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The p-i-n structure for perovskite solar cells has recently shown significant advantages in minimal hysteresis 

effects, and scalable manufacturing potential using low-temperature solution processing. However, the 

power conversion efficiency (PCE) of the perovskite p-i-n structure remains low mainly due to limitations 

using a flat electron transport layer (ETL). In this work, we demonstrate a new approach using spray coating 

to fabricate the [6,6]-phenyl-C(61)-butyric acid methyl ester (PCBM) ETL. By creating a rough surface, we 

effectively improve the light trapping properties inside the PCBM ETL. We reveal that the spray coated PCBM 

can form a cross-linked network which may facilitate better charge transport and enhance extraction 

efficiency. By improving the contact between the perovskite film and the PCBM ETL, a reduction in the trap 

states is observed resulting in a PCE increase from 13% to > 17%.

Introduction 

Hybrid inorganic-organic perovskite solar cells as the next 

generation solar cells, have rapidly increased in power conversion 

efficiency (PCE) from 3% to over 22%.
1-5

 As a result, the study of 

perovskite solar cells have garnered a strong research focus that 

was once traditionally directed at Si, CIGS, CdTe and polymer solar 

cells.4, 6, 7 Organic halide perovskites have ABX3 crystal structures, 

where A, B, and X are organic cations, metal cation and halide 

anion, respectively.8-11 Up to now, a variety of perovskites have 

been explored, including CH3NH3PbX3 (X=I, Cl, Br), CH(NH2)2PbI3, 

CH3NH3SnI3 and their solid solutions.7, 12, 13 However, only the 

mesoporous and planar device architectures have been mainly 

studied in perovskite solar cells,14-17 Although the early successful 

perovskite solar cells were first demonstrated as a mesoporous 

device, the high sintering temperature of the titanium dioxide that 

forms a heterojunction with the perovskite and the deleterious J-V 

hysteresis dramatically affected the fabrication efficiency and 

working stability of these devices.18, 19 In contrast, due to the long 

diffusion length over 175 nm and ambipolar behaviour of 

perovskite, the PCE of planar perovskite solar cells significantly 

improved from 4% in 2013 to recently over 20%, which is 

comparable to the mesoporous perovskite solar cell architecture.
3, 

20
 

In general, a planar structure can be divided categorically into 

either a regular planar (p-i-n) or an inverted planar (n-i-p) type.
20, 21

 

P-i-n planar perovskite solar cells present several advantages such 

as minor hysteresis effects, low-temperature solution processibility, 

and the potential for large-scale manufacturing using a continuous 

deposition technique on flexible substrates.
19, 21-27

 In addition to the 

quality of the perovskite layer, the hole transport layer (HTL; 

adjacent to the bottom, hole-extracting electrode) and the electron 

transport layer (ETL; just below the top, electron-extracting 

electrode) are critical to the device performance. Previously, several 

efficient HTLs have been investigated that favour the formation of 

crystalline perovskite.
25, 28-31

 However, the situation is quite 

different for the ETL in the planar p-i-n design. In this case, the ETL 

solution is deposited on top of the perovskite film and should 

therefore cover the entire perovskite surface without dissolving the 

underlying perovskite layer.
32

 When compared to the diversity of 

available HTLs, the selection of the ETL is quite limited. Fullerenes, 

especially [6,6]-phenyl-C(61)-butyric acid methyl ester (PCBM), are 

the most efficient n-type charge transport layer and have been 

shown to work well in the planar p-i-n perovskite solar cells.
32-36

 

However, there are several limitations with regard to the 

conventional fabrication of the flat PCBM ETL for the planar p-i-n 

perovskite solar cell. Firstly, the surface morphology of the spin cast 

flat PCBM ETL is largely dependent on the underlying perovskite 

morphology.
37

 For instance, the large spacing between the 

perovskite grains can leave openings or very thin regions in the 

surface of the ETL. During the electrode deposition, hot metal 

atoms could have the potential to permeate through these 

openings to form a direct contact with the perovskite active layer, 
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resulting in the quenching of excitons.
38-40

 Secondly, a high 

concentration of the PCBM solution is necessary in order to make 

sure the ETL fully covers the perovskite film by spin coating. 

However, almost 80% of the solution can be wasted during spin 

coating, leading to a higher cost for scalable fabrication.
41, 42

 Thirdly, 

devices based on spin cast thin films suffer from a restricted current 

density, which is attributed to the imbalance between the light 

absorption efficiency and the film thickness.
23, 37, 43

 Many attempts 

have been made to further improve the performance of perovskite 

solar cells via modifying the PCBM ETL. The fullerene derivatives, 

including [6, 6]-phenyl C(71)-butyric acid methyl ester (PC70BM), 

indene-C60 bisadduct (ICBA) and C60, are typically combined with 

PCBM to achieve an improved energy level match and charge 

transport efficiency.2, 43, 44 For example, some metal oxides such as 

zinc oxide and titanium dioxide have been associated with PCBM to 

afford a better ohmic contact and device stability.45 Furthermore, 

small molecule materials including rhodamine 101 zwitterion and 

perylene-diimide have also been introduced in the PCBM ETL 

system to provide a higher quality contact with the top Ag 

electrode.16, 46 Unfortunately, these modifications still result in 

relatively low PCEs due to the unsolved perovskite/PCBM interface 

problems. We note that the addition of C60 to spin cast PCBM by 

thermal evaporation can produce a high efficiency control device, 

but also adds an additional expensive material and processing 

step.3, 24, 47 

We suggest that the use of a rough single layer PCBM ETL 

offers the possibility of an improved ohmic contact with a less 

penetrable interface contact and enhanced light trapping.24, 35, 48 

Although several kinds of rough film techniques have been 

introduced into organic solar cells, the successful application of 

them in perovskite solar cells has not yet been fully realized.49-51 

Hence, knowledge of how to attain a rough PCBM ETL using a 

concise and low cost method to improve the PCE baseline can 

contribute to the development of perovskite solar cells with 

enhanced performance. In this work, we show that spray coating 

can be an effective approach for depositing the PCBM ETL for 

planar p-i-n perovskite solar cells. Compared with the general spin 

coating approach, the spray coated PCBM ETL device exhibits an 

extremely high short circuit current density (JSC) of 22.4 mA/cm2 

and open circuit voltage (VOC) of 1.05 V. Through characterizing the 

surface morphology by atomic force microscopy (AFM), together 

with diffusion reflection detection, we reveal that the rough PCBM 

film has a low defect density compared to other ETLs and efficiently 

reflects the incident light back to the perovskite film for 

reabsorption. These modifications result in a 30% enhancement in 

the PCE, from 13% to 17%. 

Results and Discussion 

 

Figure 1 (a) Schematic image of a regular planar p-i-n device architecture. 

(b) SEM image of the surface of perovskite film. The pin-holes have been 

marked by yellow circles. 

 

The device architecture used in this work is shown in Figure 1a. 

We characterize the surface of the CH3NH3IPbI3 film by using 

scanning electron microscope (SEM). We show that the crystalline 

domain size of the perovskite ranges from 100 nm to 400 nm 

(Figure 1b). It is found that the grain size is not homogeneous, 

leading to pin-holes existing on the edges of grains (marked by 

yellow circles). When we spin cast a PCBM layer on the top of this 

perovskite film, we notice using an optical microscope significant 

PCBM aggregation centers with a size of about 10 μm (Figure S1a). 

We illustrate this inhomogeneous distribution of PCBM molecules 

as blue regions that relate to thicker PCBM film areas whereas the 

yellow parts represent the thinner areas. Conversely, our spray 

coating technique deposits a homogenous film without showing any 

aggregation centers (Figure S1b). The spray coating by using our 

airbrush technique combines gas and solution together as an 

aerosol spray.41, 52 Through the precise control of the spray coating 

parameters that include spray rate, gas pressure, and the solution 

concentration, we can optimize the film morphology by modifying 

the quality of the atomized droplets, viscosity of solution and 

impact velocity of the droplets hitting the substrate.53-55 Upon 

optimization of these parameters, we observe an array of uniform 

droplets that appear to be a closely packed PCBM particle mat 

(Figure S1b).42, 56 In addition, a network of coffee-ring-effect 

aggregates forms over this mat. 

 

Figure 2 (a) Histogram of average efficiency for 60 devices. (b) J-V curves for 

best cell measured by forward and reverse scans. (c) EQE curves of the 

perovskite solar cells based on spin and spray PCBM ETL. (d) Steady-state 

measurement of JSC and PCE for PSC based on 100 nm spray coated PCBM. 

 

It is well known that the thickness of the PCBM ETL is critical to 

the device performance.35, 36 In order to make a fair comparison 

between the spray and the spin coated PCBM, we can adjust the 

thickness of the spray PCBM ETL by simply varying the PCBM 

solution concentration. We show a summary of spin coated PCBM 

ETL devices (Figure S2) and detail the parameters in Table 1. The 

best ETL thickness for our cells is in the range of 55 ± 5 nm, which 

gives an average PCE of 13.56%. We note that at thicknesses above 
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and below this value, the devices suffer from a lower short circuit 

current density (JSC) and fill factor (FF).
36

 Compared with spin coated 

ETL, the spray coated films will have a rougher surface and a higher 

thickness.
41, 53

 In this case, we vary the thickness from 60 nm to 120 

nm every 20 nm (Figure S3). We observe that the spray coated 

device JSC is higher (ca. 22.5 mA/cm
2
)
 
than the control cells (ca. 18 

mA/cm
2
), and independent of the PCBM thickness. This trend is also 

found in the VOC where the spray coated devices exhibit a relatively 

high VOC (>1 V) compared to the control cells (ca. 0.85 V). However, 

we notice that the spray coated device FF is dependent on the ETL 

thickness. For a 60 nm PCBM ETL, the FF is only 65% in comparison 

to the optimized spin cast device FF of ca. 80%. We speculate that 

this result may be from the uneven contact between the PCBM and 

the silver electrode due to the rougher surface.42 In this case, the 

penetration of hot silver molecules from the top electrode through 

the ETL and into the perovskite film could more readily happen with 

a rough surface thin film causing a large leakage current and low 

FF.41, 42 By increasing the ETL thickness, the FF steadily rises to 73%. 

When the thickness is further increased above 120 nm, the FF 

decreases because of the inefficient extraction of electrons.3, 7 

Through optimizing the spray parameters and PCBM ETL thickness, 

we demonstrate perovskite solar cells with a VOC of 1.05 V, a JSC of 

22.4 mA/cm2, a FF of 73.2%, and a PCE of 17.26 %. More 

importantly, good reproducibility is also demonstrated (Figure 2a). 

Over 60 % of the devices based on the spray coated PCBM ETL 

achieve a significant PCE enhancement from 13 % to more than 16 

% compared to the average of optimized spin-coated devices.  

 

Table 1 Summary of device parameters. 

a The device structure is ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Ag. 
b All the numbers listed in the table are the average values from 15 devices. 

 

By measuring the devices with forward and reverse scanning, 

the control, spin coated PCBM cell presents an obvious J-V 

hysteresis, which is attributed to the dynamic electric field/charge 

injection modulated charge trapping and detrapping.
18, 19, 24

 

Although the PCBM film can effectively passivate the charge traps in 

the perovskite films, the high aggregation of PCBM could create 

new charge trap centers (Figure S1a).
21

 This photocurrent hysteresis 

imposes a serious issue on the accurate determination of the 

efficiency and stability of perovskite solar cells (Figure S4).
23, 24

 In 

contrast, only minor hysteresis is observed in the spray coated 

PCBM ETL device (Figure 2b). This result indicates that the spray 

coated PCBM with homogeneous distribution of interconnected 

PCBM particles can significantly passivate the charge traps in both 

the perovskite film and the PCBM ETL. In addition, the PSCs based 

on spray coated PCBM ETL exhibit low photocurrent hysteresis, 

indicating that the spray coated PCBM can efficiently block the ion-

migration channel at the grain boundaries (Figure 2c). Moreover, 

the uniform PCBM layer provides an efficient channel for charge 

transfer. A faster charge transfer between the perovskite film and 

the PCBM ETL is consistent with a decreased capacitance associated 

with charge that inhibits charge extraction, resulting in a relatively 

high JSC.
32, 35

 We found that this JSC can be verified by the higher EQE 

of the spray coated PCBM device across almost the entire 

wavelength range from 350 nm to 700 nm (Figure 2d). We also 

notice that the EQE peaks around 400 nm to 500 nm increase 

significantly compared with the EQE peak at around 700 nm. The 

improvement in the EQE may be ascribed to the more efficient 

charge transport in the perovskite/ETL interface, and the increased 

light absorption inside the perovskite film.
37, 48

 We speculate that 

the high roughness of the spray coated PCBM film surface will 

reflect more light back to the perovskite film for reabsorption.  

 
Figure 3 (a) The absorption of perovskite/PCBM thin film. (b) Diffuse 

reflection spectra of spin and spray coated PCBM film. Insert: Diffuse 

reflection spectra of the PCBM film between 500 to 700 nm (c) Diffuse 

transmission of perovskite/PCBM film. Bottom images present the 

absorption, diffuse reflection, and diffuse transmission test equipment used 

in this work, respectively. 

 

To verify our hypothesis, we investigate the optical properties 

of the device by first looking at the absorption of the spin and spray 

perovskite/PCBM layers. We illustrate that the spray coated PCBM 

shows a much higher absorption between 400-550 nm which 

contributes to increasing the JSC (Figure 3a). Between 600-800 nm, 

the absorption intensity of the spray coated device is slightly higher 

than the spin coated one. Next, we evaluate the diffuse reflection 

of the spin and spray PCBM ETLs (Figure 3b). We show that the spin 

coated PCBM ETL has a lower diffuse reflection intensity in the 

whole wavelength range from 300 nm to 800 nm, especially 

between 450 nm to 700 nm. The absorption peak of the PCBM is 

located at ca. 400 nm, which means the incident light with lower 

energy can transmit through the PCBM film or be diffuse-reflected 

back.
57

 We associate this higher diffuse reflection intensity with a 

higher possibility for the perovskite film to reabsorb light (Figure 

3b). Furthermore, we test the diffuse transmission properties of the 

perovskite/PCBM ETL. The spin coated PCBM allows more light to 

pass through it due to the relatively smooth surface. In comparison, 

the spray coated PCBM exhibits lower diffusion transmission 

intensity in the wavelength range between 500 to 700 nm, which is 

attributed to the rough surface of the PCBM. These results indicate 

that more incident light from 500 to 700 nm is diffusely reflected 

back to the perovskite film for reabsorption, and this is also 

consistent with the results of the diffusion reflection test. 

ETLa Thickness(nm) VOC
b(V) JSC

b(mA/cm2) FFb(%) PCEb(%) 

Spin 
PCBM 

45±5 0.90±0.1 17.6±0.2 78.6±0.3 12.49±0.2 

55±5 0.89±0.1 19.0±0.3 79.9±0.2 13.56±0.2 

65±5 0.90±0.1 16.7±0.3 78.4±0.3 11.70±0.3 

Spray 
PCBM 

60±10 1.04±0.1 22.6±0.1 65.5±0.5 15.48±0.2 

80±20 1.03±0.1 22.7±0.2 73.2±0.4 16.62±0.3 

100±20 1.05±0.1 22.4±0.3 73.2±0.4 17.26±0.3 

120±20 0.99±0.2 22.7±0.2 69.4±0.3 15.68±0.2 
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Figure 4 AFM height image of (a) spin coated PCBM and (b) spray coated 

PCBM ETL on the top of perovskite, inset: the 3D image of the film 

morphology correspondingly.  

 

To gain more insight into the effect of the spray coated PCBM 

ETL on the device performance, we characterize in detail the 

morphology of the PCBM ETL by AFM. It is well known that solution 

processed PCBM films have a strong tendency towards forming 

aggregates during the film drying process.
58

 We show that there are 

several isolated peaks on the surface of the spin cast flat PCBM film 

with a height of about 10 nm (Figure S5a and c). These peaks are 

formed by PCBM aggregation, resulting in the root mean square 

(RMS) roughness of 5.2 nm. For comparison, the spray coated 

PCBM extends to a height of over 60 nm (Figure S5b and d), leading 

to high RMS of 35 nm. When we fabricate the PCBM on the top of 

the perovskite film, the processing of the spin and spray PCBM are 

very different. Several openings with a size of about 120 nm could 

be observed in the surface of perovskite/PCBM (spin) film, which 

results from the aggregation of the PCBM and the rough perovskite 

surface (Figure 4a, Figure S6a and c). These openings may function 

as trap centres that decrease the electron transfer efficiency.
2, 23, 44

 

In contrast, most of these openings disappear when we spray PCBM 

ETL, which may attribute to a much more complete contact 

between the perovskite and the ETL. A high pressure of nitrogen 

gas increases the impact of the PCBM droplet to the perovskite 

surface (Figure 4b, Figure S6b and d). Without these openings, a 

more efficient charge extraction in the perovskite/PCBM interface 

will make a contribution to a higher VOC and JSC. It is interesting to 

find that the JSC is independent of the thickness of the spray coated 

PCBM. This indicates that the electrons may have higher mobility in 

these interconnected networks (Figure S7a and b). Although the 

surface of the spray coated PCBM ETL is comparatively rough (~ 60 

nm), it does not seem to decrease the charge transport efficiency, 

which is verified by the electron mobility test in organic thin film 

transistors (Figure S8).
34

 The electron mobility of this fairly isotropic 

PCBM film increases from 1.5×10
-3

 cm
2
/Vs (for spin coated) to 

3.3×10
-3

 cm
2
/Vs for spray coated PCBM.

34, 52
 

 
Figure 5 (a) light intensity dependence J-V curve of devices. (b) Normalized 

light intensity depended J-V curve. (c) JSC plotted against incident light 

intensity for the device based on spin or spray coated PCBM ETL. (d) 

Logarithmic dependence of VOC with incident light intensity. 

 

To investigate the recombination mechanism, we measure the 

light intensity dependent current-voltage characteristics of the 

perovskite solar cells (Figure 5a). The data from all curves shown in 

Figure 5a collapse onto a universal voltage dependence in the range 

of applied voltages from -0.2 V to 0.7 V, indicating the carrier 

sweep-out is not generation-rate dependent and that 

recombination is minimal.37, 59 The results of normalized light 

intensity dependent current-voltage characteristics represent the 

monomolecular and bimolecular domination areas, which are 

located in the ranges of -0.2 V to 0.5 V and 0.8 V to 1.2 V, 

respectively (Figure 5b). We illustrate the power law dependence of 

the JSC with light intensity (J∝Iα) where I is the light intensity and α 

is the exponential factor (Figure 5c). An α value close to unity 

indicates weak bimolecular recombination,
59, 60

 whereas an 

exponent α less than 1 could result from bimolecular 

recombination, space charge effects, variation in mobility between 

the two carriers or variation in the continuous distribution in the 

density of states. We calculate that the spray coated PCBM ETL 

device has an α of 0.99 while the device of spin coated PCBM ETL 

shows an α of 0.96. The large aggregation of PCBM and the defect 

centres displayed as pores are expected to accumulate charges and 

form potential barriers. In this case, charge extraction is limited in 

the spin coated PCBM devices. The slope of the VOC versus the 

natural logarithm of the light intensity implies that bimolecular 

recombination is the dominant mechanism limiting the open circuit, 

where k, T, q are the Boltzmann constant, temperature in Kelvin, 

and the elementary charge, respectively.
59

 The slopes for the device 

with spin and spray PCBM ETL are 1.16 kT/q and 0.99 kT/q, 

respectively (Figure 5d). The stronger dependence of VOC on light 

intensity implies that recombination at open circuit in this device is 

a combination of monomolecular (SRH) and bimolecular process.
37, 

59
 The lower slope of the spray coated PCBM device indicates this 

ETL reduces the density of interfacial traps between the perovskite 

and electrode contact, and hence SRH recombination is restricted.
60
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Conclusions 

In summary, we demonstrate a significant enhancement in p-i-

n perovskite solar cell PCEs from 13% to over 17% by incorporating 

a spray coated PCBM ETL. Through characterizing the surface 

morphology and optical parameter of spray coated PCBM ETL, we 

find that the rough surface can effectively improve the light 

trapping inside the PCBM ETL. Moreover, the interconnected 

network of the PCBM improves the electron extraction efficiency 

and prevents charge accumulation at the interface. We show that a 

spray coated PCBM ETL layer forms an improved contact between 

the perovskite film and the PCBM ETL which results in the reduction 

of trap states for a higher VOC. We also demonstrate that this 

approach is highly reproducible, concise and practical for perovskite 

solar cells, paving a promising way for the further achievement of 

scalable high performance perovskite solar cells.  

Experimental section 

Materials and reagents: All solvents and reagents are 

analytically pure quality and used as received. Poly (3,4-

ethylenedioxythiophene)-polystyrenesulfonic acid (PEDOT:PSS) 

(99%, Heraeus), lead iodide (PbI2) (99% Alfa Aesar), 

methylammonium iodide (CH3NH3I) (98% Sigma-Aldrich), PCBM (99 

% 1-Material), molybdenum trioxide (99% American Elements), 2,9-

dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (99% Lumitech), 

silver (Ag) (99% International Advanced Materials), chlorobenzene 

(CB) (99.8% Sigma-Aldrich), dimethyl formamide (DMF) (99% Sigma-

Aldrich). 

Fabrication of perovskite solar cell: In this work, we use the p-

i-n architecture of ITO/ PEDOT:PSS/ CH3NH3PbI3/ PCBM/ BCP/ Ag 

(Figure 1a). ITO-coated glass substrates with a sheet resistance of 

10 Ω/sq were consecutively cleaned in ultrasonic bath containing 

detergent, acetone, deionized water and ethanol for 10 min each 

step, then dried by nitrogen. Prior to film deposition, the substrate 

was treated by UV light for 15 min. For PEDOT:PSS film fabrication, 

we spin coated PEDOT:PSS with a spin rate of 4000 rpm, 20s, 

followed by thermal annealing in 150 
o
C for 15 min. CH3NH3I and 

PbI2 were mix together in DMF with a mole ratio of 1:1 for 

overnight. Perovskite film was spin coated with a rate 6000 rpm 25s 

inside the N2 glove box, using chlorobenzene to wash the surface as 

described by N.J. Jeon et al.
5
 After waiting for 5 min, the perovskite 

film was placed on a hot plate for thermal annealing in 100 
o
C for 5 

min. For the control cell, 30 mg/ml PCBM was spun in a rate of 2000 

rpm 20s inside the glove box. For spray coating, samples were 

placed in the ambient air. PCBM solution with a concentration of 5 

mg/ml were spray coated onto the perovskite film at a height of 10 

cm, a gas pressure of 70 psi, and a spray rate of 2.5 μl/s. The 

devices were finally realized by evaporating 2 nm BCP and 100 nm 

Ag in the metal deposition chamber under the vacuum ≤ 10
-6

 torr. 

Characterization of perovskite solar cells: After fabrication, 

devices were illuminated at 100 mW/cm
2
 from a 150 W solar 

simulator with AM 1.5G filters (PV Measurements). The illumination 

intensity was determined by a National Renewable Energy 

Laboratory (NREL) calibrated Si solar cell with KG-5 color filter. All 

electrical measurements were carried out in air at room 

temperature. The active area of the device irradiated by the light 

was defined as 1.8 cm
2
 using a photomask, so no extra current 

outside of the defined area was collected. Current density-voltage 

(J-V) curves were measured with a Keithley 2400 source 

measurement unit. The external quantum efficiency (EQE) 

measurements were performed using a PV Measurements QEX7 

system. All the measurements mentioned above were taken inside 

the N2 glove box. The morphology of active layer was characterized 

by AFM (MFP-3D-BIO, Asylum Research). The perovskite solar cell 

absorption, spectra were measured by a UV-Vis spectrometer 

(LAMBDA 950, PerkinElmer). The diffuse reflection and transmission 

spectra were measured using a commercial integrating sphere 

setup (LabSphere). 
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