Improved Structural Order and Exciton Delocalization in High-Member Quasi-2D Tin Halide Perovskite Revealed by Electroabsorption Spectroscopy
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[bookmark: _Hlk130160883]ABSTRACT
[bookmark: _Hlk130160914]Engineering of quasi-two dimensional (quasi-2D) tin halide perovskite structures is a promising pathway to achieve high-performance lead-free perovskite solar cells, with recently developed devices demonstrating over 14% efficiency. Despite the significant efficiency improvement over the bulk three-dimensional (3D) tin perovskite solar cells, the precise relationship between structural engineering and electron-hole (exciton) properties is not fully understood. Here we study exciton properties in high-member quasi-2D tin perovskite (which is dominated by large n phases) and bulk 3D tin perovskite using electroabsorption (EA) spectroscopy. By numerically extracting the changes in polarizability and dipole moments between the excited and ground states, we show that more ordered and delocalized excitons are formed in the high-member quasi-2D film. This result indicates that the high-member quasi-2D tin perovskite film consists of more ordered crystal orientations and reduced defect density, which is in agreement with the over 5-fold increase in exciton lifetime and much improved solar cell efficiency in devices. Our results provide insights on the structure-property relationship of high-performance quasi-2D tin perovskite optoelectronic devices. 
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Metal halide perovskite solar cells are promising candidates for next-generation solar cells thanks to their low-temperature processing and outstanding optoelectronic properties, but their high lead contents raise potential environmental concerns over their applications in products. Alternatively, tin halide perovskites have emerged as the most promising candidates for lead-free perovskite solar cells. Besides their low toxicity, tin perovskites have also been predicted to exhibit excellent optoelectronic properties for solar cells, such as ideal solar cell bandgap and high carrier mobility 1,2. However, Sn2+ in bulk tin perovskites is generally susceptible to oxidation, which leads to a high defect density within the photo-active layer that greatly limits the solar cell efficiency (below 10% before 2020) 3. Since then, significant efforts have been made by the research community to improve the performance of tin perovskite solar cells by approaches including chemical composition engineering, manipulation of crystallization kinetics, suppression of Sn2+ oxidation with reducing reagent, and surface  passivation. 4-7. 
Among these approaches, the engineering of quasi-2D tin perovskite structures has proven to be an effective strategy to enhance the performance of tin perovskite solar cells 2,3,8. Quasi-2D perovskite structures comprise a mixture of bulk 3D structures and 2D layered structures with varying perovskite layer numbers, and generally show much improved stability over the pure bulk 3D structures 1,2. Over the past 2-3 years, the development of quasi-2D tin perovskite solar cells has helped to improve device performance, with state-of-the-art devices achieving a certified power conversion efficiency (PCE) of up to 14.6 % by adopting a  high-member quasi-2D structure 9-11. Note that high-member quasi-2D structures is also utilized in lead perovskite solar cells to improve the air stability and achieve decent PCE values12,13. Despite the improved performance, however, the precise structure-property relationship and fundamental excited state properties underlying the high-efficiency quasi-2D tin perovskite solar cells have remained unclear. Due to the instability of tin perovskites in ambient conditions, non-invasive investigation of the film microstructures and excited state properties is needed. Furthermore, it is worth noting that, for lead-based perovskites, the use of quasi-2D structures generally show lower efficiency than 3D bulk structures 14,15. This has been attributed to the larger exciton binding energy of lower dimensional perovskite structures that may hinder charge generation 3. Whether or not large exciton binding energy hinders charge generation in the state-of-the-art quasi-2D tin perovskite solar cells is not clear. Therefore, a better understanding of quasi-2D tin perovskites is conducive for developing rational strategies toward high-performance lead-free perovskite solar cells. 
	In this work, we study the fundamental excited state properties in bulk 3D and high-member quasi-2D tin perovskite films using optical spectroscopy techniques. First, steady-state absorption spectra fitted with Elliott’s model suggest the formation of weakly bound photoexcited excitons in both systems. Intriguingly, the two systems show largely distinctive electroabsorption (EA) spectral response. By analyzing the results based on the Stark effect, we find direct evidence for more ordered and delocalized excitons generated in the quasi-2D structure. This result implies that a more ordered crystal structure is formed in the quasi-2D tin perovskite film that leads to an improved film morphology and largely reduced defect density compared to the bulk 3D sample, in agreement with the much extended charge carrier lifetime and solar cell performance. 
[bookmark: _Hlk129948405][bookmark: _Hlk129947790][bookmark: _Hlk129948588][bookmark: OLE_LINK2]We prepared both high-member quasi-2D and bulk 3D tin perovskite films using the classic antisolvent method 11. The precursor for bulk 3D film (FASnI3) was prepared by adding formamidinium iodide (FAI) and SnF2 with suitable stoichiometric ratios into SnI2 solution. For the high-member quasi-2D film, the formamidinium iodide (FAI) precursor was partially replaced with the mixed phenylethylammonium bromide (PEABr) and phenethylammonium thiocyanate (PEASCN). Based on the stoichiometry of the precursor, the resultant layered perovskite has the general chemical formula of PEA2FAn-1SnnX3n+1, where X stands for I halide or pseudohalide anion (Br-, I-, and SCN-) and n refers to the number of perovskite layers sandwiched by the ligands. As illustrated in Figure 1(a), the formed high-member quasi-2D perovskite film (abbreviated as quasi-2D PBPS) comprises a range of n numbers, with high-member (large n) phases formed below a thin layer of n=1 and n=2 phases at the surface. We estimate the n value in the bulk should be at the range of 6 to 13, with majority being high n phases, e.g around 11 to 13 (see supporting information Section 6 for the details). The formation of such high-member quasi-2D structure has been revealed from analysis on the crystal growth kinetics in our previous study 11. Figure 1(b) compares the X-ray diffraction (XRD) data of the quasi-2D PBPS and bulk 3D FASnI3 films. The 002 and 004 peaks featuring the thin 2D phase (n=1 or 2) exist in the quasi-2D structure while they are absent for the pure 3D structure 11. The intensities of these peaks are very low (two orders of magnitude smaller compared to 100 peak which is also present in the bulk 3D film), thus implying that the thin 2D layer components (n=1 or 2) only make up a small amount of the high-member quasi-2D PBPS film. On the other hand, the peak 102 (2θ=24.4°) and 122 (2θ=31.7°) are present in 3D perovskite film while they are negligible for the high-member quasi-2D structure, which implies that the quasi-2D film has stronger structural orientation. The presence of high-member quasi-2D phases is further evidenced by slight blue-shift in the absorption and photoluminescence (PL) spectra between the quasi-2D and bulk 3D structures, as shown in the Figure 1(c), whereas a much larger blue-shift is expected if thin 2D layers dominate the structure 16. 
To study the optoelectronic properties of tin perovskite films, we fabricated solar cells with the structure of ITO/PEDOT:PSS/Perovskite/ICBA/BCP/Ag based on the quasi-2D and pure 3D perovskites, and their current-density versus voltage (J-V) curves is shown in Figure 1(d). Compared to the 3D structure, the quasi-2D perovskite solar cell observed a remarkable PCE enhancement, as manifested in the significantly increased open-circuit voltage (Voc) and fill factor (FF). The relevant parameters from the J-V curves are summarized in Table S1. The enhanced voltage can be ascribed to the reduced defect density, as indicated by the ~5-fold longer prolonged carrier lifetime as shown in Figure 1(c). 
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[bookmark: OLE_LINK3]Figure 1. (a) Schematic illustration of layered tin perovskite structures. Here we define n=1 and n=2 as pure two-dimensional  (2D) phases, and n≥3 as quasi-2D phases; n is the conventional 3D perovskite with the formula of FASnI3). For the high-member quasi-2D tin perovskite (PEA2FAn-1SnnX3n+1; abbreviated as quasi-2D PBPS), a large n (~6 to 13) layered structure is formed below a thin 2D layer (n=1 and n=2), see Ref. 11 and Supporting Information for details.  (b) XRD characterizations of quasi-2D PBPS and bulk 3D FASnI3. Note that the 002 and 004 peaks, which are associated with the thin 2D layers, have very low intensities compared to the 100 peak which indicates that thin 2D layers make up a small amount of the high-member quasi-2D structure. In addition, 3D perovskite film exhibits clear XRD peaks at 102 (2θ=24.4°) and 122 (2θ=31.7°). These peaks are absent in the high-member quasi-2D structure, which implies that the quasi-2D film has stronger structural orientation. (c) Normalized absorption and photoluminescence (PL) spectra of the samples. (d) Current density-voltage curves of quasi-2D PBPS and bulk 3D tin-perovskite solar cells under one sun condition. (e) Time-resolved photoluminescence (PL) results showing monoexponential decay lifetime of 78.7 ± 0.1 ns and 14.5± 0.1 ns for quasi-2D PBPS and 3D FASnI3 structures, respectively.

To find out the underlying mechanism for changes in excited-state carrier properties and the enhanced PCE in quasi-2D based solar cell, the characteristics of photogenerated excitons (electro-hole pairs) are investigated. To gain insights into the exciton properties, the exciton binding energy was evaluated from absorption spectra with Elliott’s model, where the absorption coefficient is given as 17,18.
                              (1)
where Eb is the exciton binding energy, Eg refers to the bandgap energy,  is Dirac delta function,  is a step function, k is positive integers from 1 to infinity and C is a constant. The first term in the bracket represents an excitonic absorption and the second term stands for the absorption of a continuum band. Note that Equation (1) describes the absorption spectrum for 3D systems and not band-edge absorption in 2D systems. Here we apply this model to study the high-member quasi-2D system since its structure is dominated by large n phases, making it comparable to the 3D system as evident in the slight variation in their absorption spectra. It is also worth noting that Equation (1) has been used to estimate the exciton binding energy in quasi-2D lead halide, (PEA)2(MA)n–1PbnBr3n+1, with containing large n phases19. To account for the thermal broadening effect at room temperature, Equation (1) is convoluted with a Gaussian function. Figure 2 shows a good fit of Equation (1) to the absorption spectra of both quasi-2D PBPS and 3D FASnI3. The fitted Eb and Eg are 18.7 ± 0.3 meV and 1.52 ± 0.02 eV for quasi-2D PBPS. In contrast, smaller Eb of 13.4 ± 0.3 meV and Eg of 1.44 ± 0.02 eV is obtained for 3D FASnI3 respectively. The slight increases in exciton binding energy and band gap in quasi-2D over 3D structure are in line with the increased inclusion of low dimensional phases 20,21. Although small changes are observed in Eg and Eb for both structures, transient absorption spectra and the excited state carrier dynamics probed at ground state bleaching (GSB) do not show a clear difference, as illustrated in Figure S1. The similar kinetics of GSB at the excitonic absorption resonance indicates that there is little difference in the initial charge generation processes in the quasi-2D and 3D systems. In addition, the small exciton binding energies comparable to the thermal energy at room temperature in both cases suggest that the excitons are weakly bound and readily to dissociate in both systems. Accordingly, we consider that such small differences in Eg and Eb should not play a key role on the solar cell performances. 
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Figure 2. Absorption spectra fitted with Elliott’s model (Equation 1) to obtain the excitonic absorption and continuum band absorption for (a) quasi-2D PBPS and (b) bulk 3D FASnI3, respectively. The curve fittings result in Eb of 18.7 ± 0.3 meV and Eg  of 1.52 ± 0.02 eV for quasi-2D PBPS; and smaller Eb of 13.4 ± 0.3 meV and Eg of 1.44 ± 0.02 eV are obtained for 3D FASnI3. The broader excitonic band and smaller slope for continuum band for the quasi-2D PBPS is consistent with the presence of multiple large n phases.

We then employ EA spectroscopy to study the exciton properties of the quasi-2D and 3D systems 22. EA is a highly sensitive technique that characterizes a shift in a transition energy, and the electrically-modulated absorption of bound states are generally described by Stark effect 23,24. In the case of transmission, the EA intensity presented by rms (root mean square) of relative change in the transmitted light intensity at 2nd harmonic frequency of a sine electrical field is given as (see the Supporting Information for more details) 23,25,26
                            (2)
[bookmark: _Hlk115187082][bookmark: _Hlk115127165]where ∆p and µ refer to the changes in polarizability and dipole moment accompanying transition from ground states to excited states, Fac stands for the intensity of the applied sinusoidal electric field, and A is the absorption. Accordingly, depending the values of ∆p and µ, the shape of the EA spectrum either resembles the first or second derivatives of the absorption spectrum or their combination. 
The EA spectra of the quasi-2D and pure 3D were measured as shown in Figure 3(a) and Figure 3(b) respectively. The EA shapes of quasi-2D and pure 3D structures were compared with the corresponding first and second derivatives of the excitonic absorption as shown in Figure 3(a) and (b). Consistent with the feature of Stark effect, the EA shape for the pure 3D structure tends to exhibit a second derivative shape of excitonic absorption. On the other hand, we find that the EA signal of the quasi-2D structure resembles the first derivatives of the excitonic absorption. The distinctive EA shape suggests the different exciton features in the quasi-2D and pure 3D structures. To further confirm that the observed EA signals are originated from the Stark effect, the electric field dependent 2nd harmonic EA intensity at 1.46 eV and 1.53 eV of the quasi-2D PBPS is shown in Figure 3 (c) and (d). The 2nd harmonic EA intensities exhibit a good quadratic dependence on the applied electric field, which is in accordance with Stark effect as described by Equation (2). Moreover, for the Stark effect in EA, the 1st harmonic EA intensity is linearly dependent on the applied electric field (see Supporting Information for more details), which accords with observations of 1st harmonic EA for the quasi-2D and 3D structures as shown in Figure S2. 
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Figure 3. (a) and (b) show the measured EA spectra at 2nd harmonic of the modulating frequency of AC field and their comparisons to the corresponding first and second derivatives of excitonic absorption of quasi-2D PBPS and 3D FASnI3, where A is the excitonic bands obtained from the Elliott’s fittings as shown in Figure 2 (the red dash line depicts a fitting of the first and second derivatives of excitonic absorption to the measured EA by using equation 2). (d) and (e) illustrate the field (presented as applied voltage of AC field) dependent 2nd harmonic EA intensity of quasi-2D structure at 1.46 eV and 1.53 eV respectively, the fittings with power function show a quadratic dependence of EA intensity on applied AC electric field, which is in agreement with Stark effect.

To gain a better interpretation, the ∆p and µ in both structures were evaluated by fitting their EA spectra with Equation (2), in which the dA/dE and d2A/dE2 are the first and second derivatives of the excitonic absorptions respectively. To perform the fitting using Equation (2), it is necessary to calculate the effective electric field between the perovskite layer, accounting for the fact that the electric field was applied over few layers of materials (PMMA/perovskite/Al2O3) with different relative permittivity (see Section 4 in Supporting Information for more details). Nevertheless, it is noted that while the calculated values of effective electrical field may affect accuracy of the fitting values, they do not affect the qualitative analysis of the trends. Figure 3(a) and (b) show reasonable fits to the EA spectra of quasi-2D and 3D respectively and the fitted parameters are summarized in Table 1. The ∆p is evaluated to be (5.95±0.06) ⅹ 10-21 cm3 for the quasi-2D while it is negligible for 3D structures owing to its second derivative dominant EA feature. Since ∆p is the change in polarizability between the ground and excited states, we consider two possible reasons for the negligible ∆p observed in the bulk 3D structures. First, the electrons may already be loosely bound with the holes in the ground state, leading to a similarly large polarizability in both ground and excited states. Second, polarizability at excited states is limited due to the small exciton radius that may be constrained by the electric potential owing to the high density of defects. However, if the former is the main reason, it cannot be well explained the large ∆p for high-member quasi-2D structure, which is dominated with large n phases and electronically approximating to the 3D. We therefor believe that the latter has more contribution in our case since. The large change in polarizability for the quasi-2D suggests a feature of Wannier-type excitons 23,27, indicating that photogenerated excitons are more delocalized in the quasi-2D PBPS in comparison with pure 3D FASnI3. 

Table 1. The numerically extracted changes in dipole moment and polarizability from electroabsorption experiments on the quasi-2D PBPS and 3D FASnI3 film samples according to equation 2.
	Structures
	∆µ (D)
	∆p (x10-21 cm3)
	Dominated shape of EA

	Quasi-2D PBPS 
	23.2 ± 0.3
	5.95±0.06
	First derivative

	3D 
	19.5 ± 0.6
	Negligible
	Second derivative



Although Stark effect showing a second derivative shape has been observed for the 3D bulk perovskite such as MAPbI3 or FAPbI3 28,29, we note that low-field Franz-Keldysh-Aspnes (FKA) effect was also seen in MAPbI3 with exciton binding energy of 7.4 meV, which should lead to a third derivative shape of a complex dielectric function 30. The FKA effect comes into play when the applied field cannot be treated as weak perturbation to interaction between the electron and hole, which is usually seen for Wannier-Mott excitons in the bulk semiconductor with exciton binding energy of ~10 meV or below 30. On the other hand, the Stark effect dominates when the applied electric field  on an electron-hole pair is small compared to the Coulombic interaction, which typically applies to excitons in small molecules or quantum confined structures 22,30. In our work, the EA signal for the 3D tin-perovskites is attributed to the Stark effect, as manifested in the EA shape being a combination of first and second derivatives of the excitonic absorption. The fact that the Stark effect is responsible for the EA signal suggests that, in our experiment, the potential drop of electric field is much smaller than the Coulombic interaction of the photogenerated excitons. This result indicates that the photogenerated excitons possess a small radius in the 3D FASnI3 22. We consider that the formation of small excitons in the 3D tin-perovskite film may arise from the small grain sizes within the highly disordered microstructure, leading to spatial localization of excitons. Alternatively, such carrier localization in the 3D tin-perovskite may be related to the self-trapped electrons and small polaron formation, as reported in a recent theoretical study 31.
[bookmark: OLE_LINK1]From the EA shape and numerical analysis, the exciton characteristics in quasi-2D PBPS and 3D FASnI3 are schematized in Figure 4 (a) and (b). According to the field-modulated absorption spectrum originated from the Stark effect, the way that the electric field interacts with the photoinduced dipoles can shift a transition to either higher or lower energies (as described by Equation S1 in the Supporting Information). If the photogenerated dipoles (excitons) are polarized in the same way (i.e. ordered exciton polarization), it is expected that the absorption spectrum shifts unidirectionally in energy, resulting in a first derivative shape. In contrast, when photogenerated dipoles have non-uniform orientations (i.e. disordered exciton polarization), the field broadens the absorption spectrum to both higher and lower energies, leading to a second derivative shape as illustrated in Figure 4(c) 24,32,33. We consider this to be the case for the bulk 3D film, which is consistent with its disordered crystal orientations as observed in XRD, leading to a high defect density. This is in contrast to the high member quasi-2D structure, where the EA spectrum has a first derivative-like shape. Therefore, as depicted in Figure 4, we consider that such ordered exciton polarization indicates the presence of ordered crystal orientations with less structural defects. Furthermore, the much larger ∆p observed in the quasi-2D structure also indicates a larger separation of electron and hole wavefunctions, implying that the excitons are more delocalized thanks to the more ordered film morphology (Table 1). In contrast, the second derivative-like EA spectrum of the bulk 3D FASnI3 with negligible ∆p demonstrates a largely disordered crystal structure in which the photogenerated excitons are localized and have non-uniform orientations. 
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Figure 4. Schematic illustrations of photogenerated excitons in (a) quasi-2D PBPS and (b) 3D FASnI3, where the arrows indicate the orientations of photoinduced dipole moments (note that the crystal structures and the occupation of electrons and holes are only for illustrations, not the quantified models). (c) the effect of ordered and disordered excitons on electric field-induced absorption (the excitonic absorption is modeled with Gaussian shape, F stands for electric field). 
Finally, our results provide fundamental insights on the charge carrier dynamics and solar cell performance of these tin perovskite structures. The photogenerated excitons can dissociate readily in both structures due to their small exciton binding energies. However, the spatial localization of excitons in the bulk 3D FASnI3 with large electron-hole wavefunction overlaps and high density of defects will lead to faster carrier recombination and annihilation, as demonstrated by the much shorter PL lifetime and much lower device FF and Voc 2,34-37. In contrast, the much improved structural order in the quasi-2D tin perovskite structure can greatly promote exciton delocalization, leading to improved charge carrier transport and substantially reduced charge recombination rate, thus giving rise to much extended charge lifetimes and improved device FF and Voc 11,34,36,37. 
In summary, we present a detailed study on the fundamental exciton properties of the high-member quasi-2D and bulk 3D tin perovskite structures. The significantly different EA spectral responses of the quasi-2D and bulk 3D structures provide insights on the film microstructure, electron-hole localization and orientations. Our results reveal the formation of ordered and delocalized excitons in the quasi-2D structure, which is manifested by its first-derivative EA line shape and the large change in polarizability. This in turn provides evidence for the improved structural order in the quasi-2D film that leads to an improved film morphology and reduced defect sites. The delocalized excitons and improved structural order promote charge transport across the active layer and significantly suppress charge recombination, as demonstrated by the much extended carrier lifetime and increased device Voc and FF. Our results, for one thing, reveal the fundamental structure-property relationship underlying the state-of-the-art tin perovskite solar cells with high-member quasi-2D structures and, for another, demonstrate the possibility of using EA spectroscopy to probe changes in subtle changes in of structure properties in the nanoscale.

Experimental methods
Material synthesis and film processing: Details are described in our previous publication 11. To prepare 3D tin perovskite (FASnI3), 137.6 mg of FAI and 9.4 mg SnF2 were added into 1 ml 0.8 M SnI2 solution. SnI2 solution was synthesized according to literature 9.  To prepare the high-member quasi 2D tin perovskite, 113.5 mg of FAI, 24.2 mg of PEABr, 3.6 mg of PEASCN, 3 mg of NH4SCN and 9.4 mg of SnF2 were added into 1 ml of 0.8 M SnI2 solution. The mixed solutions were then stirred for 12 h in room temperature to form the precursors, which were stored in N2 glovebox. To form perovskite films, the precursor solution was spin-coated at 1000 rpm and 5000 rpm for 10 s and 35 s, respectively. 600 μL toluene was dropped onto the substrate 15 second before the end of the spin-coating process. Then the substrate was annealed at 80 ℃ for 20 min. The same spin-coating and annealing processes were used to prepare both 3D and quasi-2D perovskite films.
Electroabsorption measurements. Sample preparations for EA measurement: The structure design for the EA measurement is Au/PMMA/perovskite/Al2O3/ITO (see Figure S3) for the detailed structure). The Al2O3 in the thickness of 30 nm was deposited on ITO substrate by ALD (atomic layer deposition) method. This is followed by the spin-coatings of perovskite layer and then the PMMA in the thickness of ~200 nm and ~15-40 nm respectively. Lastly, a semi-transparent Au electrode with ~10 nm in thickness was deposited on PMMA layer. The Al2O3 and PMMA layers here serve as the charge blocking layers to minimize carrier injections.
Measurement: The electroabsorption spectrum was measured with a home-built set-up as shown in Figure S3. The light generated by a 150 W tungsten lamp passes a monochromator to provide a beam with different wavelengths. Subsequently, the beam was focused on sample areas with electrodes coverage. The transmitted light intensity (T) was detected by a photodetector shunted with 10 kOhm and connected to the multimeter (Keithley 2450). To detect the electric field-induced change in transmission, a sine-wave electric field from a signal-generator was added to the electrodes of the measuring sample. The field-induced change in transmission light intensity (T) was detected by a photodetector shunted with 10 kOhm and the signal was magnified by 10 times with a preamplifier (SR 560) before connected to a lock-in amplifier (SR 510). The rms signal of (T) at second harmonic of the sine-wave frequency was recorded. The EA signal was then calculated by taking the ratio of (T) rms/T. The presented EA in Figure 3(a) and (b) were measured under the effective field of 102 kV/cm and 80 kV/cm. 
Materials/device characterizations 
XRD characterization: XRD spectrum is measured by Bruker D8 Advance with Cu Kα source (= 1.54 Å). 
Absorption spectrum: The absorption spectrum was measured on the same structure as used for EA measurements with a UV-vis spectrophotometer (Agilent cary5000).
PL and TRPL measurements: The samples were excited with a ps-pulse laser at 630 nm (Edinburg instrument EPL-630). The PL spectrum was detected using the spectrometer (Acton Research Spectrapro 500i) equipped with a 150 line/mm grating and a cooled CCD (Andor Newton EM). The time-resolved PL at ~880 nm was detected by a single photon counter (Becker and Hickl PMC-100) equipped on the spectrometer (Acton Spectrapro 275).  
Device Characterizations: Keithley 2400 source unit is employed to obtain J-V curves under simulated AM1.5G solar illumination. For the J-V curves measurement, the active area of all the devices is masked using the metal mask with the area of 0.04 cm2. The light source is calibrated by KG-5 Si diode with the solar simulator (Enli Tech, Taiwan). The quasi-2D devices are measured in reverse scan (0.95 V to 0 V, step 0.01 V) and forward scan (0 V to 0.95 V, step 0.01 V) with delay time of 30 ms at room temperature in N2 glovebox. As for the 3D device, the scan range is 0~0.65 V. 
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