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ABSTRACT 

Wide bandgap perovskite devices are promising as the top cell of silicon-perovskite tandem 

devices to boost the efficiency beyond the Shockley-Queisser limit. Here, we tailor the 

performance parameters of wide bandgap (WB) mixed halide perovskite solar cell with long 

alkyl chain substituted fullerene derivatives as an electron transport layer (ETL). The device 

with C60-fused N-methylpyrrolidine-meta-dodecyl phenyl (C60MC12) demonstrates an 

enhanced power conversion efficiency of 16.74 % with the record open circuit voltage (VOC) 

of 1.24 V; an increase by 70 mV with concomitant VOC deficit reduction to 0.47 V. This is 

achieved by mitigating the recombination loss through the use of highly crystalline C60MC12 

film compared to amorphous PCBM layer. The device analysis reveals the soothing of the 

defect activities with shallower defect states and passivation of the interface recombination 

centers for the device with C60MC12. We ascribe this property to the crystallinity of fullerene 

derivatives as ETL, which is also important for optimizing device parameters, besides the band 

alignment matching of WB perovskite devices.  
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1. INTRODUCTION 

Multi-junction tandem solar cells are promising technological pathway to realize power 

conversion efficiency (PCE) higher than that achievable with single junction cells.1 One 

possible scenario toward tandem cells is to exploit the existing industry of inorganic PVs, 

namely to use a Si solar cell as a bottom cell.2,3 Crystalline Si (c-Si) with a bandgap of about 

1.12 eV requires an absorbing layer with a bandgap of about 1.7-1.8 eV to generate a matching 

photocurrent density (JSC) of ~20 mAcm-2 which leads to a potential improvement of PCE 

beyond the theoretical limit.4,5 A photovoltaic material with wide bandgap (WB) tunability is 

suitable for the tandem top cell only if it has high performance and low temperature cost 

effective processability so that Si-tandem structure can be fabricated without significantly 

raising the cost.6–8 Indeed, lead halide perovskite single-junction solar cells have already 

achieved device efficiency exceeding ~22% with low processing cost.9 This material possesses 

excellent optoelectronic properties and bandgap (Eg) tunability (~1.5 to 2.3 eV)6,10–13 which 

allows a wide selection range of ideal photovoltaic materials for the tandem device application. 

This merit of organometal trihalide perovskite material makes promising candidates for the top 

cell. Nevertheless, the device efficiency of silicon/perovskite monolithic tandem cell7,8 is still 

much low compare to the silicon solar cell (~27%) due to the limited performance of the WB 

perovskite top cells.6,14–16   

A number of efforts have been made to enhance the performance of the WB (1.7≤Eg≤1.8 eV) 

perovskite solar cells (PSCs) by tuning the bandgap of MAPbI3 perovskite material.6,11,12,17–22 

Though multiple reports demonstrated comparable fill factor (FF) and quantum spectrum for 

narrower and WB PSCs, the suppression of the open circuit voltage (VOC) is the main issue for 

WB perovskite devices.6,15 Note that the VOC deficit (∆𝑉𝑂𝐶 = 𝐸𝑔/𝑞 − 𝑉𝑂𝐶)  of narrower 

bandgap (Eg ≤ 1.6 eV) perovskite device is ≤ 0.4 V tailored with morphology and 

composition,18,23–25 whereas it is in the range of ≥0.50 V for WB PSCs.6,14 This impedes the 
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enhancement of the tandem device efficiency. Note that multiple reports suggested the phase 

separation of WB mixed halide perovskites (MAPb(I1-xBrx)3)  under illumination.12,26–30 The 

photo-induced phase segregation was cogitated to be detrimental for VOC deficit in WB 

perovskite device due to the traps induced with compositional non-uniformity and formation 

of sub bandgap phase. Recently, Snaith and co-workers reported WB perovskite (Eg≥1.7 eV) 

solar cells of high efficiency ~17 % using the (FA,Cs)Pb(I1-xBrx)3 perovskite layer having 

thermal and photo-stability.6 However, there is still large VOC deficit ~0.54 eV which indicates 

additional limiting factors. Considering that point, Huang and co-workers demonstrated WB 

perovskite (Eg≥1.7 eV) device of a record PCE ~18.5% using stabilized perovskite material 

having mixed composition of (FA,MA,Cs)Pb(I1-xBrx)3 by tuning the carrier transport layers 

(CTLs); indene-C60 bisadduct (ICBA) having reduced energy disorder.15 The VOC deficit was 

lowered to ~0.5 eV. Concerning the VOC limiting issue, the studies on the impact of CTL on 

device characteristics of WB perovskite device can provide guidelines for further 

improvements. 

Herein, we report the improvement in WB (Eg ~1.71 eV) perovskite (MAPb(I1-xBrx)3; x~0.27) 

device by tuning the electron transport layers (ETLs) with highly crystalline fullerene 

derivatives. The device with long-chain alkyl substituted fullerene derivative, C60-fused N-

methylpyrrolidine-meta-dodecyl phenyl [(C60MC12), hereafter CMC] as an ETL demonstrated 

a record VOC=1.24 V (PCE~ 16.74%) with reduced VOC deficit to ~0.47eV. The better crystal 

quality and superior electrical properties of CMC over PCBM are beneficial for mitigation of 

energy disorder in CTLs and soothing the recombination activities. This minimizes the VOC 

loss and enhances the device performance. We investigated the enhancement in performance 

of WB perovskite devices by optoelectronic characterizations. 

  

2. RESULTS AND DISCUSSION  
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To confirm the proper wide bandgap tuning condition, mixed halide MAPb(I1-xBrx)3 

perovskite (mixed HaP) thin films were prepared adopting Cl-mediated interdiffusion 

approach31 by varying weight percentage of MAI and MABr in the precursor solutions. The 

details of fabrication process have been described in the experimental section (Supporting 

Information). Figure 1a depicts a magnified view of dominant characteristic XRD peaks of 

mixed HaP films (Fig. S1a). A gradual shift of all XRD peaks to larger diffraction angles 

(depicted as an inset in Fig. 1a and Fig. S1b3) and a decreasing trend of lattice constant (Fig. 

S1b1) with increasing MABr content (as depicted in Fig. 1a inset), indicate incorporation of 

Br into the crystal lattice to form mixed HaP films. This trend agrees with other reports.10,13,33 

A slight increasing trend in the full width at half maximum (FWHM) for MABr content (100%) 

(Fig. S1b2) reflects the decrease in crystal quality. Figure 1b shows the absorption spectra of 

respective films. The estimated bandgaps (Eg) (depicted in inset Fig. 1c) increase 

monotonically with increasing MABr content in the precursor solution. We fitted the estimated 

Eg with band bowing equation reported by Seok and co-workers,10 Eg(x) = Eg (x=0) + 0.39x+ 

0.33x2, where x is bromine composition. The Br content (x) incorporated into the mixed HaP 

film are extracted from the plot (Fig. 1c). It varies x~0- 0.44 corresponding to MABr content 

0-100%. It is found that the MABr content percentage (50%) is equivalent to Br composition; 

x~0.27 in MAPb(I1-xBrx)3 perovskite film which gives a proper band gap (~1.71 eV) for top 

cell in tandem structure.6,20  
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Figure 1. XRD patterns (magnified view) (a) and absorption spectra (b) of mixed HaP films. 

The plot of bandgap energies (Eg) estimated from plot (b) and fitted with band bowing model10 

(c). Inset in Fig. c displays a variation of Eg of mixed HaP films fabricated by varying MABr 

content in the precursor solution. 

 

 

Figure 2. The PCE of devices employing hole transport layers (HTLs); PEDOT:PSS and 

PTAA with Mixed HaP films by varying MABr content in the precursor solution (a). The 
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shaded region represents the better performance range for WB MAPb(I1-xBrx)3 perovskite 

device suitable for Si-perovskite tandem device. The trend of VOC with increase in Eg of the 

perovskite film for both devices and estimated VOC with respect to increase in Eg (solid line) 

(b). The estimated VOC is calculated with the reference of the VOC for Eg (x=0) with proportional 

increment in Eg of mixed HaP films in PSCs.   

 

After tuning the band gap of perovskite, we fabricated a complete device using respective 

perovskite layer and CTLs adopting our usual device structure as described in our earlier 

reports.31,32 We employed PEDOT:PSS and PTAA as HTL for a set of Br varied perovskite 

layers coupled with PCBM as ETL for both cases. Figure 2 shows the PCE of respective 

devices. The trend of PCE (Fig. 2a) exhibits a good agreement with the report by Seok and co-

workers.10 We observed a noticeable increase in VOC (Fig. 2b) for all Br varied perovskite 

devices with PTAA compared to the PEDOT:PSS devices which is in a good agreement with 

the reports.14,20,34 The lower performance of device with PEDOT:PSS is not surprising. The 

suppression of VOC for perovskite device with PEDOT:PSS (Fig. 2b) is attributed to the 

deleterious HTL/perovskite interface35,36 or perovskite film quality grown on HTL.14,32 Our 

previous study suggested that the VOC reduction for the device with PEDOT:PSS compared to 

PTAA as an HTL is dominantly influenced by the recombination at perovskite/PEDOT:PSS 

interface and higher defect profile in perovskite layer grown on it.32 The WB (Eg~1.71 eV, 

x~0.27) MAPb(I1-xBrx)3 perovskite solar cells (here after, WB PSCs) with PTAA demonstrated 

an efficiency of 15.11 % (VOC ~1.17 V, JSC~16.46 mAcm-2) with large VOC deficit ~0.54 V. The 

WB perovskite device with PTAA can be further improved by reducing the VOC loss from the 

estimated trend (Fig. 2b) and increasing the photocurrent. Despite the fact that the phase 

segregation of WB mixed HaP under prolonged illumination is deleterious,27,28 the VOC loss 

was still found to be dominant even for stabilized WB perovskite phase indicating that the 

phase stability is not impugning factor.6,15 So, it is crucial to improve the VOC and explore the 

limitation factors for WB PSCs.    
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Figure 3. (a) Molecular structure of long-chain alkyl substituted fullerene derivative, (b) 

schematic of the planar PSC, and (c) band alignments diagram (estimated by photoelectron 

spectroscopy) of the inverted PSC. 

 

The VOC of WB perovskite device is affected by a number of factors such as the band 

alignment, crystallinity, disorder energy of CTL,15,24 besides the morphology and crystal 

quality of perovskite layer.14,37,38 Some studies revealed that the defects in the perovskite layer 

also influence the VOC deficit.39,40 A report by Correa-Baena et al.41 suggested that the dopant 

concentration of CTL (i.e. HTL), deposited on perovskite layer plays important role in 

recombination dynamics and hence limits the VOC in PSCs. Following those points, we explored 

optimization of ETL to reduce the VOC deficit of our inverted perovskite device. Indeed, only 

few ETLs; inorganic materials (TiO2 and SnO2)
42–44 and organic materials (fullerene 

derivatives)45–48 have been widely used due to efficient transport of the photogenerated 

electrons. An added benefit with fullerene based ETLs is its passivating properties that 

eliminate the photocurrent hysteresis.45,49,50 Note that the fullerene derivatives bearing various 
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functional group side chains have been widely employed as the ETLs in organic PV devices.51–

53 The side chains affect the properties of PCBM (energy band, optoelectronic properties, 

crystallinity) which can also influence the device performance.48,52 Regarding these aspects, 

we studied the long chain alkyl substituted fullerene derivatives as ETLs. 

Figure 3a depicts the molecular structures of long-chain alkyl substituted fullerene 

derivatives in the form of increasing alkyl chain in side chain of PCBM (PCBB, PCBO and 

PCBD) studied in this paper. The long alkyl chain in side chain of PCBM causes negligible 

change in energy gap with a small impact on HOMO or LUMO levels (Fig. 3c). The Nakanishi 

et al. reported that the alkyl chains have very small effect on molecular orbitals (MOs) of 

fullerene cage.52 Obviously, the matching of band alignment is prerequisite for selection of 

CTLs. It can be further optimized by tuning the electronic properties and crystallinity of CTLs. 

The studies by Huang and co-workers showed a comparable VOC irrespective of LUMO levels 

of fullerene derivatives in narrower band gap MAPbI3 PSCs54 whereas a larger VOC was 

achieved in WB perovskite device with a shallower LUMO level of fullerene derivatives 

having lower energy disorder.15 Although the CTL having optimal band alignment and 

energetic disorder of CTL is important to improve the PCE of WB PSCs, the lower energetic 

disorder might be rather important than perfect band matching. To evaluate those facts, we 

fabricated WB perovskite devices (Fig. 3b) by employing the PCBM with long alkyl chains as 

ETLs. Figure 4a depicts the J-V characteristics of respective devices (performance parameters, 

Table S1). Interestingly, despite of the comparable JSC, the devices demonstrated a lower VOC 

with additional alkyl chains. This can be due to decrease in crystallinity with additional alkyl 

chains in PCBM. No crystalline peak was detected in XRD pattern (Fig. 4b) of the PCBM film, 

indicating amorphous nature. This agrees with the earlier reports.24,55 Shao et al.24 suggested 

that the amorphous PCBM film has a higher energetic disorder at interface which supresses the 

VOC of device. Note that we observed no difference in XRD patterns of the PCBM film under 
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solvent or thermal annealing and corresponding device parameters. Moreover, the photocurrent 

hysteresis was predominantly observed for device with long alkyl chains (PCBD) which could 

also be the consequence of the increasing amorphous nature of PCBM. This will be further 

discussed in the succeeding paragraph. 

  

Figure 4. Current density- voltage (J-V) characteristics (arrows shows scan direction) of WB 

(Eg~1.71 eV; x~0.27; MAPb(I1-xBrx)3) perovskite solar cells (WB PSCs) with long alkyl chain 

PCBM derivatives (a), XRD patterns of the PCBM and CMC thin films (b), J-V characteristics  

of best WB (Eg~1.71 eV) perovskite devices with PCBM or CMC as ETL (symbol stands for 

forward/reverse scan direction) (c) and EQE spectra of respective devices (d). 
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Table 1. Device parameters/ properties of WB PSCs with PCBM or CMC as ETL. JSC: short 

circuit current density, VOC: open circuit voltage, FF: fill factor, 𝜂 : power conversion 

efficiency, RS: series resistance, RSh: shunt resistance, A: diode ideality factor, J0: reverse 

saturation current density, and * estimated from VOC-T plot.  

Device JSC 

(mAcm-2) 

VOC 

(V) 

FF 𝜂 

(%) 

RS 

(Ω･cm2) 

RSh 

(Ω･cm2) 

∆𝑉𝑂𝐶= Eg/q-VOC 

(V) 

*EA 

(eV) 

With PCBM 16.46 1.17 0.78 15.11 5.85 5.62× 103 0.54 1.83 

With CMC 17.45 1.24 0.77 16.74 5.82 4.52× 103 0.47 1.85 

 

In order to shed light on the role of crystallinity of fullerene derivatives for tailoring 

the VOC, we introduced long-chain alkyl substituted fullerene derivative, CMC as an ETL. Note 

that CMC was used for organic electronics.56–58 It is known for highly crystalline films with 

high electron mobility55,56,58,59 which is beneficial to improve the interface and carrier transport 

in perovskite device. The XRD patterns (Fig. 4b) demonstrate the high crystallinity of the CMC 

film compared to the PCBM film. These results agree with the earlier reports.55,56,58 The lattice 

spacing of the (001) plane in the CMC film is ~2.34 nm. It agrees with the reported value.55 

The absorption, transmission, photoelectron spectra (Fig. S2) are alike for both films. The 

surface images of the PCBM and CMC thin films and cross-sectional images of the WB PSCs 

with respective ETL (Fig. S3) have almost identical feature. The typical J-V characteristics 

(Fig. 4c, Table 1) demonstrated an improvement in PCE from 15.11 to 16.74 % for the device 

with CMC. This enhancement in PCE mainly stems from increase in VOC~1.24 V with slight 

increase in JSC. Importantly, the device with CMC lowered the VOC deficit to 0.47 V which is 

lowest among the reported WB perovskite devices.6,15 The device parameters (Fig. S4 and 

Table S2) show high reproducibility for large set of devices. This result indicates that the 

crystallinity of fullerene derivative has noticeable influence for enhancement in VOC of the WB 

device. Cohen and co-workers60 suggested that the disorder more likely to be present in 

amorphous transport layers introduces a broad distribution of traps which affects the 
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photovoltage and recombination in solar cells. It is speculated that the crystalline material has 

very weak static or dynamic disorder which minimize the tail states. This consequence could 

be the crucial for enhancement in VOC of WB PSCs with the crystalline CMC layer. In the 

similar scenario, Huang and co-workers also observed a correlation between the crystallinity 

of the PCBM film and enhancement in VOC of perovskite device.24 The crystalline CMC thin film 

has higher mobility compared to amorphous PCBM film.56,59 It is reported that mobility of carrier 

transport layers have impact on JSC.61 Therefore, it is speculated that a slight increase in JSC (16.46 

to 17.45 mAcm-2) is the consequence of higher mobility of the CMC film. Despite achieving a 

record VOC, the photocurrent is still lower by ~2.5 mAcm-2 compared to matching photocurrent 

density (20 mAcm-2) for tandem device structure. This could be due to thinner perovskite layer 

(~300 nm) in device structure compared to other reports.6,15 The JSC of our device can be 

enhanced by further optimization of WB perovskite layer with mixed cations and CTLs. 

Interestingly, though the photocurrent hysteresis appeared dominantly in devices with C12 alkyl 

in side chain of PCBM (PCBD) (Fig. 4a), the device with CMC is hysteresis free (Fig. S5). 

This is presumed to be related to the high crystallinity of the CMC film which may decrease 

the energy disorder. The PCBD film having more amorphous nature than PCBM increases 

energy disorder at interface.24 It widens the band tail electronic states and activates the surface 

and grain boundary charge traps.45 This induces the photocurrent hysteresis. Figure 4d displays 

the external quantum efficiency (EQE) spectra of respective devices, whose integration yields 

a similar value to JSC from J-V curve. The CMC device revealed an enhanced EQE response in 

the range of ~ 400- 600 nm which is attributed to the mitigation of traps at interface and increase 

in mobility of the CMC film due to its high crystallinity as discussed earlier. A slight increase 

in EQE between 600-700 nm for the PCBM device is due to the comparatively lower 

reflectance (Fig. S6a). 
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Moreover, we also tested the stability of encapsulated devices under continuous 1 sun 

illumination (no UV-light filtering) and MPPT condition at 30 °C. There is no significant 

difference on degradation of the device parameters for the PCBM and CMC devices (Fig. S7) 

for short time testing. Obviously, there is degradation on the device performance after some 

hours. Many research groups have reported noticeable progress in device stability by mixed 

cations/halide perovskite18 and engineering the CTLs62–64 and electrodes.65 Note that the 

discussion on the stability issue is beyond the scope of this work.  

 

 

Figure 5. Plots of VOC-light intensity (I) (a) and VOC-T of the WB PSCs with PCBM or CMC 

as ETLs. 

 

To get further insight, we investigated the operating mechanism of the WB 

perovskite device with PCBM and CMC as ETL. The J-V curves of devices were measured 

under various light intensity (J-V-I) (Fig. S8) to explicate the recombination of photogenerated 

carrier under open circuit condition. Figure 5a displays a semilogarithmic plot of VOC as a 

function of light intensity (I) for both devices. The slopes from were estimated to be 1.12 kBT/q 

and 1.09 kBT/q for the PCBM and CMC devices, respectively. This suggests that both devices 

slightly suffered from trap-assisted recombination under device operation.31,66 In addition, the 

energy shift (∆𝐸= Eg- Ec; Ec is intercept of VOC-I plot; for I=0) 32,66 is calculated to be ~0.59 eV 
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for the PCBM device which is higher than that for the CMC device (~0.52 eV). This energy 

shift is related to higher energetic disorder near perovskite/CTL interface.24,66 It also supports 

that the PCBM device has higher energy disorder which causes the VOC loss. Furthermore, the 

temperature dependent J-V curves (J-V-T) (Fig. S8) were studied in the temperature range of 

233 to 353 K to avoid the change in perovskite phase.67 The VOC- T (Fig. 5b) plots explicate 

about the recombination mechanism that supresses VOC
32,68,69 as we have demonstrated in our 

previous reports for narrower band gap perovskite device based on MAPbI3.
32,69 The intercept 

of VOC-T plot to 0 K gives the activation energy (EA) of the recombination. The depression of 

EA from Eg indicates the strength of the defect-mediated recombination at the interface due to 

defective layer induced in the perovskite layer.68,69 The values of EA were estimated to be ~1.83 

and 1.85 eV for the PCBM and CMC device, respectively which are higher than Eg of 

perovskite film estimated from EQE spectra of respective devices (Fig. S6b). This suggests the 

recombination in the perovskite layer is dominant. Despite the improved interface induced by 

highly ordered CMC layer at ETL side, there is no noticeable difference in EA for the PCBM 

and CMC devices. It has been documented that the bulk and interface quality of perovskite 

devices are dominantly influenced by CTL on which perovskite layer is prepared14,32,70 rather 

than that deposited over perovskite absorber. It believed that our devices have dominant 

influence of identical interface quality induced at PTAA side for both devices induced during 

the device fabrication and hence the effect at interface induced by of quality of CMC film may 

not be so noticeable. Therefore, we presume that these devices might be differed by the traps 

states and densities in the perovskite film and interface effect induced by quality of ETL. 
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Figure 6. Capacitance spectroscopy of the WB PSCs with PCBM or CMC as ETLs. (a) Mott-

Schottky (M-S) plot, (b) space charge carrier density and the Arrhenius plots (c, d) and defect 

density (Nt) profiles (e, f) for the respective devices. 

 

In order to elucidate the characteristics origin of the two devices, we further explored 

the capacitance spectroscopy. This technique is commonly used to estimate the defect density, 

defect state and carrier density.69,71–73 The Mott-Schottky plot (Fig. 6a) for both devices 

revealed a voltage independent full depletion curve indicating intrinsic junction.68 Importantly, 

the diffusion potential (VD)31,68 for the CMC device (1.23 V) is higher than that for the PCBM 

device (1.16 V). This is consistent with the VOC trend. In addition, the space charge carrier 
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profile (Fig. 6b) shows slightly higher carrier density for the PCBM device. This may be due 

to additional contribution from defect states induced at PCBM interface due to amorphous 

nature.24,56 

We further investigated the defect induced in perovskite layer by analyzing the 

capacitance spectra (Fig. S9) of devices. The Arrhenius plots (Fig. 6c, d) and defect profile 

(Fig. 6 e, f) were estimated from using the relation,71 

𝜔0= 2𝜐0𝑇2𝑒
−

𝐸𝑡
𝑘𝐵𝑇⁄  

                                             (1) 

  𝑁𝑡= -
𝑉𝑏𝑖

𝑒𝑤
 (

𝜔

𝑘𝐵𝑇

𝑑𝐶

𝑑𝜔
)                                               (2) 

where 𝜐0, 𝐸𝑡, C, 𝑉𝑏𝑖, w, 𝜔 and kB stand for the emission factor comprising all the temperature 

independent parameters, defect states, capacitance, built in potential, SCR width, scan 

frequency and Boltzmann’s constant. The CMC device demonstrated comparatively shallower 

defect states at 𝐸𝑡1
,

~129 meV (𝜐1
,
~1.12×107 s-1) and 𝐸𝑡2

,
~311meV (𝜐2

,
~1.05×1010 s-1) whereas 

the defect states for the PCBM device were 𝐸𝑡1~195 meV (𝜐1~3.53×107 s-1) and 𝐸𝑡2 ~339 

meV (𝜐2~1.08×1010 s-1). Note that the values in parentheses are the emission factors (𝜐) for 

each defect states. Although the defect states are unlikely to specify uniquely either in bulk or 

close to the CTL/perovskite interface, these are presumed to be distributed near to the interface 

mostly. The defect densities (Fig. 6e, f) were found slightly lower (integrated defect densities; 

~3.61×1016 and ~7.63×1016 cm-3) for the device with CMC compared to that for the PCBM 

device (~5.64×1016 and 1.13×1017 cm-3). Our results are found to be within the range of the 

report by Huang and co-workers.15 The defect states and density profile are in the range of 

reported values for narrower Eg perovskite based on MAPbI3.
31,32,74 It implicates the identical 

nature of defects induced in perovskite devices. Moreover, the defect density distribution for 

the PCBM device is wider compared to the CMC device. Note that both devices prepared on 

PTAA substrate have identical interface junction at HTL side. This implies that the suppression 

of defect states and defect densities for the CMC device stems from the improved interface 
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junction near ETL. It suggests that a high crystallinity (ordered molecules) of ETL contributes 

to the passivation of interface defect activities in the device. Despite having different device 

structure, our result agrees with the observation by Correa-Baena et al. that suggests the 

importance of better carrier transport materials with more selective properties for suppression 

of interface recombination.41 Moreover, the numerical simulations using SCAPS32,75 were 

carried out by taking into account the optoelectronic properties from device analysis (defect 

distribution, crystallinity of ETL and interfacial traps). Despite having some differences in 

figures of merit, the simulated J-V characteristics (Fig. S10, Table S3) demonstrated a close 

agreement with our experimental results. It supports our hypothesis that the crystalline ETL 

alleviates the trap centers at the interface which suppresses the recombination activities.  

 

Figure 7. Schematic illustration of mechanism for enhancement in device performances with 

crystalline fullerene derivatives. Schematic diagrams of film structure of amorphous PCBM 

(a) and crystalline CMC (b) thin film. The CMC film forms 2.34 nm period bilayer structures. 

Schematic of detrimental charges induced at interfaces and defect species in the perovskite 

layer for device with amorphous (c) and crystalline (d) carrier transport layers. The filled and 

empty symbols represent defect species. The Gaussian distribution profile indicates the defect 

distribution in each device.  

  

We propose the schematic diagrams (Fig. 7) to illustrate the phenomena behind the 

improvement in performance parameters for WB perovskite device with high crystallinity 
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CMC as an ETL. We presumed the surface molecules are randomly oriented in the amorphous 

PCBM film (Fig. 7a) whereas the crystalline CMC film forms well-ordered CMC molecules 

with periodic bilayer structure with interlaced dodecyl chains as depicted in Fig. 7b. Yase and 

co-workers reported that the π-π intermolecular overlap between C60 components facilitates the 

square lattice with a two-dimensional of C60 components in the CMC film.55 The material 

having highly ordered crystalline film minimizes the static or dynamic disorder which 

passivates the tail states in the organic film and Fermi level pinning on other substrates.60 The 

CMC thin film having bilayer crystalline structure form more favourable perovskite/ETL 

interface layer which is beneficial for effective carrier transport and mitigation of traps at 

interface. As depicted in Fig. 7c and d, both perovskite devices form the same interface quality 

at HTL side (PTAA/perovskite interface) whereas the ETL/perovskite interfaces differ. The 

device with amorphous PCBM (Fig. 7c) accumulates more detrimental charges at 

PCBM/perovskite interface and induces higher defect densities in the perovskite film. The 

defect distribution may also diffuse into the PCBM layer as well as perovskite layer as depicted 

in Fig. 7c. This lowers the VOC of the device. On the other hand, the device with high 

crystallinity CMC film (Fig. 7d) forms better interface quality at CMC/perovskite interface and 

passivates the defect levels and defect densities in the perovskite film. Thus, the crystalline 

ETL film could alleviate the VOC loss and improve the photocurrent by soothing the 

recombination activities at interface and perovskite layer. This opens the possibility of further 

optimization of perovskite device by tuning crystallinity of the carrier transport layer. 

 

3. CONCLUSIONS 

The wide bandgap perovskite cells are promising for silicon-perovskite tandem device to 

overcome the Shockley-Queisser limit owing their solution processability and bandgap 

tunability. We demonstrated an enhanced efficiency of 16.74 % with record VOC (1.24 V) 
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increased by 70 mV with reduced VOC deficit of 0.47 V for the WB (Eg~1.71 eV) MAPb (I1-

xBrx)3 perovskite devices with CMC having high crystallinity as an electron transport layer 

(ETL). The device characteristics; J-V analysis, capacitance spectroscopy revealed that the WB 

perovskite device with CMC alleviated the defect activities with shallower defect states 

(~0.129 and ~0.311 eV) and lower recombination centers (4-7×1016 cm-3) while those for the 

device with PCBM were comparatively higher due to its amorphous nature. This report 

establishes that the WB perovskite device can be improved by matching energy band as well 

as crystallinity of the carrier transport layer. 

 

4. EXPERIMENTAL DETAILS 

4.1. Materials and Preparation:  

All reagents and solvents were purchased from commercial suppliers as mentioned 

and used as received without further purification unless otherwise stated. Methyl ammonium 

halides (MAI, MABr, and MACl) and PbI2 were bought from Wako chemical company. The 

materials such as PTAA, PCBM, PCBB, PCBO, PCBD and C60MC12 were purchased from 

Sigma Aldrich for carrier transport layer. The details of preparation of precursor solution and 

device fabrication are described in the earlier reports.31,32 It also has been briefly mentioned 

supporting information.  

4. 2. Material and Device Characterizations 

The XRD patterns were studied using an X-ray diffractometer (Rigaku SmartLab, Japan, CuK, 

= 1.54050𝐴̇). The SEM images were obtained using a high resolution scanning electron 

microscope (SEM) at 5 kV accelerating voltage (Hitachi, S-4800). The absorption spectra were 

collected using UV-Vis-NIR spectrometer (7200, V-Jasco). HOMO levels of transport layers 

were collected using a photoelectron spectrometer (Riken Keiki, AC-3). The J-V curves were 

obatined with scan rate 0.05 V/s under 1 sun with an AM 1.5G spectral filter (100 mWcm-2) 
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coupled with maximum power point tracking (MPPT) system (SYSTEMHOUSE SUNRISE 

Corp). The J-V scans were carried out with scan rate 0.05 V/s in forward (V to VOC) and reverse 

(VOC to V) directions. The light intensity dependent J-V characteristics were obtained by J-V 

scan under 1 sun illumination with different filters. The stability of the encapsulated devices 

were monitored under standard illumination (AM1.5G, no UV-light filtering) following the 

maximum power point tracking (MPPT) condition. This system was equipped with a 

temperature-controlled oven coupled with solar simulator system (BIR-50; Bunko-keiki, 

Japan). The spectral responses were measured on SM-250 IPCE system (Bunko-keiki, Japan). 

Capacitance spectra (20 Hz to 2 MHz, Vac~0.03 V, 253 K to 343 K, under dark) were collected 

using an LCR meter (E4980A, Agilent). The temperature dependent characteristics was carried 

out by using the controlled chamber (SU-221) (±0.1 K). 
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