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Abstract: Perovskite Solar Cells (PSCs) have managed to significantly capture attention by
achieving efficiency values of 25.6% in a remarkably short period of around ten years. Each
layer within the device plays a crucial role in the overall device efficiency when it comes to
PSC production. PCs1BM, a derivative of fullerene, is one of the most commonly used electron-
transport layers (ETLSs) in inverted-type PSCs. In this study, the improvement of the ETL was
aimed by incorporating Ceo into PCs1.BM, and the effects of the doped ETL on MAPbI3z-based
inverted-type PSCs were investigated. For inverted type PSCs which are fabricated under high
humidity (40-60%) and room conditions (~25 °C), the power conversion efficiencies (PCEs)
have boosted from 11.54% (for undoped PCs:BM) to 13.40% (for Ceo-doped PCeiBM). To
comprehend the sources of improvement in the fabricated devices, a series of characterizations
were carried out, including Current Density-Voltage (J-V), Hysteresis Factor (HF), Scanning
Electron Microscope (SEM), and Atomic Force Microscope (AFM) measurements.
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1. Introduction

Perovskite solar cells (PSCs) have achieved a remarkable increase in efficiency, from
3.8% to 25.6%, in a relatively short period of about a decade [1, 2]. PSCs have garnered
significant attention from researchers worldwide due to their easy production, high
efficiency, and cost-effectiveness. Perovskite materials typically have a chemical
structure represented as ABXas. In the desired semiconductor structure of halide
perovskites for photovoltaic applications, ABX3 consists of: A = cation (such as CHzNH3"
and CH(NH.)2"), B = divalent metal cation (such as Pb?*), and X = halogen anion (such
as Cl7, Brand I") [3]. In 2009, Miyasaka and their colleagues discovered that the organic
metal halide perovskite materials, Methyl ammonium lead bromide (MAPbBr3) and
Methyl ammonium lead iodide (MAPbI3), could absorb sunlight in dye-sensitized solar
cells. They achieved an efficiency of 3.8% by using perovskite materials inside liquid
electrolytes [1]. However, it was observed that perovskite materials degraded rapidly
within liquid electrolytes, leading to research efforts to find more suitable production
methods for perovskite. In 2012, using thin-film technology, the first all-solid-state PSCs
were fabricated, and device stability was improved, reaching efficiency values of 9.7%
[4]. In the same year, Snaith and their colleagues used compact titanium dioxide (TiO2)
as the electron transport layer (ETL) and aluminum oxide (Al>O3) as the scaffold material,
achieving an efficiency of 10.9% for PSCs by using the perovskite material methyl
ammonium lead iodide chloride (CHsNH3PbI.Cl) [5]. Recently, all-solid-state single
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junction PSCs have reached efficiency values of 25.6% [2]. Thin-film layers involved in
every stage of fabrication for PSCs are crucial in terms of production cost, stability, and
efficiency. In traditional and inverted device architectures of PSCs, the main aim is to
transport the charges generated in the absorber layer (perovskite) to the necessary
electrodes through charge transport layers. Therefore, charge transport layers play a
significant role in the device efficiency. The orientation of the electron-hole (exciton)
pairs formed in the absorber layer is the most fundamental difference between traditional
and inverted type PSCs. In the traditional architecture, electrons move towards the bottom
electrode, whereas in the inverted architecture, they move towards the top electrode.
Similarly, in the traditional device architecture, holes move towards the top electrode,
while in the inverted structure, holes move towards the bottom electrode. In the PSCs
fabricated using traditional device architecture, inorganic oxide materials such as titanium
dioxide (TiO2)[4, 5, 6] and tin (IV) oxide (SnO>) [7, 8] are commonly used as ETLs. On
the other hand, in the inverted device architecture, ETLs often involve fullerene and its
derivatives, known for their ultrafast charge transfer properties [9, 10]. The inverted
device architecture has gained attention for commercial applications due to its low-
temperature production techniques and ease of manufacturability [11]. Phenyl-Ce1-
butyric acid methyl ester (PCe1:BM), a derivative of fullerene, is one of the most
commonly used electron transport materials in the inverted type PSCs due to its strong
electron transport capabilities and relatively high electron affinity [12]. However,
PCe:BM can lead to efficiency reduces in the inverted type PSCs due to certain
limitations, including low electron mobility, challenges in forming high-quality thin
films, current leakage, and excessive nonradiative recombination [10, 13]. To overcome
the disadvantages mentioned above, one of the most effective methods is to apply a
doping process into PCs1BM. Kuang and their colleagues enhanced device performance
in CH3NH3Pbl;-<Clx-based PSCs by introducing a new two-dimensional carbon material
called graphdiyne as a dopant into PCs:BM. This approach enhanced film conductivity
and improved the electron transport layer/perovskite interface [14]. Bae and their
colleagues boosted the PCE of PSCs by employing n-type 1,3-Dimethyl-2-phenyl-2,3-
dihydro-1H-benzoimidazole (DMBI) as a dopant into PCe1BM. This addition increased
the electrical conductivity of the ETL while reducing the work function [15]. Xia and
their colleagues enhanced device efficiency by incorporating Oleamide, an amphiphilic
surfactant, into PCs1BM. This modification improved the coverage of ETL on the
perovskite surface, increased the flow of the charge to the top electrode, and significantly
reduced recombination [16]. Similar doping strategies with PCs1BM, such as reduced
graphene oxide (RGO) [17] , carbon quantum dots [18] , bathocuproine (BCP) [19] and
poly[(9,9-dioctyluorene)-2,7-diyl-alt-(4,7-bis(3-hexylthien-5-yl)-2,1,3 benzothiadiazole)
-2'2"-diyl] (F8TBT) [20], have been utilized to enhance the PCEs of PSCs. In 2021,
Younes and their colleagues improved device performance and stability for inverted type
PSCs by directly doping fullerene (Ceso) into PCs1BM, serving as an ETL [21]. In this
study, chlorobenzene was used as a solvent for both PC¢1:BM and Ceo materials, and the
research investigated very low concentration ratios of Ceo within PCs1BM. The device
fabrication involved preparing perovskite (MAPbI3) in dimethyl sulfoxide (DMSO) and
gamma-butyrolactone (y-butyrolactone) solvents, and perovskite and ETLs were
deposited in a glove box with low oxygen and humidity conditions. However, it's
important to note that commercializing PSCs with device fabrication inside a glove box
can be both challenging and costly.

In this present study, PSCs based on MAPDI3 were fabricated using gamma-butyrolactone
as a solvent under high humidity conditions (40-60%) and room temperature (~25 °C) for
the inverted architecture. The aim was to improve device efficiency by incorporating Ceo
into PCe:BM as the electron transport layer.  Unlike previous studies, 1,2-
dichlorobenzene, which is a good solvent for Ceo, was specifically used for the electron
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transport layer, and the amount of PCs1BM was reduced, with Ceo being added in its place.
The efficiency of the fabricated PSCs increased from 11.54% (for undoped PCs1BM) to
13.40% (for Ceo-doped PCe1BM), as compared to the reference device.

2. Material and Method
2.1. Device Fabrication

The inverted type PSCs were fabricated with the ITO/PEDOT:PSS/MAPbI3/PCe1BM or
PCes1BM:Cso /BCP/Ag device architecture. Indium tin oxide (ITO)-coated glass substrates
(Japan, 10-12 ohm/square resistance) were first cleaned by sonication in acetone and
isopropanol for 20 minutes each and then dried with nitrogen gas. Before the spin-coating
process, the cleaned ITO-coated glass substrates were exposed to oxygen plasma for 10
minutes (Germany, Diener-Femto). As the hole transport layer, PEDOT:PSS (Heraeus,
AL4083) was coated onto the ITO-coated glass using the spin-coating method. After the
deposition of PEDOT:PSS thin films, a 10-minute annealing process was carried out at
140 °C. The perovskite solution was prepared by mixing Pbl> (Sigma Aldrich, 1.3 M) and
CHsNHsl (Lumtec, 1.54 M) materials in 2.5 mL of gamma-butyrolactone (GBL) and
stirring on a magnetic stirrer at 50 °C for 24 hours. Prior to coating, the perovskite solution
was filtered using a 0.45 um PTFE filter. Subsequently, the perovskite solution was spin-
coated onto the PEDOT:PSS layer at 5000 rpm for 40 seconds. During the last 10 seconds
of the spin-coating process, a washing step with 80 uL of toluene was applied as an anti-
solvent while coating the perovskite onto the PEDOT:PSS layer. The perovskite films
were annealed at 100 °C for 20 minutes PCs1BM (Lumtec) (20 mg) and PCs1BM:Ceo (18
mg:2 mg) were separately prepared in 1 mL of 1,2-dichlorobenzene solvent and mixed
on a magnetic stirrer for 12 hours without temperature application. The PCs1BM and
PCe1BM:Cso solutions were then spin-coated onto the perovskite surface at 2000 rpm for
35 seconds. The BCP (Lumtec) solution (0.5 mg/mL in ethanol) was spin-coated on ETL
at 4000 rpm for 45 seconds. Finally, a 110 nm-thick silver (Ag) top metal electrode was
deposited using thermal evaporation method. Throughout the device fabrication process,
all steps except for the top metal electrode deposition were carried out under ambient
conditions with high humidity levels (40-60%).

PCEs and hysteresis factor (HF) of fabricated devices were calculated by using the
following equations:

P sc xVoc xFF
"”t) x100 = ]—,x100 (1)

PCE(%) = ( -

in

|PCEForward - PCEReversel x1

HF (%) =
(/0) PCEForward

00 2

3. Results

Fullerene and its derivatives are among the most often utilized ETLs for inverted-type
(IT) PSCs. The effects of using of fullerene (Ceo) in its derivative (PCs1BM) as ETLs for
PSCs have been investigated on device performance. IT-PSCs were fabricated with the
device configuration of ITO/PEDOT:PSS/MAPDI3/PCe1:BM or PCe1BM:Ceo/BCP/AgQ.
The fabricated device architecture and molecular structures of Ceo and PCe1BM were
illustrated in figure 1.
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(b)
Figure 1. (a) Device structure of inverted-type PSC and molecular structures of (b) Ceo and (¢) PCs1BM

In order to determine the photovoltaic parameters of the fabricated IT-PSCs, current
density-voltage (J-V) measurements were carried out. The photocurrent density-voltage
(J-V) characteristics were measured under AM 1.5G irradiation at 100 mW/cm?. Figure
2 displays J-V curves of control (PCe:BM as ETL) and champion (PCs1BM:Ceo as ETL)
devices. In the absence of any small amounts of Ceo additives, utilizing pristine PCe1.BM
as the ETL (control device), the cell exhibited a short-circuit current density (Jsc) of 16.92
mA/cm?, an open circuit voltage (Voc) of 1015 mV and a fill factor (FF) of 67.2%. The
photovoltaic parameters resulted in a power conversion efficiency (PCE) of 11.54% for
the control device, with an average PCE of 10.37% across the fifteen fabricated devices.
The addition of the Ceo into PCs1BM (champion device) boosted PCE to 13.40% with a
Jsc of 18.36 mA/cm?, a Voc of 986 mV and a FF of 74.0% (average PCE of 12.91% for
fifteen devices).
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Figure 2. Current density (J) - Voltage (V) curves for (a) control and (b) champion devices

When the best efficiency values for the control and champion devices are compared, it is
found that using Ceo as the additive in ETL improves the PCE by approximately 16%.
The primary factors contributing to this enhancement are clearly discernible in the form
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of increased Jsc and FF. It is evident that the addition of Ceo into PCe:BM has
significantly boosted Jsc, increasing it from 16.92 mA/cm? (control) to 18.36 mA/cm?
(champion), and FF has also improved from 67.2% to 74.0%. Another factor that affects
the PCEs of PSCs is the current-voltage hysteresis. To comprehend the hysteresis effect
of Ceo as an additive in PC¢1BM on PSCs, both forward and reverse scans were carried
out during J-V measurements. Photovoltaic parameters and HF values for control and
modified devices are provided in Table 1. Table 1 reveals that the hysteresis factors for
the control and champion devices were computed as 1.14% and 0.60%, respectively. It
can be said that the negligible level of hysteresis factor obtained for the champion device
might lead to improvements in the charge carrier extraction when Cego is added into
PCes1BM. The average PCEs were determined based on a total of 30 distinct fabricated
devices.

Table 1. Photovoltaic parameters of fabricated devices

ETL Jsc Voc FF (%) PCE (%) HF (%)
(mAJcm?) (mV) Best | Average
PCs:BM Forward 16.88 1013 66.7 11.41 10.37 1.14
(Control) Reverse 16.92 1015 67.2 11.54
PCs1BM:Cgo | Forward 18.36 986 74.0 13.40 12.91 0.60
(Champion) Reverse 18.34 988 73.5 13.32

The surface morphology of the layers within PSCs has a substantial impact on their
photovoltaic performance. Therefore, in order to gain a better understanding of the impact
of Ceo on the photovoltaic parameters, Scanning Electron Microscope (SEM)
measurements were conducted. SEM images of PCe1:BM and PCs1BM: Cego layers on the
perovskite were depicted in Figure 3.

Figure 3. SEM images for (a) PC¢1BM and (b) PCs1BM: Cgo layers on perovskite

It was realized that the ETLs deposited on perovskite appear to be quite uniform based
on SEM measurements. There are almost no pinholes observed in films coated with both
PCes1BM and PCs1BM:Cso 0N perovskite. To delve deeper into the effects of incorporating
Ceo into the ETL surface, atomic force microscopy (AFM) measurements were
performed. In this way, it could be gained a more detailed understanding of the
morphology of both the perovskite/PCe1BM and the perovskite/PCs1BM:Cego surfaces. 2D
and 3D AFM images of PCs1BM and PCs1BM:Cgo surfaces deposited on perovskite layers
were illustrated in Figure 4. The Root mean square (RMS) roughness values for the
interfaces of perovskite/PCs1BM, perovskite/PCs1BM:Ceo are 5.20 nm and 4.50 nm,
respectively. It is evident that the PCs1BM:Cso surface is smoother than the PCs1BM
surface from the AFM images. Thus, the incorporation of Ceo into PCs1:BM enhanced the
morphology of the ETL films, leading to smoother surfaces.
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Figure 4. (a) 2D and (c) 3D AFM images of the PCs1BM surface on perovskite, and (b) 2D and (d) 3D
AFM images of the PCsBM:Cego surface on perovskite

The smoother coated of the ETL on perovskite can prevent direct contact between the
perovskite and the metal layer applied on ETL. Consequently, this situation might allow
for more efficient charge transport between the metal contact and the ETL, leading to
reduced charge recombination [21]. It can be concluded that the photovoltaic results
obtained for both control and champion devices clearly demonstrate the considerable
influence of this enhancement at the perovskite/ETL interface. In this study, a total of 30
different devices were fabricated with 15 serving as controls (PC¢1BM used as ETL) and
15 incorporating Ceo-doped ETLS, to investigate the impact of Ceo on photovoltaic
performance. The statistical distribution of photovoltaic parameters for the fabricated
devices is illustrated in Figure 5.
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Figure 5. Statistic distribution of photovoltaic parameters for PSCs utilized PCs:BM and PCg1BM:Cgp as
ETLs: distribution of (a) Jsc, (b) Voc, (c) FF and (d) PCE.
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In devices where pristine PCs1BM is used as the ETL, Jsc values are observed in the range
of 15.05 to 17.45 mA/cm?, while in devices where Ceo-doped ETLs are employed, Jsc
values have been observed in the range of 17.84 to 18.61 mA/cm?. The minimum Jsc
value (17.84) for Ceo-doped devices surpasses the maximum Jsc value (17.45) for the
reference device. Voc values for devices with pristine ETLs range from 0.98 to 1.02 volt,
whereas for doped ETLs, they range from 0.96 to 0.99 volt. There has been not a
noticeable shift in Voc. The FF values for control devices range from 59.7% to 67.2%,
while for Ceo-doped devices, they range from 70.8% to 74.0%. It is clear that there is a
significant improvement in FFs as well. As a result, the enhancement of both Jsc and FF
contributed to the increased PCE in devices incorporating Ceo into the ETL.

4. Conclusion

In this study, IT-PSCs were fabricated using MAPbIs perovskite structure under high
humidity (40-60%) and room temperature (~25 °C) and Ceo Was incorporated into
PCe1BM as the ETL to improve PCEs of PSCs. The photovoltaic results demonstrated
that by incorporating Ceo into the ETL, the PCE values for IT-PSCs were boosted from
11.54% to 13.40%. Additionally, it has been observed that the hysteresis factor decreased
in devices with Ceo doping. SEM and AFM measurements were conducted to assess the
impact of Ceo 0n the film morphology in PSCs. AFM images reveal that surface of Ceo-
doped ETL is smoother than the pristine ETL. The smoother surface of ETLs doped with
Ceo is thought to avoid direct interaction between the metal contact on the ETL and the
perovskite structure. As a result, devices with doped ETLs show significant
improvements in Jsc and FF parameters, attributed to enhanced charge transport and
reduced charge recombination.
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