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Abstract: Organic-inorganic lead halide perovskites are emerging materials for the next-

generation photovoltaics. Lead halides are the most commonly used lead precursors for 

perovskite active layers. Recently, lead acetate (Pb(Ac)2) has shown its superiority as the 

potential replacement for traditional lead halides. Here, we demonstrate a strategy to improve 

the efficiency for the perovskite solar cell based on lead acetate precursor. We utilized 

methylammonium bromide as an additive in the Pb(Ac)2 and methylammonium iodide 

precursor solution, resulting in uniform, compact and pinhole-free perovskite films. We 
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observed enhanced charge carrier extraction between the perovskite layer and charge 

collection layers and delivered a champion power conversion efficiency of 18.3% with a 

stabilized output efficiency of 17.6% at the maximum power point. The optimized devices 

also exhibited negligible current density-voltage (J-V) hysteresis under the scanning 

conditions. 

 

 

 

 

 

 

 

 

1. Introduction 

As emerging photovoltaic materials, organic-inorganic lead halide perovskites (e.g. 

CH3NH3PbI3) have attracted much attention since their initial application in dye sensitized 

solar cells in 2009.[1] The unique merits, including the excellent optical absorption,[2] the long-

balanced carrier diffusion length[3,4] and the low-cost processing methods,[5] have allowed 

them to be extremely promising for the next-generation photovoltaics. To date, the power 

conversion efficiencies (PCEs) have exceeded 20% for the perovskite solar cells with 

mesoporous structures,[6,7] which were achieved by optimizing the device fabrication process, 

as well as developing composite perovskite materials.  

In addition to the mesoporous strucutres,[8,9] planar heterojunction perovskite solar cells have 

been also developed.[10] To ensure the high device performance, the photoactive layer in the 

planar heterojunction perovskite solar cell should be a pinhole-free and compact film with 
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uniform coverage and well-defined crystallinity.[11] The perovskite CH3NH3PbI3 precursor 

solutions are usually prepared through the reaction of methylammonium iodide (MAI) with 

the lead halides (PbI2 or PbCl2) in orgainic solvents such as DMF or DMSO.[12,13] In the 

conventional “one-step” deposition process for planar perovskite layer, the lead halide-based 

precursor solutions often produce the non-ideal film quality in terms of morphorlogy and 

crystallinity which limits the enhancement of device performance.[14,15] To address these 

issues, many approaches have been developed to improve the perovskite thin film quality, 

such as vapor phase deposition,[16] “two-step” sequential deposition,[17,18] solvent 

engineering,[12,19] precursor composition engineering[20] and methylamine (MA) induced 

defect-healing.[21] 

As an alternative strategy, efforts were also made to replace the lead halide precursors in the 

simple “one-step” deposition process. For example, Pb(SCN)2
[22] and Pb(NO3)2

[23] have been 

used as lead sources for perovskite films, although the device performances were not high. 

Recently, lead acetate (Pb(Ac)2) precursor has been used to replace conventional lead 

halides.[24,25] Ultra-smooth perovskite films were obtained after a short-duration and low-

temperature annealing. PCEs approaching 15% were achieved in the devices with a regular 

planar heterojunction structure. It was also noted that the use of additive, hypophosphorous 

acid, in the Pb(Ac)2-based precursor solutions could improve the device performance, leading 

to higher PCEs of ~16%.[26] Fullerene has been mixed into perovskites based on lead acetate 

and this was found to reduce hysteresis through the passivation effect of fullerene.[27] The 

incorporation of PbCl2 as an additive into the lead acetate-based precursor solution has also 

been reported to form relatively large crystals with a PCE of 15% being achieved in planar 

perovskite solar cells using an inverted structure.[28] To date, the devices based on lead acetate 

precursor have shown a relatively lower photovoltaic performance in comparison to the 
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reported highly efficient planar heterojunction perovskite solar cells based on lead halide 

precursors.[29-32] 

Herein, we show a method to improve the efficiency of the planar heterojunction perovskite 

solar cells using Pb(Ac)2 as the lead source in the simple “one-step” deposition process. 

Methylammonium bromide (MABr) was used as an additive in the perovskite precursor 

solution containing stoichiometric amounts of Pb(Ac)2 and MAI. The addition of MABr in the 

precursor solution generated compact, pinhole-free perovskite films with improved uniformity 

and crystallinity. The charge carrier extraction at the interfaces between the perovskite layer 

and charge collection layers was also facilitated after the addition of trace amounts of MABr 

additive. A champion PCE of 18.3% was achieved with a stabilized output efficiency of 

17.6% at the maximum power point. The optimized devices also exhibited negligible current 

density-voltage (J-V) hysteresis when the MABr additive concentration was optimized. 

 

2. Results and Discussion 

 

2.1. Device Optimization 

Figure 1a presents typical device architecture of the inverted planar heterojunction perovskite 

solar cells in this study. Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) 

(PEDOT:PSS, 25 nm) served as the hole collection layer. [6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM, 40 nm) functioned as the electron extraction layer. Bathocuproine 

(BCP, 10 nm) was used as hole blocking layer to avoid the hole-electron recombination at the 

perovskite/metal electrode interface. The CH3NH3PbI3 perovskite photoactive layers (280 nm) 

were prepared through the simple “one-step” deposition process based on the stoichiometric 

mixture of Pb(Ac)2 and MAI in dimethylformamide (DMF). MABr was used as the additive 

in the precursor solutions with varied molar ratios (mol%) of MABr to Pb(Ac)2. 
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Figure 1. (a) Device configuration of the inverted planar perovskite solar cells. (b) Current 

density-voltage (J-V) characterization for the devices fabricated without and with 1.5 mol% 

MABr additive measured with forward and reverse scans under simulated AM 1.5G 

illumination of 100 mW·cm-2. (c) Performance summary for the devices in (b). 

To explore the optimal amount of additive, the device fabrication process was well-controlled 

varying in only the concentrations of the additive. Table 1 summarizes the photovoltaic 

performance measured under simulated AM 1.5G 100 mW·cm-2 illumination. All devices 

were prepared from the same batch. The reference device without the MABr additive had a 

short-circuit current density (Jsc) of 20.30 mA·cm-2, open-circuit voltage (Voc) of 0.93 V, and 

fill factor (FF) of 0.73, resulting in an overall PCE of 13.8%. The device performance was 

continuously improved as long as the ratio of MABr was increased. Best performance was 

achieved when the MABr concentration was 1.5 mol%, yielding a Jsc of 22.50 mA·cm-2, Voc 

of 0.97 V, and FF of 0.80, resulting in a PCE of 17.5%. Further increasing the concentration 

of MABr did not improve device performance. Figure 1b compares the hysteresis in the J-V 

profile of devices fabricated without and with MABr (1.5 mol%). The devices were measured 

with both the reverse scan (from forward bias to short circuit) and the forward scan (from 
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short circuit to forward bias). The reference device without MABr showed a hysteresis in the 

J-V profile. In contrast, negligible J-V hysteresis was observed after introducing 1.5 mol% 

MABr as an additive. 

Table 1. Performance summary of the inverted perovskite solar cells fabricated with different 

MABr additive concentrations under simulated AM 1.5G 100 mW·cm-2 illumination. 

MABr concentration 

[mol%] 

Jsc 

[mA·cm-2] 

Voc  

[V] 

FF PCE 

[%] 

0 20.30 0.93 0.73 13.78 

0.5 20.96 0.94 0.75 14.78 

1.0 21.82 0.96 0.77 16.13 

1.5 22.50 0.97 0.80 17.46 

2.0 21.09 0.99 0.78 16.29 

 

Based on the perovskite active layers with MABr additive, a champion PCE of 18.3% was 

achieved after optimization, with a Jsc of 22.34 mA·cm-2, a Voc of 1.00 V and a high FF of 

0.82, as shown in Figure 2a. By contrast, the reference device without MABr additive had a 

highest best PCE of 14.3%, with a Jsc of 20.28 mA·cm-2, Voc of 0.95 V and FF of 0.74. Figure 

2b shows the steady-state photocurrents and output efficiencies at the maximum power points. 

The reference device without MABr achieved a stabilized current density output of 17.40 

mA·cm-2 (at the voltage of 0.80 V), yielding a PCE of 13.9%. For the device prepared with 

MABr additive, a stabilized PCE of 17.6% was obtained (V = 0.85 V, J = 20.70 mA·cm-2). To 

demonstrate the reproducibility of the device performance, Figure 2c shows the histograms of 

PCEs for the devices without and with an optimal MABr additive concentration (50 devices 

for each group). It is obvious that the use of MABr as an additive in the Pb(Ac)2-based 

precursor solution also improved the reproducibility of device performance. In addition, 

planar heterojunction perovskite solar cells with regular device structure (Figure S1, 
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Supporting Information) were also prepared to evaluate the perovskite films with 1.5 mol% 

MABr additive. A remarkable PCE of 19.3% was achieved in the reverse scan with a Jsc of 

22.83 mA·cm-2, Voc of 1.10 V and FF of 0.77. The same device gave a PCE of 15.2% in the 

forward scan with an average efficiency of 17.3% under simulated AM 1.5G 100 mW·cm-2 

illumination. 

 

Figure 2. (a) J-V curves of the best devices obtained without and with 1.5 mol% MABr 

additive in precursor solutions under AM 1.5G illumination of 100 mW·cm-2. (b) The steady-

state photocurrents and output efficiencies of the devices at the maximum power points. (c) 

Histograms of the PCEs for the devices without and with MABr additive. 

 

2.2. Morphological Characterization 

To understand the enhanced device performance induced by MABr additive, the morphology 

of the perovskite films without and with 1.5 mol% MABr additive was characterized, as 

shown in Figure 3. Scanning electron microscopy (SEM) was used to visualize the surfaces 

of the perovskite films and the cross sections of the finished devices. Atomic force 

microscopy (AFM) was used to compare the surface roughnesses of the as-cast perovskite 

films. From top view SEM images shown in Figure 3a and 3d, both the films showed compact, 

pinhole-free coverages on the substrates. The surface uniformity of the film prepared with 

MABr additive was better than that without. The improved surface uniformity was further 
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confirmed by the AFM, as shown in Figure 3b and 3e. For the pristine reference perovskite 

film without the bromide additive (Figure 3b), the arithmetic average (Ra) and the root mean 

square (Rq) are 21.54 and 27.13 nm, respectively within the scanned area. In contrast, the Ra 

and Rq values for the film prepared with 1.5 mol% MABr additive (Figure 3e) are 6.26 nm 

and 7.91 nm, respectively. These are consistent with the top view SEM images in Figure 3a 

and 3d, indicating a much smoother film was produced using the MABr additive. Figure 3c 

and 3f compare the cross-sectional SEM images of the complete devices based on the 

perovskite films without and with MABr (1.5 mol%) additive. It is noted that for films 

produced with the MABr additive, larger grain size and fewer lateral grain boundaries were 

obtained than those for the reference film. The grain size in the vertical direction for films 

produced with the MABr additive is comparable to the perovskite film thickness. This implies 

that the charge carriers can efficiently transport across the perovskite films and reach the 

corresponding electrode interfaces before recombination.[33] In addition, conductive atomic 

force microscopy (c-AFM) in contact mode was also performed to investigate the distribution 

of film conductivity, as shown in Figure S3. The c-AFM results indicate that the film prepared 

with the MABr additive had more uniform current conduction and higher vertical current. 

These morphology characterization results indicate that the introduction of MABr additive in 

the Pb(Ac)2-based precursor solution can improve both the film uniformity and the perovskite 

crystallinity, two key requirements for high performance perovskite solar cells.[34] 
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Figure 3. Morphology characterizations for the perovskite films without (a-c) and with (d-f) 

1.5 mol% MABr additive. (a,d) Top view scanning electron microscopy (SEM) images. (b,e) 

Atomic force microscopy (AFM) images (Inset: Three-dimensional surface topographical 

images). (c,f) SEM cross-sectional images of the finished devices. (Scale bar: 250 nm) 

 

2.3. Structural Characterization and Spectroscopic Studies 

Figure 4a compares the X-ray diffraction (XRD) spectra for the perovskite films prepared 

with different MABr additive concentrations. All the peaks in the XRD patterns could be 

indexed to the tetragonal crystal structure of CH3NH3PbI3.
[35] It was also found that the 

intensities of the reflections changed when the MABr additive was used. For example, the 

intensity of the (110) peak reached the maximum when the MABr concentration was ~1.5 

mol%, paralleling the best device performance. In addition, the XRD patterns showed slight 

peak shift when MABr additive was used (Figure S4), indicating the existence of 

bromine.[36,37] The trace amount of bromide additive in the perovskite film can also be 

detected by the ultraviolet-visible (UV-vis) absorption spectra. Figure 4b gives the UV-vis 

absorption spectra for the perovskite films with different MABr additive concentrations. The 

inset of Figure 4b shows the enlarged absorption spectra around the absorption onset. It is 
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evident that the blue shift of the absorption onset increases with increasing MABr 

concentration: from 780 nm for the film without MABr to 772 nm for the film with 2.0 mol% 

MABr. This indicates the presence of a trace amount of a mixed halide perovskite which was 

generated based on the residual of bromide additive. The blue shift of absorption onset also 

implies the slight increase of optical bandgaps, which eventually contributes to the improved 

Voc. 

 

Figure 4. (a) X-ray diffraction (XRD) patterns and (b) ultraviolet-visible (UV-vis) absorption 

spectra for the ~280-nm-thick perovskite films prepared with Pb(Ac)2-based precursor 

solutions in the presence of MABr additive with different concentrations. 

 

Figure 5 shows the photoluminescence (PL) spectra for the perovskite films processed with 

and without the MABr additive. The perovskite films were deposited on the ITO/PEDOT:PSS 

substrates and then covered by a PC61BM layer. Figure 5a and 5b show the steady-state PL 

spectra for the samples excited from both the ITO side (Figure 5a) and PC61BM side (Figure 

5b). The wavelength of excitation light was 470 nm which had limited penetration depth in 

the 280-nm-thick perovskite films. This ensured the study of the charge carrier behavior for 

the perovskites close to the interfaces between perovskite layer and charge collection layers.[38] 
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For the reference sample without MABr additive, a PL peak at 782 nm was observed which 

was independent of the incident light directions. This indicates that the optical and charge 

carrier properties for perovskites close to the top and the bottom interfaces were not 

discernably. For the sample processed with the MABr additive, a blue-shifted PL peak (from 

782 to 776 nm) was observed when the incident light entered from the ITO side (Figure 5a). 

This was attributed to the existence of trace amount of mixed halide perovskite and is 

consistent with the blue shift in the UV-vis spectra. When the incident light came from the 

PC61BM side, a PL peak with slightly larger blue shift (from 782 to 771 nm) was observed as 

shown in Figure 5b. The larger blue shift in the PL peak might be ascribed to a decrease in the 

surface trap states on the top surface of the perovskite film with MABr additive, because both 

the surface roughness and the surface conductance were improved by the additive as 

illustrated in Figure 3 and Figure S3. Moreover, it was noted that the addition of the MABr 

additive reduced the intensity of the steady-state PL peaks in both Figure 5a and 5b. This 

indicates that the charge carrier extractions at both the top and bottom interfaces were 

enhanced by MABr additive. 

The interfacial interaction was further investigated by the time-resolved photoluminescence 

(TRPL) decay measurements. TRPL measurement has been successfully used to determine 

exciton lifetime, diffusion rate and diffusion length.[39,40] It can also be used to explore the 

charge carrier extraction at the interface between charge collection layers and the perovskite 

layer. In this work, TRPL measurement was performed to compare the perovskite active 

layers obtained without and with MABr at both the hole and electron extraction interfaces. 

The samples and film excitation conditions for TRPL measurements were the same as those 

used in steady-state PL measurements. The TRPL decays were acquired at the emission 

wavelength of 767 nm. The observed PL decays were fit with two exponential decay curves to 

yield the lifetimes of excitons or carriers according to the one-dimensional diffusion model 
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(the longer lifetime was used).[38] Figure 5c and 5d show the TRPL results. The reference 

perovskite film prepared without MABr had carrier lifetimes of 41.9 ns (from ITO side) and 

22.7 ns (from PC61BM). After introducing the MABr additive, reduced carrier lifetimes of 

32.3 ns (from ITO side) and 16.8 ns (from PC61BM) were obtained. Compared to those of the 

pure perovskite films, the shorter lifetimes obtained for the perovskite film with MABr 

suggests that the bromide additive accelates charge extraction from perovskite to charge 

collection layers.[26,41] This is consitent with the reduced steady-state PL peak intensity and 

directly translates into the improved device performance. 

 

Figure 5. (a,b) Steady-state and (c,d) time-resolved photoluminescence (PL) spectra of the 

perovskite films (Film architecture: ITO/PEDOT:PSS/perovskite (w/o and with MABr) 

/PC61BM) measured at 767 nm. The films were excited with 470 nm excitation laser light 

from both the ITO side (a,c) and the PC61BM side (b,d). 
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4. Conclusion 

In conclusion, we have used MABr as an additive for the perovskite film prepared with 

Pb(Ac)2 precursor. It is evident appropriate amounts of MABr in the Pb(Ac)2-based procursor 

solution can not only improve the film morphology and crystallinity, but also tune the optical 

and electrical properties of the perovskite photoactive layer. Charge carrier extraction at the 

interfaces between the perovskite layer and charge collection layers was also enhanced, as 

judged by PL quenching measurements. A champion power conversion efficiency of 18.32% 

was achieved in the inverted planar heterojunction perovskite solar cells based on the lead 

acetate precursor, with the stabilized output efficiency of 17.60% at maximum power point. 

The optimized devices also showed negligible J-V hysteresis. These results indicate that lead 

acetate can be a promising precursor to achieve highly efficient planar heterojunction 

perovskite solar cells, and further improvements through subtle tuning of chemical 

composition are likely to be feasible. 

5. Experimental Section 

Materials: Methylamine iodide (MAI) and methylamine bromide (MABr) was synthesized 

with methylamine (MA) and hydrohalic acid (HX) through the method reported by the 

previous literature.[42] Lead acetate (Pb(Ac)2) was purchased from Sinopharm Group 

Company and used as received. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS, P VP AI4083) was purchased from Heraeus Clevios. [6,6]-phenyl C61-butyric 

acid methyl ester (PC61BM) was purchased from C-Nano Tech. 2,9-dimethyl-4,7-diphenyl-

1,10-phenanthroline (BCP) and 2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-

spirobifluorene (Spiro-OMeTAD) were purchased from SunaTech Inc. All other liquid 

reagents, such as N,N-Dimethylformamide (DMF), 2-propanol (IPA), and chlorobenzene 

(CB), were purchased from commercial sources (Across) and used as received. 

http://cn.bing.com/dict/search?q=lead&FORM=BDVSP6&mkt=zh-cn
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Inverted Structure Perovskite Solar Cells: The devices were manufactured on the pre-

patterned glass/ITO substrates (1.5 cm × 1.5 cm, 15 Ω/□), which were ultrasonically cleaned 

with diluted detergent, deionized water, acetone, and IPA in succession. Before spin-coating, 

the glass/ITO substrates were treated by UV-Ozone for 7 min. Then PEDOT:PSS was spin-

coated onto the ITO substrates at 4000 rpm for 30 s. The samples were then annealed at 

130 °C for 20 min in ambient atmosphere and transferred into the glovebox filled with N2. To 

create the perovskite precursor solution, MAI and Pb(Ac)2 were dissolved in anhydrous DMF 

at a 3:1 molar ratio with a final concentration of 46 wt% before adding varied molar ratios of 

MABr to Pb(Ac)2 in DMF. The precursor solution was spin-coated at 4000 rpm for 60 s, and 

then the samples were directly placed onto a hot plate at 80 °C for 5 min. After the as-heated 

perovskite films cooled down to room temperature, a 30 μL of PC61BM (20 mg·mL-1 in CB) 

solution was spin-coated on the top of perovskite layer at 1000 rpm for 30 s to form an 

electron collection layer. Afterwards, BCP in IPA was spin-coated at 1000 rpm for 30 s. 

Finally, metal silver (80 nm) electrode was thermally evaporated in the vacuum chamber with 

the base pressure of < 4 × 10-4 Pa though a shadow mask. 

Regular Structure Perovskite Solar Cells: The TiOx nanoparticle precursor solution was 

prepared based on our reported literature.[43,44] Then the solution was spin-coated on pre-

cleaned and patterned glass/FTO substrates at 3000 rpm for 60 s, then thermally annealed at 

500 °C for 30 min in the air to build a TiOx layer. The perovskite active layer was fabricated 

via the same process as described above for the inverted structure solar cells, and heated at 

100 °C to form the desired crystals. 80 mg of Spiro-OMeTAD, 17.5 µL of lithium 

bis(trifluoromethanesulfonyl)-imide (Li-TFSI) solution (520 mg of Li-TFSI in 1 mL of 

acetonitrile) and 28.5 µL of 4-tert-butylpyridine were all dissolved in 1 mL of CB and the 

solution was then coated at 2000 rpm for 40 s on perovskite active layer as the hole collection 
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layer. Similarly, metal gold electrode of 80 nm was thermally evaporated in the vacuum 

chamber with the base pressure of < 4 × 10-4 Pa though a shadow mask. 

Characterization of perovskite solar cells: The cells (active area: 0.09 cm2) were irradiated 

under 100 mW·cm-2 by a 150 W class AAA solar simulator (XES-40S1, SAN-EI) with an 

AM 1.5G filter. The light intensity of 100 mW·cm-2 was determined by a standard 

monocrystalline silicon photodiode calibrated by the Newport TAC-PV lab. The J-V curves 

were measured with a Keithley 2400 source-measure unit. The EQE spectra were measured in 

air using a lock-in amplifier coupled with a monochromator (Crowntech, Qtest Station 2000, 

USA). The light intensity from the monochromator was calibrated by using a standard 

monocrystalline Si photovoltaic cell. To ensure an accurate illumination area, the champion 

devices were also tested using an aperture mask (an area of 0.07 cm2). The measurements of 

the inverted structure devices were carried out in a glove box filled with N2 at room 

temperature. The regular structure devices were measured in the ambient atmosphere. All of 

the devices were tested without encapsulation. 

Other Characterizations: Scanning electron microscopy (SEM) images were obtained through 

a field-emission SEM (FEI Nova_Nano SEM 430). The atomic force microscopy (AFM) 

images were collected by an atomic force microscope in non-contact mode from Thchcomp 

(XE-100, Park Systems, Korea). The conductive atomic force microscopy (c-AFM) images 

were collected by the same equipment in contact mode. Given the small values of surface 

current, the mapping of current value vs color is built by evaluating the logarithm of current 

value. The film thickness was measured by stylus profilometry (Bruker Dektak XT, Germany). 

The X-ray diffractmeter (XRD) samples prepared on ITO/PEDOT:PSS substrates were 

characterized by Mini Flex 600 (Rigaku, Japan). The ultraviolet-visible (UV-vis) absorption 

spectra of perovskite films on ITO/PEDOT:PSS were performed by an spectrophotometer 

(Agilent 8453, USA). The steady-state and time-resolved photoluminescence (PL) spectra 



  

16 

 

were measured at 767 nm upon excitation at 470 nm via a fluorescence spectrophotometer 

(FLS980, Edinburgh Instruments, England). The electrochemical impedance spectroscopy 

(EIS) was carried out by an electrochemical workstation (Autolab PGSTAT302N, Metrohm, 

Switzerland) and the results were fitted with the software named Nova. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure S1. J-V curves of the regular planar heterojunction perovskite solar cell composed of 

glass/FTO/c-TiO2/perovskite thin film/spiro-OMeTAD/Au obtained in the presence of 1.5 

mol% MABr additive measured with forward and reverse scans under simulated AM 1.5G 

illumination of 100 mW·cm-2. The c-TiO2 is a compact TiO2 layer.  
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Figure S2. EQE spectrum for the champion device fabricated with 1.5 mol% MABr.  
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Figure S3. Conductive atomic force microscopy (c-AFM) characterizations in contact mode 

for the perovskite films without (a,b) and with (c,d) 1.5 mol% MABr additive. (a,c) Surface 

AFM images. (b,d) C-AFM images. Given the small values of surface current, the mapping of 

current value vs color is built by evaluating the logarithm of current value. 
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Figure S4. XRD patterns for the ~280-nm-thick perovskite films prepared with Pb(Ac)2-

based precursor solutions with and without MABr additive. A relative peak shift of 0.046° 

was observed for the film obtained in the presence of MABr. 
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Figure S5. TRPL spectra of the perovskite films without and with MABr on the bare glass 

substrates measured at 767 nm. 

 

TRPL measurements were also carried out for the perovskite layers with and without MABr 

on the bare glass substrates wihout any interfatial layers. This ensured that the lifeimes 

measured did belong to the charge carriers inside the perovskite. The perovskite film prepared 

with 1.5 mol% MABr had longer lifetime than the reference film without MABr. This 

indicates the enhancement of charge carrier transferring inside the perovskite films induced 

by MABr additive. 
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Figure S6. Nyquist plots under the light intensity of 100 mW·cm-2 at 0.97 V for inverted 

perovskite solar cells obtained without and with 1.5 mol% MABr additive. The 

electrochemical impedance spectroscopy (EIS) results were fitted with corresponding 

equivalent circuits. The series resistance (RS) almost unchanged after introducing MABr, but 

the charge transfer resistance (RCT) became lower. RCT of 17.7 and 33.1 Ω was obtained for 

the device prepared with 1.5 mol% MABr and the reference device without MABr, 

respectively. Smaller RCT implies a better contact between perovskite and eletron block layer, 

and enhanced charge carrier ransferring, thus contributed to the improvement in power 

conversion efficiency.[S1] This is consistent with the results of steady-state PL and TRPL. 
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