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Abstract 

Hybrid perovskites form an extremely attractive class of materials for large scale, 

low-cost photovoltaic applications. Fullerene-based charge extraction layers have 

emerged as a viable n-type charge collection layer and in “inverted” p-i-n device 

architectures the solar cells are approaching efficiencies of 20%. However, the regular 

n-i-p devices employing fullerenes still lag behind in performance. Here, we show that 

partial solubility of fullerene derivatives in the aprotic solvents used for the 

perovskites, make it challenging to retain integral films in multilayer solution 

processing. To overcome this issue we introduce cross-linkable fullerene derivatives as 

charge collection layers in n-i-p planar junction perovskite solar cells. The cross-linked 
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fullerene layers are insolubilized, and deliver improved performance in solar cells , 

enabled by a controllable film thickness.  

 

 

Metal halide perovskites constitute a very attractive class of materials for optoelectronic 

applications, such as solar cells, light emitting diodes, lasers and photodetectors.
1–8

 Most 

notably, solid-state photovoltaic devices based on these materials have reached power 

conversion efficiencies (PCEs) of 22% after less than 4 years of academic research.
1,9,10,11

 One 

of the central challenges in pushing the photovoltaic performance of perovskite cells closer to 

the thermodynamic limit is eliminating non-radiative recombination pathways.
12,13

 These losses 

are understood to primarily occur due to trap-assisted recombination sites, most likely located 

at the interfaces between the charge selective contacts and the perovskite absorber layer.
14,15

 In 

addition to trapping sites, which are present in all semiconductors, metal halide perovskites 

display mixed ionic and electronic conduction,
16

 which has several implications on the device 

operation.
17,18

 In the presence of surface charge recombination sites, ion migration to the charge 

selective interfaces can enhance or further impede photovoltaic performance.
19

 This effect, 

which leads to device performance dependent upon the light exposure and electronic bias 

history, manifested as hysteresis in the current-density voltage (JV) curves, is now supported by 

considerable experimental evidence.
20–23

 Recently it was demonstrated that this effect occurs 

only in the presence of interfacial traps or a fast surface recombination velocity.24–26 
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We have previously shown that the planar junction between the perovskite and the compact 

TiO2, which is commonly used for electron collection in n-i-p planar heterojunction 

architectures (see device schematic in Figure 1c), is not always ideal for efficient charge 

extraction.
15,27

 To circumvent this issue, we have demonstrated that appropriate interface 

engineering of the n-type contact can dramatically improve the device operation and reduce the 

“anomalous hysteresis” in the JV curves. Fullerene-based molecules appear to be better 

candidates for making good electronic contact with perovskite absorber layers, and do not 

appear to induce such a high density of defects responsible for charge recombination at this 

heterojunction.
14,15,27–30

 Nevertheless, their solubility in organic solvents, such as N,N-

dimethylformamide (DMF) and chlorobenzene, which are commonly used for processing the 

perovskite i- and  the organic p-layers in the device stack, limits the versatility of processing 

routes and makes multi-layer device fabrication challenging: Partial dissolution of the n-type 

charge collection layer is expected to create shunting paths, which exuberate hysteresis.
27

 For 

organic semiconductors, chemical modification, which can trigger bonding of the individual 

molecules or polymer units, is often applied to increase the material’s mechanical and thermal 

stability
31

, as well as its solvent resistance.  

Here, we show that indeed, conventional C60 films suffer from non-uniformity and partial 

dissolution when employed as the n-type charge collection layer beneath a perovskite thin film 

in perovskite solar cells. To overcome this issue, we employ two approaches to generate 

insolublized fullerene films as robust n-type charge collection layers for use with solution-

processed perovskite films. On one approach is based on incorporation of a fullerene into a 

hybrid sol-gel film and the other is based on incorporation of a ring opening reaction of a 

benzocyclobutene derivative of a fullerene. Both approaches yield films that are predominantly 

insoluble in the relevant solvents after the crosslinking reaction, which results in significantly 

reduced shunting paths and improved hole-blocking properties. This, combined with efficient 
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electron extraction from the perovskite layer, leads to enhanced steady-state power conversion 

efficiency.  

When fabricating n-i-p perovskite solar cells, the n-type charge collection layer is first coated 

with the perovskite salts from an aprotic DMF solution, and then following curing and 

crystallisation of the perovskite film, it is coated with the organic p-type charge collection 

material from an organic solvent, typically chlorobenzene (CB) (Figure 1a). Since DMF and 

CB fully wash away the neat C60 layers
27

, it is surprising these charge collection layers work at 

all in perovskite solar cells. However, when the DMF solution is loaded with ions, its ability to 

solvate the C60 film may change.  

To determine whether C60 is washed away or remains after coating with the perovskite solution, 

we first coat the fullerene films with perovskite (MAI:PbCl2 3:1 ratio 40wt% in DMF), and 

then dissolve and remove the perovskite layer by dipping the films in γ-butyrolactone (GBL), 

which is a selective solvent for perovskite but not the C60 layer. We find that the C60 layer is 

still present on the FTO substrate with only around 50% reduced absorbance after this 

procedure (see Figure 1b). This confirms that some C60 remains after the perovskite film 

deposition. However, the reduced absorption is indicative of thinning of the C60 layer, which is 

unlikely to be uniform and homogeneous.  

We note Seok and co-workers have employed GBL as the perovskite solvent, and managed to 

obtain uniform smooth films via the anti-solvent method, avoid dissolution of the underlying 

fullerene
30

. However, this approach offers limited flexibility in the processing of the perovskite. 

  

For the “inverted” p-i-n perovskite solar cell architectures, the optimum thickness of the C60 

layer has been found to be only 7 nm, with a relatively rapid drop off in solar cell performance 

for increasing or reducing this thickness by more than a few nm either side. Therefore, 

achieving such control over the film thickness, with such an apparent intolerance to thickness 

variation, is unlikely to be achievable, especially over larger areas, if the fullerene layer is being 
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partially washed away in an uncontrollable manner. Accordingly, the fullerene layer needs to 

be insoluble in DMF and also CB, the latter is important for the instances when pinholes exist 

in the perovskite films. 

 

 

  

 

 

 

 

 

Figure 1. A) illustration of an n-i-p perovskite solar cell; B) UV-vis spectra of C60 films before 

(solid blue line) and after the deposition and removal (dashed blue line) of perovskite with γ-

butyrolactone.  The effect of this solvent on C60 is also measured (short dash red line). C) 

Chemical structures of the sol-gel C60 and PCBCB molecules. D) Effect of the neat solvents on 

cross-linked films. AFM topographical and phase images and the associated histograms before 

and after application of solvent can be found in Figures S9 and S10. We note that the shifts at 

long wavelengths in the UV-vis spectroscopy data are due to interference. 

C) 

A) 

PCBCB 

B) 

D) 

Sol-gel C60 
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The first crosslinking approach we investigate here involves a fulleropyrrolidine 

derivative containing a triethoxysilane moiety (N-[3-(Triethoxysilyl)propyl]-2-carbomethoxy-

3,4-fulleropyrrolidine), which we term sol-gel C60 (we show the chemical structure in Figure 

1c). The molecule was developed by Bianco et al. for molecular recognition applications.
32

 We 

deposited the sol-gel C60 films by spin-coating from solution in 1,2-dichlorobenzene, and 

induced crosslinking by exposure to trifluoroacetic acid (TFA) vapour. During the hydrolysis-

condensation reactions the ethoxy groups of the sol-gel C60 are eliminated while Si-O-Si bonds 

are formed. We monitor the transformation in the sol-gel C60 FTIR spectrum, which we show in 

the Supporting Information (Figure S6a). 

For our second insolublization approach, we employ a phenyl-C61-butyric acid methyl ester 

(PCBM) derivative with a benzocyclobutene group, phenyl-C61-butyric acid benzocyclobutene 

ester (PCBCB), the chemical structure of which we show in Figure 1c. The crosslinking occurs 

via thermal activation of the benzocyclobutene moiety and requires annealing at 200 C for 10 

minutes, as recently described by Deb et al.
33

 In contrast to our investigations of the neat C60 

layers, both UV-vis absorption and/or atomic force microscopy (AFM) on the sol-gel C60 films 

(6mg/ml) before and after application of neat DMF or CB show little change (Figure 1d). This 

indicates that the crosslinked fullerene films should enable much better optimisation of film 

thickness, and improved homogeneity of fullerene film thickness. We do note however, that 

height and phase histograms from the AFM images, which we present in Figure S9 and S10, 

suggest a few pinholes are present in the cross-linked fullerene layer after the application of 

neat DMF. This indicates that pinholes in the fullerene layers may become problematic, 

especially for extremely thin layers.  

 

The electron mobility values of PCBCB, determined from space-charge limited current (SCLC) 

measurements, before and after crosslinking, have been reported by Deb et al.
33

 After PCBCB 

polymerisation, the mobility substantially increases, exceeding the value of the reference 



7 
 

PCBM (see Table 1). We characterise the electron mobility in sol-gel C60 films by SCLC 

(Supplementary information, Figure S12), and summarise the mobility values in Table 1. As 

compared to PCBM, we observe a factor of 3 lower electron mobility for the sol-gel C60 film, 

after the crosslinking reaction. Hence, we expect the optimal layer thickness to be thinner for 

sol-gel C60 than for PCBCB, since we observe the highest mobility for the latter.  

Table 1. Electron mobilities for the fullerene derivatives, determined from SCLC 

measurements (PCBCB, literature values) 

Molecule 
Mobility, µe (cm2V-1s-1),  SCLC 

 

PCBM-BCB 

before crosslinking 1.3 x10-4±0.3 x10-4
 from Ref. 33 

after crosslinking 5.9 x10-3 ±1.8 x10-3 from Ref. 33 

sol-gel C60 

before crosslinking 9.4x10
-4

±1.5 x10-4 
 

after crosslinking 3.8x10-4 ±0.5 x10-4 

PCBM reference 

9.1±1.0 x10-4 from Ref. 33 

1.05 x10-3 ±0.2x10-3  

 

We present scanning electron microscopy (SEM) images of the spin-coated and cross-linked 

films, without the application of solvent, in Figure S8. Substrate cleaning plays a crucial role in 

achieving uniform and smooth films. We employ piranha etching to oxidize organic residues 

present on the FTO surface, which results in clean surfaces with improved wetting properties 

and gives films with very few visible fullerene aggregates. We produce uniform layers of the 

sol-gel C60 from solutions of concentration as low as 2 mg/ml, which yield a film thickness 

below 10 nm (as estimated from surface profileometry from solutions cast from 10mg/ml 

solutions, which yield films of 50nm thickness). We note that fullerene derivatives tend to 

aggregate over time in solution, but at the concentration range we use here (2-6 mg/ml) the 

solutions are stable for a period of a few weeks. 
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Figure 2, normalised photoluminescence decays (time correlated single photon counting) 

following pulsed excitation (507 nm, 1MHz, 0.03 μJ/cm
2
/pulse) of the perovskite, both 

with and without the electron collection layer. a.: perovskite, b.: compact TiO2/perovskite 

c.: PCBCB/perovskite, d.: sol-gel C60/perovkite, e.: C60/perovskite. 

In order to assess the efficacy of electron transfer from perovskite to the different fullerenes 

layers, we perform time-correlated single photon counting (TCSPC) measurements of MAPbI3-

xClx films processed on glass, and glass coated with different electron accepting layers (TiO2, 

C60, and both cross-linked fullerenes). We show the transient PL traces of all the samples in 

Figure 2, and the decay lifetimes we extract from the data in table 2. Similarly to previous 

reports,
34,35

 we observe that the perovskite PL lifetimes are significantly shorter for the samples 

with a fullerene-based electron collection layer, as compared to those with a compact TiO2 

layer. The fast PL decay indicates rapid transfer of electrons from the perovskite into the 

fullerene layer, following photogeneration. We note that for cross-linked PCBCB, the PL 

quenching is slower than for cross-linked sol-gel C60 or neat C60, which may be indicative of a 

poorer electronic coupling and slower charge extraction rate at the PCBCB-perovskite 

heterojunction.  
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Table 2. Lifetimes extracted from the photolumiscence decays in Figure 2, using bi-exponential 

decay fits A1e
-(t1-Dt )/t1 + A2e

-(t2-Dt )/t1  where Δt is a correction for the time offset in the data. 

Fitting range was kept to 150ns for all fullerenes. 

 

Sample 
τ1 /ns (A1) τ2/ns (A2) 

 

Perovskite 51.8 (0.19) 189.8 (0.75) 

TiO2/Perovskite 12.8 (0.60) 53.3 (0.45) 

Sol-gel C60/Perovskite 5.65 (0.38) 18.2 (0.62) 

PCBCB/Perovskite 7.89 (0.42) 24.4 (0.58) 

C60 3.60 (0.15) 15.2 (0.8) 

  

Having established that both cross-linked fullerene films match the requirements for good 

electron-selective contacts, we fabricate planar heterojunction perovskite solar cells, with cross-

linked fullerene layers as the electron selective contacts. We employ solution-processed C60 

(not cross-linked) as a reference n-type charge collection layer. We show the scanning electron 

microscopy (SEM) images of perovskite films grown on the different n-type materials in 

Figure S11. 

We show the current density-voltage curves (JV) and stabilised power output (SPO) of the most 

efficient devices employing each n-type contact in Figures 3a-b (voltage is swept from forward 

bias to short-circuit in the JV curves), and report the photovoltaic parameters extracted from the 

JV curves in Table 2. Both of the new fullerene derivatives delivered solar cells with JV 

measured power conversion efficiency (PCE) of nearly 18%. We observe that the SPO 

efficiency, measured at close to maximum power point, is a little lower, at 16.6% and 15.2% 

for the cells incorporating the sol-gel C60 and PCBCB, respectively. For the best reference 

device, employing solution-processed C60 compact layer, we measure a JV PCE of 14.7%, and 

13.9% SPO. We present the statistics of the photovoltaic parameters derived from JV curves 

and SPO measurements in Figure 3c-d and Table 3. We observe that the devices employing 
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the cross-linked fullerenes exhibit a significant improvement in all photovoltaic parameters, as 

compared to the devices employing neat C60. The most noticeable difference is the 

enhancement in VOC and JSC, which may be related to the reduced shunting paths and improved 

hole blocking properties, which result from the avoided dissolution of the fullerene layer.  

As we have discussed above, in p-i-n inverted perovskite solar cells the optimum fullerene 

layer thickness is only 7nm. Therefore, since the cross-linked layers are not being dissolved we 

also expect optimum performance to occur with relatively thin fullerene layers. Consistently, 

we process the films for the optimum PV performance from a solution of only 2 mg/ml 

(spinning rate: 2000 rpm), which yields a sub 10 nm thickness, which we extrapolate from 

surface profileometry thickness measurements on thicker films cast from higher concentration 

solutions. The cross-linked PCBCB film exhibit significantly higher electron mobility,
33

 and 

consistently we find that the optimal solution concentration for casting the layer is 5 mg/ml 

(spinning rate: 2000 rpm), resulting in a film thickness of ca. 15 nm (which we extrapolate from 

profileometry of thicker films). We note that for the devices employing sol-gel C60, we measure 

higher SPO values and better PCEstab/PCEJV ratio than those employing PCBCB. This indicates 

more pronounced hysteresis in the latter, consistent with the slower charge extraction, as 

suggested by the TCSPC data, or more pin-holes being present inducing faster recombination at 

this junction.  

Overall, we observe markedly increased SPOs and VOC for cells employing cross-linked 

fullerenes as compared to the solution processed C60 reference. We have previously observed 

that hysteresis is extreme in cells entirely devoid of a charge selective contact.
17

 Our results are 

consistent with there being more regions where the C60 films are entirely washed away during 

the processing of the perovskite layer, than is the case for the insolubilized fullerene derivatives 

we employ here. Our observed device improvements are therefore explainable if we consider 

that surface charge recombination is rapid at the heterojunction between FTO and the 
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perovskite, and this surface recombination is accelerated or inhibited by the accumulation of 

negative or positive ionic charge, respectively, at this interface.
24,36

    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Current density – voltage curves (FB-SC scan direction, 0.15 V/s) of the best 

devices employing different compact layers; (b) Stabilised power output of the same devices; 

statistics of (c) the JV curves (FB-SC scan direction, 0.15 V/s) and (d) SPO measurements for a 

larger set of devices. Each dot represents a single device. 

 

 

Table 2. Photovoltaic Parameters Extracted from JV Curves presented in Figure 3a-b. 

Compact 

layer 

FB-SC scan, 0.15 V/s Stabilised 

JSC 

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

Jstab 

(mA/cm2) 

PCEstab 

(%) 
PCEstab/PCEJV 

sol-gel C60 23.0 1.07 0.73 17.9 19.0 16.6 0.93 

PCBCB 22.4 1.11 0.73 17.9 17.2 15.2 0.85 

C) 

A) B) 

D) 
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C60 21.6 1.03 0.67 14.7 16.7 13.9 0.95 

 

Table 3. Statistics of photovoltaic parameters (with standard deviation) presented in Figure 3c-

d. 

n-type 

layer 

FB-SC scan, 0.15 V/s Stabilised 

No. 
JSC 

(mA/cm2) 

VOC 

(V) 
FF PCE (%) No. 

Jstab 

(mA/cm2) 

PCEstab 

(%) 

PCEstab/PCE

JV 

sol-gel 

C60 
57 21.5±1.3 

1.05±

0.03 

0.67±

0.04 
15.1±1.6 28 17.5±1.4 14.4±1.3 0.91±0.03 

PCBCB 31 21.4±0.8 
1.08±

0.01 

0.69±

0.03 
16.0±1.0 20 16.6±1.1 14.2±1.1 0.88±0.05 

C60 17 20.3±1.2 
1.00±

0.02 

0.67±

0.04 
13.4±1.2 10 15.9±0.8 12.6±0.8 0.91±0.06 

 

We have demonstrated that employing cross-linked fullerene layers is a viable means to greatly 

improve the n-type charge collection layer in solution processed perovskite solar cells. Now we 

have well operating insoluble organic n-type charge collection layers, we expect these 

materials, or this concept, to be of great importance for the upscaling of the solution processed 

perovskite PV technology, where thin films of high uniformity, high stability and well 

controlled thicknesses will be required to be compatible with rapid large area coating processes. 

In addition, there may be long term stability benefits due to cross-linking of these material, as 

has been observed with organic PV, due to inhibiting morphological changes and crystallisation 

of the fullerene layer, which could occur over extended periods of elevated temperatures.  
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