
 1 

Immediate and temporal enhancement of power 

conversion efficiency in surface-passivated 

perovskite solar cells 

Yongyoon Cho1,2,3, Jueming Bing1,4,5, Hyung Do Kim2, Yong Li1, Jianghui Zheng1,4,5, Shi 

Tang1,4,5, Martin A. Green1, Atsushi Wakamiya6, Shujuan Huang1,7, Hideo Ohkita2* and Anita 

W.Y. Ho-Baillie1,4,5* 

1Australian Centre for Advanced Photovoltaics (ACAP), School of Photovoltaic and Renewable 

Energy Engineering, University of New South Wales, Sydney 2052, Australia 

2Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Katsura, 

Nishikyo-ku, Kyoto 615-8510, Japan 

3Graduate School of Materials Science,  

Nara Institute of Science and Technology, Ikoma, Nara 630-0192, Japan 

4School of physics, University of Sydney, NSW 2006, Australia 

5The University of Sydney Nano Institute, University of Sydney, NSW 2006, Australia 

6Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan 

7School of Engineering, Macquarie University, Sydney 2109, Australia 



 2 

 

Corresponding Author 

*Anita W.Y. Ho-Baillie (anita.ho-baillie@sydney.edu.au)  

*Hideo Ohkita (ohkita@photo.polym.kyoto-u.ac.jp) 

 

Keywords : Perovskite, Storage, Aging, Passivation, Interface, Bulk, Recombination 

ABSTRACT  

This work reports strategies for improving power conversion efficiency (PCE) by capitalizing on 

temporal changes by storage effect and immediate improvements by interface-passivation.  It is 

demonstrated both strategies can be combined as shown by PCE improvement in passivated 

perovskite solar cells (PSCs) upon ambient storage, due to trap density reduction.  By analyzing 

dominant charge recombination process, we find that lead-related traps in perovskite bulk, rather 

than at surface, are the recombination centers in both as-fabricated and ambient-stored passivated 

PSCs.  This emphasizes the necessity to reduce intrinsic defects in the perovskite bulk.  

Furthermore, storage causes temporal change in band alignment even in passivated PSCs 

contributing to PCE improvement.  Building on these findings, composition engineering was 

employed to produce further immediate PCE improvements due to defect reduction in the bulk 

achieving a PCE of 22.2%.  These results show that understanding the dominant recombination 

mechanisms within a PSC is important to inform strategies for producing immediate and temporal 

PCE enhancements either by interface passivation, storage or composition engineering or a 

combination of all to fabricate highly efficient PSCs.   

mailto:anita.ho-baillie@sydney.edu.au
mailto:ohkita@photo.polym.kyoto-u.ac.jp
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Introduction 

Perovskite solar cell (PSC) is the fastest advancing photovoltaic technology.  The highest 

certified power conversion efficiency reported to date is 25.5%, surpassing those of other solution 

process-able solar cells (e.g. dye-sensitized solar cells and organic solar cells) and reaching those 

of efficient inorganic solar cells.1  Despite rapid efficiency growth, there is still room for 

improvement approaching the Shockley–Queisser limit and there is scope of research for 

commercialization and for niche applications such as flexible panels, wearable devices and space 

photovoltaics.2–6 

To achieve high power conversion efficiencies (PCE) for perovskite solar cells (PSCs), diverse 

engineering techniques such as composition engineering, film formation engineering, defect 

chemistry, and interface engineering have been explored.7–13  In particular, interface or surface 

passivation treatment has been recently identified as an effective tool for enhanced stability and 

photovoltaic performance.10–12,14  In our previous work, we have demonstrated a successful 

approach of using a mixture of formamidinium iodide (FAI) and iso-butylammonium iodide (iBAI) 

that reacts with excess lead iodide from a bulk perovskite layer to form an effective surface 

passivation layer.12  These reports have shown that surface defects in as-deposited perovskite can 

be passivated by additional treatment.15,16  However, there has been little investigation and 

understanding in terms of temporal changes in optoelectronic properties that can occur for these 

passivated perovskite solar cells and therefore is the focus of this work. 

Apart from the immediate and distinct increases in PCE by deliberate fabrication approaches as 

described above, gradual improvements in PCE for PSCs during the first few days of storage can 

also occur.12,17–23  Several studies have shown that the most common hole-transporting material 

(HTM), 2,2’,7,7’-tetrakis(N,N-dip-methoxyphenylamine)-9,9’-spirobifluorene) (spiro-OMeTAD) 
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contributes to this temporal change after storage due to changes in conductivity24–27.  Another 

major contributor is the changes in the properties of the perovskite layer, various explanations 

include perovskite crystallite coalescence,28 sodium ion diffusion from indium tin oxide (ITO) 

glass into perovskite grain boundaries,29 and storage-induced recrystallization,30 and perovskite 

film strain relaxation causing a reduction of trap-assisted non-radiative recombination31.  In our 

previous report, we have demonstrated that defect density reduction at the perovskite surface, 

conductivity increase of the HTM, and the lowering of the highest occupied molecular orbital 

(HOMO) of HTM are main contributors to efficiency improvement after storage effect for n-i-p 

mesoporous-structured device.32  Although temporal PCE improvement after storage effect can 

also be seen in passivated devices as well,12,21,22,33  there lacks a systematic investigation with the 

aim of understandings the underlying mechanisms which will be the focus of this work.  

Herein, we first investigated the effect of storage on interface-passivated mesoporous n-i-p 

(FAPbI3)0.85(MAPbBr3)0.15 PSCs with spiro-OMeTAD.  The interface-passivation is implemented 

by depositing the mixed 3D–2D passivation layer on the perovskite layer prior to the deposition 

of HTM as reported in our previous work.12   After one day of ambient (relative humidity (RH) of 

around 20%) storage, the average PCE of the passivated device increased significantly by more 

than 2% absolute (from 17.2% to 19.7%) and the champion device has a PCE of 21.2%.  New 

insight into the origin of such storage effect has been found in this study.  Firstly, we found that 

the reduction of defects density occurs after ambient storage even when the perovskite’s surface is 

already well passivated.  Through XPS measurement, reduced defects in passivated perovskite 

bulk is related to the metal Pb0, which is different from un-passivated perovskite.  However, the 

dominant recombination process still occurs in the bulk after storage.  This motivates the 

introduction of Cs into the composition for the perovskite bulk 
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(CsPbI3)0.05((FAPbI3)0.95(MAPbBr3)0.05)0.95 to test for further improvement.  It was found that the 

PCE’s of passivated Cs containing cells achieved further improvement to 19.3% before ambient 

storage and to 22.2% for the champion cell.  Another insight revealed was the sensitivity of energy 

alignment.  The insertion of the passivation layer reduces the band offsets between the perovskite 

bulk and after storage, the HTM HOMO level was reduced further thereby reducing the band 

offsets further enhancing charge extraction and enhancing cell’s fill factor.  Maximum PCE was 

therefore able to be achieved quickly after only 1 day of ambient storage due to the combined 

effects.  Through this study, we can conclude that it is important to study optoelectronic and 

chemical properties of passivation materials for interface engineering and to understanding the 

mechanism of trap density (Nt) reduction in bulk perovskite, in order to design PSCs with higher 

PCE. 

 

Effect of ambient storage on interface-passivated PSCs  

Figure 1 shows the effect of ambient storage (with controlled RH of around 20% in a desiccator) 

on passivated PSCs with a typical n-i-p structure (Figure 1a).  For comparison, results of the as-

fabricated un-passivated device (dotted line in Figure 1b and grey dots in Figure 1c-f) are also 

included.  It is evident as-fabricated passivated devices showed immediate PCE improvement 

(solid line in Figure 1b and black dots in Figure 1c-f) compared to un-passivated devices and 

upon storage, improved further from an average PCE of 17.2 to 19.7% with the champion device 

achieving a PCE of 21.2% after 1 day of storage.  To ensure the effect of storage observed is not 

related to the effect of light and ambient exposure during current–voltage measurements.  Repeated 

measurements were performed and results showed no effect on current density-voltage (J–V) 

curves (Figure S1).  The PCE enhancement after storage is attributed to enhancements in open 
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circuit voltage and fill factor (Figures 1c-f and Table S1).  The time taken for passivated devices 

to reach maximum PCE is 1 day which is shorter than that (2 days) required by un-passivated 

device as reported previously32.  
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Figure 1.  (a) Device structure of PSCs studied in this work.  (b) J–V characteristics of the best as-

fabricated un-passivated and fresh and ambient-stored passivated (FAPbI3)0.85(MAPbBr3)0.15 

devices.  (c–f) Distributions of parameters for more than 20 un-passivated32 and passivated 

(FAPbI3)0.85(MAPbBr3)0.15 devices plotted against storage time.  Reprinted with permission from 

ref 32.  Copyright 2021 American Chemical Society. 

Table 1.  Photovoltaic parameters of the best as-fabricated un-passivated and fresh and ambient-

stored passivated (FAPbI3)0.85(MAPbBr3)0.15 devices.   

Device JSC / mA cm−2 VOC / V FF / % PCE / % 

Un-passivated 23.4 1.03 70.9 17.1 

Passivated 23.8 1.07 72.4 18.4 

After 1 day 23.8 1.16 77.2 21.2 

After 2 days 23.5 1.15 76.8 20.9 

After 3 days 23.6 1.17 74.7 20.6 

 

 

Temporal change in the passivated perovskite film after storage 

In the previous study, temporal changes in both HTM and perovskite layers were found to be 

the main reasons for the improved device efficiency32 due to i) trap reduction in perovskite, ii) 

conductivity increase, and iii) lowered HOMO level in HTM.  As the same device structure with 

an additional passivation layer was employed in this work, the same temporal change would take 

place in the HTM layer.  Therefore, as the first step, we studied the HTM-free passivated 

perovskite layer before and after the ambient storage.15,32,34   
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We first measured time-resolved photoluminescence (TRPL).  Results are shown in Figure 2a.  

As summarized in Table S2, the averaged lifetime of the as-fabricated film increased from 172 ns 

to 497 ns after 2 days of ambient-storage.  To evaluate Nt in passivated perovskite film before and 

after 2 days of ambient storage, we measured their dark J‒V characteristics to determine the trap-

filled limit voltage (VTFL) using the space-charge-limited current (SCLC) technique (Figure S2 

and see details in the Supporting Information).  Nt were estimated to be (9.58 ± 1.48) × 1015 cm−3 

for the fresh film and (7.42 ± 1.53) × 1015 cm−3 for the stored film.35–38  We therefore conclude 

that the PCE improvement due to storage is due to the decrease in Nt in the passivated perovskite 

layer, consistent with our previous findings.32  

We further investigated the morphological and optoelectronic characteristics of the passivated 

perovskite layer after storage.  In terms of morphology, no crystalline coalescence or grain size 

growth was observed from scanning electron microscope (SEM) images of passivated perovskite 

after storage as shown in Figure S3.  Bandgaps (energy thresholds) Eg were determined from the 

peak of the differential external quantum efficiency (EQE) of full devices before and after storage 

(Figure S4)39,40 showing no change in Eg (1.62 eV) after storage.  For the energy level analysis, 

we measured the ionization potential (valence band (VB) energy level, EVB) of fresh and stored 

perovskite films with and without passivation by photoelectron yield spectroscopy (PYS).  Results 

are shown in Figure 2b.  A very small change in the EVB for the perovskite film was observed 

after storage (from −5.64 eV to -5.61eV).  Although this was also observed in our previous work, 

this is considered insignificant that could affect cell performance.  The change in EVB for 

perovskite after the introduction of passivation layers has been observed similar to other works 

such as Formamidinium bromide and n-butylammonium iodide passivation treatments.22,41  The 

reasons for such change are still unclear necessitating further investigations.22,41  More importantly, 
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the insertion of the passivation layer with a higher EVB of −5.44 eV reduces the energy offset for 

each step change: 0.20eV between the EVB perovskite layer and EVB passivation layer and 0.27eV between 

the EVB passivation layer and the HOMO HTM (see “0 day” for “Passivated” in Figure 2c). These 

“smaller” steps in energy levels lower offset losses and facilitating faster extraction before carriers 

have the chance of recombining through the sub-bandgap defect states.42–44  This is supported by 

the faster PL decay observed on passivated perovskite/HTM test structures compared to un-

passivated counterparts (Figure S5).45–47  After 1 day of ambient storage,  HOMO HTM is reduced 

from −5.17 eV to −5.42 eV (see “0 day” for “Passivated” in Figure 2c and Figure S6) further 

narrowing the gap (0.02eV) and therefore offset losses between the EVB passivation layer and the HOMO 

HTM.  Such desirable stepwise energy alignments thereby contributes to higher VOC by the same 

principle in the 1-day-stored device (Table 1).32  However, after 2 days of storage, the HOMO HTM 

went down further to −5.46 eV, lower than the EVB passivating layer (−5.44 eV).32  This forms an energy 

barrier (see “2 days” for “Passivated” in Figure 2c) resulting in poorer FF observed in devices 

stored for 2 or more days (Table S1) due to the worse charge extraction from band-misalignment.  

Therefore, these results reveal that not only the reduction in Nt in perovskite layers, but also proper 

cascaded band alignment between the perovskite layer and the HTM are of significance for higher 

PCE in PSCs.  This means that appropriate choices of passivation and transport layers are equally 

important. 
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Figure 2.  (a) TRPL decay of the passivated (solid) (FAPbI3)0.85(MAPbBr3)0.15 perovskite film 

before (black) and after (red) 2 days of ambient storage. (b) PYS results of un-passivated and 

passivated (FAPbI3)0.85(MAPbBr3)0.15 perovskite films before and after storage.  The straight lines 

are fitted lines.  (c) Illustration of temporal change in energy levels HTM before and after storage 

and illustration of the advantage of inserting a passivating layer with higher EVB of −5.44 eV 

reducing the energy offsets between the various layers. 
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Dominant recombination in the passivated-perovskite device before and 

after storage 

The reduction in Nt by ambient storage was observed regardless of surface passivation treatment.  

In our previous work, the reduced Nt resulted in the change of dominant recombination process 

from surface-dominated to bulk-dominated in un-passivated perovskite.32  However, due to the 

passivation treatment in this work, the same reduction in Nt by ambient storage does not necessarily 

produce the same change in the dominant recombination process.  To identify dominant 

recombination mechanism (be it in the bulk or at the surface interface) of the passivated PSCs 

before and after storage,48–53 we measured light intensity dependent and temperature dependent 

VOC to evaluate nid and the activation energy (Ea) for the recombination current in the device.  

Background discussion can be found in Supporting Information.  

 

 

Figure 3.  (a) qVOC-log JSC plot and (b) temperature dependent qVOC for the passivated 

(FAPbI3)0.85(MAPbBr3)0.15 devices before (black) and after (red) ambient storage.  nid was 

evaluated from the slope from (a).  Ea determined from y-intercept (0 K) from (b).  Dash line in 

(b) represents Eg determined from Figure S3.  
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Figure 3a shows the intensity dependent qVOC for the passivated PSCs before (black) and after 

(red) ambient storage.  From the slope, nid was evaluated to be 2.0 for the fresh device and 1.7 for 

the stored device.  The close-to-2 nid value suggests that the typical trap-mediated SRH 

recombination is dominant in both the fresh and stored devices.11,48,51  Figure 3b shows the 

temperature dependent qVOC for the fresh and ambient-stored passivated PSCs.  By extrapolating 

qVOC curves to 0 K, Ea was evaluated to be 1.58 eV for the fresh device and 1.62 eV for the stored 

device, which are close to the bandgap energy Eg (1.62 eV determined from Figure S4).  These 

results in conjunction with the results of light intensity dependent VOC (for determining nid) confirm 

that recombination in the perovskite bulk is the dominant process for passivated devices both 

before or after storage 48,49,53.  This confirms the effectiveness of passivation treatment eliminating 

surface recombination12 as being the dominant bottleneck that is otherwise found in fresh un-

passivated devices, as reported in our previous work.32  This is further supported by the reduced 

sub-bandgap signals observed in the EQE of fresh or stored passivated device (black and red), 

compared to fresh un-passivated device (grey) (Figure S7).   
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Figure 4.  Normalized XPS peaks of Pb4f for the (a) un-passivated and (b) passivated 

(FAPbI3)0.85(MAPbBr3)0.15 perovskite film before (grey and black) and after (orange and red) 

ambient storage. 

 

To further investigate the change of passivated perovskite by ambient storage, depth resolved 

X-ray photoelectron spectroscopy (XPS) was carried out by measuring the surface as well as 

150nm into the bulk by argon ion beam etch.  Results are shown in Figure S8.  Most peaks have 

shown negligible changes after storage except for the lead peaks (see Figure 4a for normalized 

results) in the perovskite bulk. First of all, it is apparent that 136eV and 141eV Pb4f shoulder peaks 

can be found in the perovskite bulk layer but not at the surface for both un-passivated and 

passivated perovskites (Figures 4a & 4b). Secondly, the intensities of these shoulder peaks 

decrease in passivated perovskites after ambient storage (Figure 4b).  Thirdly, the main peaks in 

the passivated perovskite bulk increase after ambient storage (Figure S8h).  The shoulder peaks 
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can be attributed to the metallic Pb0 (low oxidation state of Pb). 54  These results indicate the 

existence of Pb0 in the bulk layer, implying the formation of under-coordinated Pb defects and 

importantly, these peaks decrease after ambient storage for the passivated perovskite (Figure 4b).  

This explains the origins of PCE improvement in the passivated PSCs. This is the first time that 

reduction of lead-related bulk defects by storage is revealed. As to why this particular storage-

induced-bulk-improvement only occurs in passivated device and not un-passivated device, more 

work is required for elucidating the causes.   

 

Further improvement by composition engineering for passivated-

perovskite before and after storage  

While it is encouraging to see that surface recombination is no longer dominant in passivated 

devices (whether fresh or stored) and Nt in the passivated perovskite can be reduced by ambient 

storage, a PCE of 21.2%, and an nid of 1.7 for stored passivated device mean defects in perovskite 

bulk still exist.  This motivates the use of composition engineering to improve the quality of the 

perovskite layer for further immediate PCE improvement.  

Here the perovskite composition is changed from (FAPbI3)0.85(MAPbBr3)0.15 to 

(CsPbI3)0.05((FAPbI3)0.95(MAPbBr3)0.05)0.95, taking advantages of Cs incorporation (defect 

reduction)55–58 and increased FA content (higher PCE).10,11,59  The result is an immediate PCE 

improvement by ~1% absolute (cf. Figures 1 & 4  and cf. Tables S1 & S3) due to the increase in 

JSC (~25 mA cm‒2 as opposed to ~24 mA cm‒2 for Cs-free devices) from reduced bandgap (from 

1.62eV (Figure S4) to 1.58eV (Figure S9)).  The effect of storage is also studied showing similar 

PCE improvement (Figure 5 & Table S3).  The lower nid = 1.5 (inset of Figure 5) in Cs-containing 

films is the result of longer carrier lifetime (Table S4) determined from TRPL (Figure S10).  This 
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contributes to higher FF of 0.79 in the corresponding champion device (Figure 5).  As a result, the 

best PCE of 22.2% was achieved (Figure 5).  

Aligning with the title of this work, these results show that composition engineering produces 

an immediate PCE enhancement in surface-passivated cells while further storage can still produce 

a temporal PCE enhancement in these surface-passivated and bulk-improved devices. 

However, we note that the lowered nid of 1.5 is above 1, indicating room for improvement to 

further reduce trap-mediated recombination process.  Future work will also entail investigation 

into the effect of composition engineering on band alignment between the perovskite layer and the 

HTM and will elucidate whether storage will cause further changes. Results may prompt for 

another search for more appropriate passivation and transport layers.  

 

 

Figure 5.  (a) J–V characteristics of the best (CsPbI3)0.05((FAPbI3)0.95(MAPbBr3)0.05)0.95 perovskite 

solar cells before (dash) and after 1 day (solid) of ambient storage. (b) Intensity dependent VOC for 

the same device after storage for determining the ideality factor.   
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Table 2.  Photovoltaic parameters of the best (CsPbI3)0.05((FAPbI3)0.95(MAPbBr3)0.05)0.95 

perovskite solar cells before and after storage.   

Device JSC / mA cm−2 VOC / V FF / % PCE / % 

0 day 25.1 1.06 0.72 19.3 

1 day 25.2 1.11 0.79 22.2 

2 days 25.3 1.11 0.75 21.2 

 

Conclusion 

In summary, we demonstrated the combined effects of storage, surface passivation and 

composition engineering to produce temporal and immediate improvements of PCE for PSCs.  It 

was found that 1 day of ambient storage improved the performance of passivated 

(FAPbI3)0.85(MAPbBr3)0.15 PSCs from average PCEs of 17.4% to 19.7%.  A maximum PCE of 

21.2% has been achieved.  It was found that the presence of the surface passivating layer with an 

EVB between those of the perovskite bulk and the HTM are beneficial in reducing the band energy 

offsets between the three layers enhancing charge extractions.  However, excessive ambient 

storage (more than two days) caused further reduction in the HTM HOMO level resulting in band-

misalignment between the perovskite bulk and the HTM which explained the reduced FF of 

devices that were stored for too long.  Charge recombination in the perovskite bulk dominates in 

passivated devices regardless of storage confirmed by intensity dependent and temperature 

dependent VOC measurements but lead-related defects can be reduced by storage confirmed by 

XPS, TRPL and SCLC measurements.  Composition engineering (from (FAPbI3)0.85(MAPbBr3)0.15 

to (CsPbI3)0.05((FAPbI3)0.95(MAPbBr3)0.05)0.95) was demonstrated to be effective in producing 
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immediate performance improvement further even in well surface-passivated devices and if stored 

for 1 day produced temporal performance improvement further.  The best cell had a PCE of 22.2% 

with a lowered ideality factor of 1.5.   

These findings suggest that research on i) the technologies to reduce Nt in the perovskite layer 

and ii) interfacial passivation layers with appropriate energy level alignment with HTM’s are 

necessary to realize higher PCE for PSCs.  

 

Supporting Information  

Supplementary characterizations of materials and devices; tables summarizing previous reports of 

storage effect; photovoltaic parameters and fitting parameters of TRPL; and figures summarizing 

results of J−V, SEM, XPS, PYS, EQE, SCLC, and TRPL. 
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Experimental section 

Materials 

All chemicals were purchased from TCI or Sigma–Aldrich/Merck or Alfa Aesar or Lumtec 

(Luminescence Technology Corp.) and used without further purification.  

To prepare 1.2 M FAPbI3 (or MAPbBr3) solution, the prepared FAI (or MABr) is mixed with 

PbI2 (or PbBr2) in dimethylformamide (DMF) : dimethyl sulfoxide (DMSO) mixed solvent (4 : 1 

volume ratio) at room temperature. For the solution of (FAPbI3)0.85(MAPbBr3)0.15, prepared 

FAPbI3 and MAPbBr3 solutions are mixed with the corresponding volume ratio.  In the case of 

perovskite solutions, which we used in this study, excess PbI2 (5 mol% to FAPbI3) were mixed 

with the prepared (FAPbI3)0.85(MAPbBr3)0.15 solution and stirred at room temperature for 30 min.   

For the solution of (CsPbI3)0.05((FAPbI3)0.95(MAPbBr3)0.05)0.95 perovskite, the prepared CsI is 

mixed with PbI2 in DMF/DMSO mixed solvent (4 : 1 volume ratio), then prepared 1.2 M solutions 

of CsPbI3, FAPbI3, and MAPbBr3 are mixed with the corresponding volume ratio at room 

temperature. 

To prepare passivation solution, FAI and iBAI were dissolved in isopropyl alcohol for 5 mol% 

concentration solution.  Then, mixed passivation solution was prepared by mixing FAI and iBAI 

solutions with 1 : 1 ratio. 

Perovskite film deposition 

Perovskite film was deposited on the glass, FTO substrate or m-TiO2/c-TiO2/FTO substrate.  The 

prepared perovskite solution was spun at 2000 rpm and 6000 rpm for 20 s and 30 s, respectively. 

During the last 20 s of the second spin-coating step, the anti-solvent chlorobenzene was drop-

https://www.google.com.au/search?rlz=1C1GGRV_enAU751AU751&q=isopropyl+alcohol&spell=1&sa=X&ved=0ahUKEwi-jO-0zrXWAhVLNrwKHRriAi0QBQglKAA
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casted for 3 s.  The films were dried on a hot plate at 100 °C (150 °C for triple cation perovskite) 

for 20 min.  The prepared passivation solution was then spun at 2000 rpm for 20 s. The films were 

dried on a hot plate at 100 °C for 5 min. 

Solar Cell Fabrication 

FTO glass was cleaned by toluene, acetone, and ethanol for 15 min each in ultrasonic bath. A 

compact TiO2 (c-TiO2) was deposited by spray pyrolysis (~50 nm) using 12.5 mM titanium 

diisopropoxide bis(acetylacetonate) solution at 470 °C on the FTO substrate.  On top of the c-TiO2 

layer, 150 mg mL−1 of mesoporous TiO2 paste (m-TiO2, Greatcell solar 30 NR-D) in ethanol was 

spin-coated at 4000 rpm for 12 s.  Then, the substrates were annealed at 100 °C for 5 min followed 

by sintering at 500 °C for 30 min, which results in ~200 nm thickness of the m-TiO2 layer.  Then 

perovskite layer was deposited according to the process above.  A solution of spiro-OMeTAD 

containing 72.3 mg spiro-OMeTAD, 17.5 μL of a 520 mg mL−1 lithium bis(trifluoro-

methylsulphonyl)imide in acetonitrile and 31.2 μL of 4-tert-butylpyridine in 1 mL chlorobenzene 

was spin-coated on the perovskite/m-TiO2/bl-TiO2/FTO substrate at 5000 rpm for 40 s which 

results in ~150 nm thickness of the spiro-OMeTAD layer.  All films on m-TiO2 were deposited in 

a nitrogen-filled glovebox.  A 100-nm gold electrode was deposited by thermal evaporation.  

Characterization method 

Top-view and cross-section SEM images were obtained using a field emission SEM (Hitachi 

Regulus8220).  

The J–V characteristics and external quantum efficiency (EQE) of the devices were analyzed by 

integrated ECT-250D type solar simulator (Bunkoukeiki), under 100 mW cm−2 (AM 1.5G) 

simulated sunlight and calibrated monochromic light, respectively.  A black and non-reflective 

aperture (0.09 cm2) mask was used over the cells to avoid overestimation of the device current 
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densities associated with the active device area.  All J–V measurements were undertaken at room 

temperature in ambient condition.  SCLC measurement was carried out under dark condition using 

test structure of FTO/perovskite/Au. 

Time-resolved photoluminescence was measured time-correlated single-photon-counting 

(TCSPC) fluorescence lifetime system (Horiba Jobin Yvon FluoroCube) at an excitation 

wavelength of 470 nm.  Perovskite and perovskite/HTM films for TCSPC were prepared on the 

mesoporous TiO2 substrate (FTO/c-TiO2/mTiO2).  Bi-exponential function fitting is used and 

average lifetime τave is defined as τave = ∑i Aiτi
2 / ∑i Aiτi .   

The valence band of perovskite was measured with a photoelectron emission yield spectrometer 

(Riken Keiki, AC-3E).   

Ideality factor (nid) and activation energy (Ea) 

nid typically lies between 1 and 2 depending on the recombination mechanism under typical 

conditions.  To be more specific, it would be near unity for band-to-band or trap-mediated interface 

or surface recombination and it would be 2 for trap-mediated SRH recombination.S1-S3  In the case 

of Ea, it would be similar to Eg, if the recombination current is due to band-to-band recombination 

or SRH recombination in the light-harvesting absorber layer.S1,S4,S5  On the other hand, Ea would 

be smaller than Eg if the recombination current is due to recombination at the sub-bandgap tailed 

states in the bulk and/or recombination at the perovskite/charge transport layer interface, as 

reported previously.S1,S6,S7   

On the basis of a simple equivalent circuit model, VOC is given by the equation (1),   

𝑉OC =
𝑛id𝑘B𝑇

𝑞
𝑙𝑛 (

𝐽SC

𝐽0
)      (1) 
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where kB is the Boltzmann constant, T is the temperature, q is the elementary charge, and J0 is the 

saturation current density at a reverse bias.  Thus, nid can be estimated from the slope of the qVOC-

log JSC plot.  The recombination current in the diode J0 is typically given by the Arrhenius equation 

(2).   

𝐽0 = 𝐽00exp (−
𝐸a

𝑛id𝑘B𝑇
)     (2) 

where J00 is the pre-exponential factor.  By combining the equations (1) and (2), we obtain the 

equation (3).   

𝑞𝑉OC = 𝐸a − 𝑛id𝑘B𝑇𝑙𝑛 (
𝐽00

𝐽SC
)        (3) 

Consequently, Ea of the device can be evaluated from an extrapolated value at 0 K of the 

temperature dependent qVOC. 
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