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In a new heterojunction solar cell employing CH3NH3PbBr3 (MAPbBr3) as light absorber, 

we found that the introduction of a carboxylate monolayer on the mesoporous TiO2 surfaces 

significantly enhances JSC as well as VOC. In particular, the presence of a bromoacetate 

monolayer at the interface of TiO2/MAPbBr3 remarkably increases the photovoltaic 

conversion efficiency (PCE) from 2.65% to 5.57% with JSC of 5.411 mA/cm2, VOC of 1.372 

V, and FF of 0.75. Time-resolved photoluminescence measurements indicate that presence 

of the interfacial carboxylate groups expedites electron injection from MAPbBr3 to TiO2. 

Furthermore, according to pulsed light-induced transient measurements (PLITM) of 

photocurrent analysis, the lifetime of photoinjected electrons (τe) in TiO2 conduction band 

(CB) significantly increases with the passivation of the interface, implying the suppression 

of charge recombination as well. 

Introduction 

Solid-state perovskite solar cells that utilize methylammonium 

lead halide (CH3NH3PbX3, X=I, Br or Cl) as light absorber 

have attracted extensive interest as next-generation 

photovoltaics, ever since the first report in 2012.1,2 In the 

perovskite solar cells, hole-transporting material (HTM) is 

commonly employed to mediate the transfer of holes generated 

in the perovskite light absorber into the counter electrode (CE). 

Presently, perovskite solar cells with photovoltaic conversion 

efficiencies (PCEs) approaching to 20% have been reported 

(currently 20.1% certified).3-5  

 Heterojunction solar cells (HSCs) without employing HTM 

have also been investigated as a new type of solar cells. In 

constructing HSC, mainly PbS-based quantum dots have been 

applied as light absorber,6-8 and recently perovskite materials 

such as CH3NH3PbI3 (MAPbI3) were also utilized.9-14 In the 

perovskite-based HSC, the highest PCE thus far reported was 

10.49%,14 which is considerably lower than that of 

conventional perovskite solar cells employing HTM such as 

spiro-OMETAD. Nonetheless, the HSC has several advantages 

in comparison with the conventional perovskite solar cells.  

First of all, the HSC devices can be prepared quite simply with 

low fabrication cost, because HTM layer, the most expensive 

component, is not employed. In addition, the HSC devices do 

not require the compact TiO2 layer that plays the role of 

blocking the direct contact between TCO and HTM.15,16 

Furthermore, higher open circuit voltage (VOC) might be 

achieved because the voltage drop, which is estimated to be the 

energy difference between the valence band (VB) of light 

absorber and the HOMO of HTM, can be avoided. 

 CH3NH3PbBr3 (MAPbBr3) has often been used as light 

absorber of perovskite solar cells,17-22 but it has never been 

applied to HSC to our knowledge. The highest PCE reported 

for a perovskite solar cell adopting MAPbBr3 is only 6.7% thus 

far,20 and theoretical maximum current is estimated to be only 

12.5 mA/cm2 under AM 1.5G. Such low PCE can be ascribed 

to the wide band gap (2.2 eV) of MAPbBr3, thus preventing the 

absorption of photons at wavelengths longer than 550 nm. In 

contrast, however, MAPbBr3 perovskite solar cells can provide 

ultrahigh VOC larger than 1.3 eV, which can be applied as an 

energy source for several photoelectrochemical reactions. For 

instance, its high VOC is suitable for a bias voltage boosting 

photoelectrochemical reactions including water-splitting 

reactions or CO2 reduction reactions.23-27 Furthermore, its high 

VOC can be directly applied to preparation of hydrogen by 

electrolysis of water, requiring 1.23 V.28 Considering the 

overpotential of the water-splitting reaction, the VOC of a 

photovoltaic cell needs to be higher than ~1.5 V.29,30 From the 

energy diagram shown in Fig. 1, the maximum voltage of the 

MAPbBr3-based HSC is estimated to be 1.6 V, suggesting that 

the hydrogen evolution from the electrolysis of water can be 

achieved in the future by a single MAPbBr3-based HSC device 

without fabricating the tandem cell structures. Likewise, 
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promising applications are expected for the MAPbBr3-based 

HSCs that exhibit ultrahigh VOC.  

 

 

 
Fig. 1 Energy band diagram and charge separation principle 

for the TiO2/MAPbI3/Au heterojunction solar cell (HSC).  

 

 

 Charge separation arising from the charge transfer in the 

MAPbBr3-based HSC will be less efficient than that of 

conventional perovskite solar cells that employ HTMs to 

mediate the transfer of holes out of the valence band (VB) of 

light absorber. Concurrently, charge recombination inevitably 

occurs with a higher rate in the HSC devices, further degrading 

the photovoltaic properties such as short circuit current (JSC) 

and VOC. Therefore, charge transfer becomes more important in 

the HSC devices than the conventional perovskite solar cells. In 

this work, we controlled the interface between the MAPbBr3 

and the mesoporous TiO2 layer in the MAPbBr3 HSC. Interface 

control at TiO2/perovskite or perovskite/HTM has often been 

attempted to improve charge transport efficiency in the 

perovskite solar cells.31-34 Herein we found the coverage of the 

TiO2 surface by a monolayer of carboxylate groups remarkably 

enhances photovoltaic performance of the MAPbBr3 HSC. We 

also examined the effect of several types of carboxylate groups 

on the photovoltaic properties and measured the charge transfer 

efficiency and the electron lifetime in the mesoporous TiO2 

layer by applying time-resolved spectroscopic techniques. 

 

Results and discussion 

We introduced molecular carboxylates on the surface of 

mesoporous TiO2 layer by dipping the film into the 

corresponding carboxylic acid solution. It is well known that 

the carboxylic acids have excellent binding affinity for TiO2 

surface.35-39 For instance, in the dye-sensitized solar cells 

(DSSCs), various dye molecules with carboxylate terminal 

groups are stably anchored to the surface of mesoporous TiO2 

to form monolayer coverage.37-39 The amounts of carboxylic 

acids adsorbed on the TiO2 surface can be determined by 

monitoring the UV-visible absorption spectra, when the 

carboxylic acids exhibit characteristic absorption peaks. 

Previously, Arakawa et al. reported that density of carboxylic 

dyes adsorbed on the ~10 µm-thick mesoscopic TiO2 film 

(derived from the ~20 nm-sized TiO2 nanoparticle) are 1 – 

2×10-7 mol cm-2.37-39 In this work, we determined the density of 

phthalic acid (PA), exhibiting the characteristic absorption peak at 

~280 nm, on the similar TiO2 structure by the same technique. It 

was determined to be 2.2×10-7 mol cm-2, which is compatible 

with the reported values of carboxylic dyes.37-39   

SEM image for the cross-section of the 

FTO/TiO2/MAPbBr3/Au is shown in Fig. 2a. The thickness of 

mesoporous TiO2 layer is about 1.4 µm, and some of the spin-

coated MAPbBr3 seems to be infiltrated into the mesopores of 

the TiO2 layer, but its major portion is overlay-coated on the 

top of TiO2 surface by ~400 nm-thickness. As the back contact, 

Au layer was then deposited by vacuum evaporation technique 

with a thickness of ~60 nm. Magnified SEM image to the 

interfaces of TiO2/MAPbBr3 indicates that MAPbBr3 is well-

contacting the TiO2 surface and also filling into TiO2 

mesopores. Nonetheless, there is a high possibility that TiO2 

surfaces located in the tiny pores are not completely covered 

with MAPbBr3, due to difficulty of MAPbBr3 infiltration. The 
cross-sectional SEM image for the bromoacetate (BAA)-treated 

device (FTO/TiO2/BAA/MAPbBr3/Au) is shown in Fig. 2b. By 

introducing BAA in the interface, MAPbBr3 seems to be more 

tightly adhered to the TiO2 surface, but the precise information 

to the extent of pore-filling into the TiO2 pore structure could 

not be derived.  

 

 

 

  
 

Fig. 2 Cross-sectional SEM images for TiO2/MAPbBr3/Au (a) 

and FTO/TiO2/BAA/MAPbBr3/Au (b) HSCs, and pore size 

distribution for the mesoporous TiO2 layer derived from 20 nm-

sized nanoparticle (c). 
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Pore size distributions in the fabricated mesoporous TiO2 

films were analyzed by N2 adsorption–desorption isotherms. As 

shown in Fig. 2c, average pore diameter of the mesoporous 

TiO2 film, derived from the 20 nm-sized nanoparticles, is ~21 

nm, but the diameters of the generated pores are distributed 

from 8 to 30 nm. Considering that the pore-filling of MAPbBr3 

becomes difficult as the size of TiO2 pore decreases, significant 

portion of TiO2 surfaces, surrounding the narrow pores, would 

be exposed without deposition of MAPbBr3. Then the 

uncovered TiO2 surface could work as charge recombination 

site. That is, the uncovered TiO2 surface would be gradually 

occupied with water species or hydroxyl groups present in the 

environment. Furthermore, its surface can be smeared by Au 

clusters during the deposition of Au CE. Accordingly, the 

electrons in the TiO2 conduction band (CB), injected from the 

photo-excited MAPbBr3, would be trapped on those sites, 

resultantly retarding the electron transport and then inducing 

the charge recombination from TiO2 CB to MAPbBr3 VB. 

Therefore, passivation of TiO2 surface will be one of the key 

strategies to retard the charge recombination at the interface of 

MAPbBr3 and TiO2. In this work we introduced molecular 

carboxylates on the mesoporous TiO2 surface. It is expected 

that small molecular carboxylic acids, typically less than 1 nm, 

can pave the entire TiO2 surfaces, regardless of pore sizes. 

Logically, passivation process has to be performed after the 

deposition of MAPbBr3 layer, but practically this process is 

difficult, because the coated MAPbBr3 can be easily damaged 

during the deposition of carboxylic acid.  

The carboxylate layer formed at the interface of 

MAPbBr3/TiO2 may not prevent the electron transport from 

MAPbBr3 to TiO2 CB, because it is a monolayer consisting of 

small molecular carboxylic acids. Moreover, the contact of 

MAPbBr3 grains to TiO2 surface can be improved by the 

presence of the molecular carboxylate layer through the 

chemical interaction of carboxylate terminal group and 

MAPbBr3. In this regard, herein, we modified the surface of 

mesoporous TiO2 layer with several carboxylic groups such as 

formic acid (FA), deoxycholic acid (DCA), phthalic acid (PA), 

acetic acid (AA), and bromoacetic acid (BAA), prior to the 

deposition of MAPbBr3.  

 

 
 

Fig. 3  Plan-view SEM images for the MAPbBr films deposited 

on the bare TiO2, TiO2/FA, TiO2/DCA, TiO2/PA, TiO2/AA, and 

TiO2/BAA. Each scale bar denotes 500 nm. 

Plan-view SEM images of several MAPbBr3 layers, 

deposited on the bare TiO2 and the various carboxylate-treated 

TiO2 films, are shown in Fig. 3. MAPbBr3 film prepared on the 

bare TiO2 layer does not show uniform morphology. 

Introduction of FA, which is the smallest carboxylic acid, 

slightly improves the uniformity of MAPbBr3 film, but the 

introduction of bulky carboxylic acid such as DCA greatly 

improves the film uniformity, suggesting that the organic 

groups present on the TiO2 surface provide a favorable 

environment in the growth of MAPbBr3 grains. In addition, 

MAPbBr3 film prepared on the AA or BAA-treated TiO2 

exhibits significantly improved surface morphology. 

J-V curves were obtained from the several MAPbBr3 HSCs, 

as shown in Fig. 4a. PCE of the HSC without surface 

modification (HSC-bare) was 2.65% with JSC of 2.75 mA/cm2, 

VOC of 1.26 V, and FF of 0.76. By introducing several different 

carboxylate groups on the TiO2 surface, photovoltaic properties 

of the devices were remarkably enhanced, as shown in Fig. 4a 

and in Table 1.  
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Fig. 4 (a) J-V curves several MAPbI3 HSCs employing 

different carboxylic monolayers. (b) IPCE spectra of the bare 

MAPbI3 HSC (HSC-bare), and the HSCs employing BAA 

(HSC-BAA). 

 

It is also found that the enhancement of photovoltaic 

property is strongly dependent on the chemical structure of 

carboxylate groups. By introducing DCA with relatively bulky 

chain, the PCE of MAPbBr3 HSCs was only slightly enhanced, 

with relatively lower FF. The acquired result suggests that 

bulky organic group located in the interface works as a 

dielectric layer, which seems to be detrimental for the electron 

transport from MAPbBr3 to TiO2. Contrarily, we found that the 
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smallest FA group is not effective either in enhancing the PCE 

of MAPbBr3 HSC. The FA group seems to be too small to 

properly passivate the TiO2 surface. Finally, by introducing 

carboxylate groups with medium-sized hydrocarbon chains 

such as PA, AA and BAA, photovoltaic properties of HSCs 

were enhanced significantly more. That is, not only JSC but also 

VOC was significantly increased, clearly indicating the efficient 

electron transport from MAPbBr3 to TiO2 layer as well as the 

suppression of charge recombination. Among them, the HSC 

devices with BAA (HSC-BAA) or AA (HSC-AA) exhibited 

relatively higher PCEs than those with PA (HSC-PA). In 

particular, HSC-BAA, exhibited the highest PCE of 5.57% with 

JSC of 5.411 mA/cm2, VOC of 1.372 V, and FF of 0.75.  

 

Table 1. Photovoltaic properties of the MAPbI3 HSCs 

employing various carboxylic acids as interfacial layer. 

 

Carboxylic acids for 

interface control 

VOC 

(mV) 

JSC  

(mA/cm2) 
FF (%) PCE (%) 

bare 1260 2.752 76.34 2.65±0.25 

FA 1357 3.037 80.15 3.30 

DCA 1274 3.616 67.46 3.11 

PA 1355 4.135 78.76 4.41 

AA 1365 5.366 70.15 5.18 

BAA 1372 5.411 75.04 5.57±0.31 

 

 

Notably, the obtained PCE approaches to that of the high 

performance MAPbBr3 perovskite cell employing spiro-

OMETAD as HTM (PCE = 6.7%).20 The obtained results 

suggest that the enhanced PCE is closely related with the 

interaction affinity of alkyl chain part of carboxylic acid, facing 

to the MAPbBr3. That is, bromoacetate group in the BAA 

seems to have an intimate interaction with MAPbBr3, because 

the Br group can be used to connect with MAPbBr3, as 

described in Fig. 5. Relatively lower PCE of HSC-PA utilizing 

phthalic acid can be attributed to weaker chemical interaction 

between phenyl group and MAPbBr3.  

 

 

 
 

Fig. 5 A proposed schematic diagram describing the role of 

interfacial BAA group in connecting TiO2 and MAPbBr3. 

 

 

 The incident photon to current conversion efficiency (IPCE) 

spectra of the bare MAPbBr3 HSC and the HSCs employing 

BAA are shown in Fig. 4b. The integrated current densities 

estimated from the IPCE spectra are in good agreement with the 

JSC values acquired from the J-V curves. Overall external 

quantum efficiency (EQE) was enhanced approximately twice 

by introducing BAA group, but the EQE edge of the HSC 

devices was not altered, suggesting that the band structure of 

MAPbBr3 was not influenced by the introduced BAA group on 

the TiO2 surface.  

 To examine the role of passivation in the photovoltaic 

performance of MAPbBr3 HSCs, we measured time-resolved 

photoluminescence (PL) of solar cells containing various 

carboxylic acid layers. In principle, by comparing PL lifetimes 

of the bare MAPbBr3 film and the MAPbBr3/TiO2 bilayer films 

(with or without a carboxyl acid monolayer), we can 

characterize the dynamics and the efficiency of electron transfer 

across the interface. As can be seen in Fig. 6 and Table 2, the 

bare MAPbBr3 film exhibits the PL decay with the time 

constant of τP = 86.5 ± 2.5 ns. The addition of the TiO2 

electron-quenching layer accelerates the PL decay substantially, 

resulting in the PL decay with the time constant of τinterface = 8.9 

± 0.2 ns for the MAPbBr3/TiO2 bilayer film. Considering that 

the accelerated PL quenching in the bilayer film arises from 

electron transfer across the interface, we can obtain the relation 

of 1/τinterface = 1/τP + 1/τCT, from which we estimated the charge 

transfer time of τCT = 9.9 ns and the charge transfer efficiency 

(CTE = kCT/kinterface = τinterface/τCT) of 89.7 %. In overall the PL 

lifetime decreases significantly when adding a carboxyl acid 

monolayer between MAPbBr3 and TiO2. For TiO2/FA/ 

MAPbBr3 film, PL lifetime of τinterface was virtually the same as 

that of bare TiO2/MAPbBr3, suggesting that that FA is too 

small carboxylate to passivate the TiO2 surface. PL lifetimes of 

τinterface for the carboxylate-treated devices decrease in the order 

of DCA<PA<AA<BAA, indicating that BAA is the most 

suitable interfacial layer in expediting the charge injection from 

MAPbBr3 to TiO2. Subsequently, we estimated τCT and CTE for 

the MAPbBr3/TiO2 films passivated with various carboxylates. 

The trend of τCT was the same as that of τinterface, whereas the 

CTEs of the HJSs were varied in the order of 

FA>DCA>PA>AA>BAA. In overall, the obtained result is in 

good agreement with the trend of photovoltaic efficiency except 

FA-treated sample. 

 

 
Fig. 6. PL decays of bare MAPbBr3, TiO2/MAPbBr3, various 

TiO2/carboxylic acid/MAPbBr3 samples. It is clearly seen that 

the PL decay is accelerated with the addition of carboxylate 

layers. The time resolution of the time-resolved PL 

measurements was ~190 ps. 

  

The decrease of τCT and the improved CTE with the addition 

of passivation layer indicate that the presence of a passivation 

layer improves charge injection into TiO2 and ultimately leads 

to the increase of PCE. In particular, passivation with the BAA 
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monolayer gives the highest CTE and PCE, reflecting the subtle 

influence of the molecular structure of passivating molecules on 

the photovoltaic performance. Specifically, the BAA molecule 

can interact favorably with MAPbBr3 and TiO2 via a Br atom 

and a carboxylate group, respectively, to strengthen the 

chemical linkage between MAPbBr3 and TiO2 materials, as 

schematically proposed in Fig. 5. This proposed scheme is 

supported by the SEM image shown in Fig. 3 where we can see 

that the MAPbBr3 film is grown more uniformly on the surface 

of BAA/TiO2. 

 

Table 2. Charge transfer times and efficiencies estimated from 

PL lifetimes of MAPbBr3 HSCs employing various carboxylic 

acids as interfacial layer. 

Samples τinterface  

(or τP) (ns) 

τCT    

(ns) 

CTE 

(%) 

MAPbBr3                        86.5 ± 2.5                --                -- 

TiO2/MAPbBr3                 8.9 ± 0.2                9.9             89.7 

TiO2/FA/MAPbBr3         10.1 ± 0.2              11.4             88.3       

TiO2/DCA/MAPbBr3       7.2 ± 0.2                7.9              91.6 

TiO2/PA/MAPbBr3          4.6 ± 0.1                 4.9             94.6 

TiO2/AA/MAPbBr3          4.3 ± 0.1                4.5              95.0 

TiO2/BAA/MAPbBr3       3.5 ± 0.1                 3.7             95.9 

 

 

In addition, to determine the lifetime of photogenerated 

electrons, we performed the pulsed light-induced transient 

measurements (PLITM) of photocurrent analysis for 

FTO/TiO2/MAPbBr3/Au devices with or without a carboxylate 

monolayers. The electron lifetime (τe) was determined by fitting 

the decay of a transient photocurrent with exp(-t/τe),
40-43 as 

shown in Fig. 7.  
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Fig. 7 Electron lifetime (e) vs. JSC for the bare MAPbI3 

HSC and the HSCs employing various carboxylic acids. 

 

 

The τe value, measured under the open-circuit condition, 

represents the portion of electrons that survive the 

recombination from TiO2 CB to perovskite VB or Au CE. We 

found that τe values significantly increased by introducing 

carboxylate monolayers on the TiO2 surfaces. This can be 

rationalized that electron-hole recombination at the interface of 

TiO2/MAPbBr3 can be reduced by the presence of carboxylate 

monolayer, because the carboxylate groups block the direct 

contact between TiO2 and Au CE or the adsorption of water 

species onto TiO2 surface. In overall, τe values for the 

carboxylate-treated devices increase in the order of 

FA<PA<DCA<AA<BAA, as shown in Fig. 7. Notably, DCA-

treated TiO2 showed relatively larger τe value, comparing with 

its low PCE, suggesting that bulky DCA group is rather 

effective in blocking the electron-hole recombination. BAA-

treated TiO2 exhibits significantly larger τe value, indicating 

that it is the most suitable carboxylate in reducing the electron-

hole recombination.    

 To summarize, we demonstrated that the introduction of 

molecular carboxylate groups at the interface of TiO2/MAPbBr3 

expedites the electron injection from MAPbBr3 to TiO2 CB and 

also suppresses the charge recombination of the injected 

electrons in the TiO2 CB. Among the carboxylic acids used for 

the interface control, DCA is the largest, whereas formic acid 

(FA) is the smallest. Both are not efficient in enhancing 

photovoltaic property of HJS. DCA is too large and FA is too 

small to play an appropriate role as interfacial layer. We found 

that acetic acid or its derivative is more adequate as interfacial 

layer. Particularly, it was found that bromoacetic acid (BAA) is 

the most suitable carboxylate, because BAA interfacial layer 

can help the tight binding of perovskite layer onto TiO2 alyer 

by the role of Br group. As demonstrated, the control of the 

TiO2/MAPbBr3 interface is crucial for enhancing the 

photovoltaic performance of MAPbBr3-based HSC.  

 

Experimental 

Synthesis of MAPbBr3  

MAPbBr3, used as light absorber, was prepared according to 

the following procedure. A 0.294 mol hydrobromic acid (48 wt % 

in water, Aldrich) and 0.098 mol methylamine (40 wt % in 

methanol, TCI) were mixed and stirred in an ice bath for 2 h. 

The solvent in this mixture was completely evaporated at 60 oC 

to obtain the CH3NH3Br·2HBr precipitate. The collected 

CH3NH3Br·2HBr powder was washed several times by diethyl 

ether. For further purification, CH3NH3Br·2HBr was 

redissolved in 30 mL ethanol (Aldrich) and subsequently 

recrystallized by adding excess diethyl ether. To prepare 

CH3NH3PbBr3, the prepared 0.411 g CH3NH3Br·2HBr and 

0.569 g lead acetate (99%, Aldrich) were dissolved in 1.0 mL 

DMF with stirring at 60 oC for 1 h. The obtained viscous 

solution was then cooled to room temperature, and filtered by a 

syringe filter (pore size 0.45 µm, Whatman) to remove 

impurities.  

Solar cell fabrication  

A buffer layer with a ~20 nm-thickness was prepared by spin-

coating of the 0.15 M titanium (IV) bis(ethylacetoacetato) 

diisopropoxide solution in 1-butanol on a FTO glass (Pilkington, 

TEC-7, 7 Ω/sq), followed by annealing at 500 oC for 30 min. 

Over the buffer layer, mesporous TiO2 layer was deposited 

using a commercial paste (DyeSol, DSL 18NR-T), which was 

pre-diluted to 1/3 by adding ethanol. The prepared TiO2 paste 

was spin-coated at 2000 rpm for 30 s and then annealed at 500 
oC for 30 min.  

 To form carboxylate monolayer on the surface of 

mesoporous TiO2, the prepared TiO2 substrate was dipped into 

the ethanol solution containing 0.010 M carboxylic acid. After 

the dipping for 1 h, the mesoporous TiO2 substrate was washed 

thoroughly by ethanol to remove physically absorbed 

carboxylic acids. The surface modified mesoporous TiO2 films 

were then used to deposit MAPbBr3 layer by spin-coating 

method. That is, 0.15 mL of 1.5 M MAPbBr3 in DMF solution 

was dropped on the 2 cm × 2 cm substrate. After holding for 60 
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s, the substrate was then spun at 1000 rpm for 30 s. Au layer 

with a thickness of 60 nm was deposited by thermal evaporator 

(Korea Vacuum Tech.) to form the counter electrode (CE). The 

active area of the device was defined by a metal mask with a 

size of 0.122 cm2. 

Characterization 
To determine the amounts of carboxylic acids adsorbed on the 

TiO2 surface, PA-adsorbed TiO2 sample was employed, 

because PA shows a characteristic absorption peak at ~280 nm. 

The PA-adsorbed mesoscopic TiO2 film (size: 3×3 cm2, 

thickness: 10 µm) prepared from 20 nm-sized TiO2 NP was 

immersed in 10 ml of 3×10-4 M NaOH in a mixed solvent 

(water/ethanol = 1:1, v/v) for 4 h to completely desorb the PA 

as sodium phthalate. By measuring the absorbance of sodium 

phthalate at 280 nm by UV-visible absorption spectroscopy, the 

absorbed amount of PA was determined. 

The morphologies of the deposited MAPbBr3 films and the 

fabricated HJSs were examined by field-emission scanning 

electron microscopy (SEM, Hitachi S4300). Photocurrent–

voltage (I–V) measurements were performed using a Keithley 

model 2400 source measurement unit. A 300 W Xenon lamp 

(Spectra-Physics) was used as the light source and the light 

intensity was adjusted using an NREL-calibrated Si solar cell 

equipped with a KG-5 filter for approximating AM 1.5 G one 

sunlight intensity. The magnitude of the alternate signal was 10 

mV. The incident photon to current efficiency (IPCE) spectra 

was measured as a function of wavelength from 350 to 850 nm 

using a specially designed IPCE system (PV Measurements, 

Inc.).   

Time-resolved spectroscopies  
Time-resolved photoluminescence (PL) was measured using 

time-correlated single photon counting (TCSPC) spectrometer 

(FluoTime 200, PicoQuant). Film samples were illuminated by 

~100 ps laser pulses of 390 nm center wavelength through FTO 

glass, and the emission from CH3NH3PbBr3 was collected at the 

wavelength of 540 nm at 90˚ angle with respect to the incidence 

of excitation light. The temporal resolution of time-resolved PL 

measurements was ~190 ps. The PL decays of all the samples 

were best fit by a sum of two exponentials, A1 exp (–t/τ1) + A2 

exp (–t/τ2). The multi-exponential PL decay can be attributed to 

structural heterogeneity of film samples. To simplify the 

comparison between PL decays of various samples, we 

approximated the PL decay by a single exponential of an 

amplitude-weighted average lifetime, τavg = A1τ1 + A2τ2.

 The electron life time (τe) in the TiO2 CB was measured by 

a home-made PLITM of photocurrent and voltage equipment.40-

43 To obtain transient photocurrent, the laser pulse (λ = 532 nm, 

pulse duration 7 ns, Laser-Export Co. Ltd. Model: LCS-DTL-

314QT) was irradiated from the counter electrode (Au) side of 

MAPbI3 HSC, while the bias light (470 nm wavelength LED 

lamp, Asahi Inc.) was illuminated from the working electrode 

(FTO) side. The measurement was implemented at the open-

circuit condition and the measurements were repeated while the 

intensity of the bias light being varied. 

 

Conclusions 

Molecular carboxylate monolayers introduced at the interface 

of MAPbBr3 and TiO2 remarkably enhances the photovoltaic 

properties of MAPbBr3–based HSCs. In particular, the presence 

of a BAA monolayer at the TiO2/MAPbBr3 interface 

remarkably increases PCE from 2.65 % (no passivation layer) 

to 5.62 % (with a BAA passivation layer) with JSC of 5.62 

mA/cm2, VOC of 1.37 V, and FF of 0.75. The time-resolved PL 

and the pulsed light-induced transient measurements of 

photocurrent and voltage analyses indicate that the interfacial 

monolayer induces faster electron injection from the MAPbBr3 

to TiO2 layer and the suppression of charge recombination. To 

account for these findings, we propose that the carboxyl acid 

monolayer strengthens the chemical linkage between MAPbBr3 

and TiO2 materials as well as isolates TiO2 from Au CE. 
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Graphical Abstract 

 

 

Enhancement of photovoltaic properties of CH3NH3PbBr3 heterojunction solar cells by modifying mesoporous TiO2 surface with carboxyl 

groups  

Hyun Bin Kim, Iseul Im, Yeomin Yoon, Sang Do Sung, Eunji Kim, Jeongho Kim and Wan In Lee  

 

 

 

In a novel heterojunction solar cell employing CH3NH3PbBr3 (MAPbBr3) as light absorber, the introduction of a carboxylate monolayer on the 

mesoporous TiO2 surfaces significantly enhances JSC as well as VOC. 
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