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ABSTRACT 

 

Lead halide perovskite solar cells have reached power conversion efficiencies (PCEs) greater 

than 23%. These materials have shown potential to reach higher efficiencies due to their 

favourable photovoltaic properties. However, the fabrication of highly efficient lead 

perovskite solar cells is a challenging task. This thesis explores the influence of different 

layers involved in the fabrication of conventional (n-type electron transport layer / perovskite 

absorber layer / p-type hole transport layer) and inverted architectures (p-type hole transport 

layer / perovskite absorber layer / n-type electron transport layer) for lead perovskite solar 

cells. 

Firstly, in the case of a conventional architecture comparison of different transparent 

conducting oxides (TCOs) and different hole transport layers (HTLs) have been presented. 

Indium doped tin oxide (ITO) and fluorine doped tin oxide (FTO) were the choice of TCOs 

and 2,2’,7,7’-tetrakis[N, N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD) 

and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) were the choice of HTLs. A 

cesium, formamidinium, methylammonium, lead, iodide, and bromide based Csx(FA0.83MA0.17)1-

xPb(I0.83Br0.17)3 perovskite absorber layer was chosen for these solar cells. The PCEs obtained 

were in the range up to 13% across the variations. The multitude of critical parameters 

influencing the fabrication process requires meticulous attention. However, not all 

parameters could be controlled in these experiments.  

In addition, for inverted solar cell architecture nickel oxide (NiOx) based HTL was chosen 

alongside Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3 perovskite absorber layer. The interface of the 

HTL and the perovskite absorber layer was modified using differently functionalized 

benzylphosphonic acid molecules. These molecules form self-assembled monolayers (SAMs). 

The modifications were done using benzylphosphonic acid (BPA), 4-bromobenzyl phosphonic 

acid (Br-BPA), 4-fluorobenzyl phosphonic acid (F-BPA), 4-aminobenzyl phosphonic acid 

(NH2-BPA), 4-nitrobenzyl phosphonic acid (NO2-BPA), and 4-methoxy benzylphosphonic acid 

molecules (OCH3-BPA). The successful deposition was carried out using various deposition 

methods and conditions. The modifications were confirmed through contact angle measurements 

and X-ray photoelectron spectroscopy. The influences of these molecules on the perovskite were 

studied using absorption spectroscopy, X-ray diffraction, and scanning electron microscopy. The 

solar cell devices were characterized using current density – voltage measurements, maximum 
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power point tracking, and external quantum efficiency. The Br-BPA molecules based solar cells 

showed an improvement in the open circuit voltage (VOC) compared to the non-modified samples 

in dip coated (from 0.978 V to 1.099 V) and spin coated (from 0.977 V to 1.057 V) samples 

alike leading stable PCEs of above 12%. 
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ZUSAMMENFASSUNG 

 

In den letzten Jahren haben Bleiperowskitsolarzellen einen stetig steigenden Aufwärtstrend 

gezeigt, welche mittlerweile die 23% Marke überschritten haben und damit großes Potential im 

Bereich der Photovoltaik darstellen. Nichtsdestotrotz ist die Herstellung solch effizienter 

Energieträger eine große Herausforderung. Diese Arbeit beschäftigt sich mit dem Einfluss 

unterschiedlicher Transportschichten in der konventionellen (n-i-p) sowie der inversen (p-i-n) 

Aufbaustruktur in Bleiperowskitsolarzellen. 

Zunächst wurde der Einfluss von transparent leitfähigen Schichten (TCO) und der 

Lochleiterschicht im n-i-p Aufbau dargestellt. Dabei wurden die zwei transparenten Schichten 

Indium dotiertes Zinnoxid (ITO) und Fluor dotiertes Zinnoxid (FTO)  sowie die Lochleiter spiro-

OMeTAD und PTAA untereinander verglichen. Der dazugehörige Bleiperowskitabsorber besteht 

aus einer Kombination aus Cäsium, Formamidinium, Methylammonium, Blei, Iodid und Bromid 

mit der Zusammensetzung Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3. Die damit untersuchten 

Solarzellen zeigten Effizienzen um die 13%. Jedoch muss man bei der Herstellung effizienter 

Solarzellen eine Vielzahl von kritischen Prozessierungsparametern berücksichtigen um 

reproduzierbare Ergebnisse zu erhalten. Die Kontrolle all dieser Parameter konnte aber nicht 

bewerkstelligt werden.  

In weiterer Folge wird der Einfluss von NiOx als Lochleiter im inversen Aufbau mit demselben 

Bleiperowskitabsorber Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3 dargelegt. Eine Modifizierung der 

NiOx/Perowskit Zwischenschicht durch selbst assemblierende Monolagen (SAMs) konnte durch 

funktionalisierte Benzylphosphonsäure-Moleküle bewerkstelligt werden. Dabei wurden die 

SAM Moleküle Benzylphosphonsäure (BPA), 4-Brombenzylphosphonsäure (Br-BPA), 4-

Fluorbenzylphosphonsäure (F-BPA), 4-Aminbenzylphosphonsäure (NH2-BPA), 4-

Nitrobenzylphosphonsäure (NO2-BPA) und 4-Methoxybenzylphosphonsäure (OCH3-BPA) 

untersucht. Die Monoschicht konnte über verschiedene Beschichtungsmethoden aufgebracht 

werden und wurde durch Kontaktwinkelmessungen und Röntgenphotoelektronenspektroskopie 

nachgewiesen. In weiterer Folge wurde der Einfluss dieser Schicht auf die Perowskit Schicht 

durch Absorptionsspektroskopie, Röntgendiffraktometrie und Rasterelektronenmikroskopie 

untersucht. Fertiggestelle Solarzellen wurden mittels Strom-Spannung Messungen, maximum 

power point tracking und Externer Quanteneffizienz Messungen charakterisiert. Bleiperowskit 

Solarzellen mit Br-BPA zeigen eine Verbesserung der Leerlaufspannung im Vergleich zu nicht-

modifizierten Solarzellen. Dabei ist die Erhöhung der Leerlaufspannung unabhängig von der 
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Beschichtungsmethode - Tauchmethode (von 0.978 V zu 1.099 V) sowie Rotationsbeschichtung 

(von 0.977 V zu 1.057 V) – und man erhält konstante Effizienzen um 12%. 
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Chapter 1: An Introduction to Perovskite 

materials and basics of Solar cells 

 

A good introduction stimulates the curious mind… 
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Perovskites and its introduction to solar cells 

In 1839, a German mineralogist, G. Rose, unearthed a new mineral, calcium titanate 

(CaTiO3), in the Ural Mountains of Russia. This new mineral was later named “Perovskite” 

after the Russian mineralogist L. Perovski [1]. Perovskite oxides such as CaTiO3, barium 

titanate (BaTiO3), magnesium metasilicate (MgSiO3), and strontium cerate (SrCeO3) have 

useful properties such as dielectricity, ferroelectricity, lithium-ion conduction, 

piezoelectricity and superconductivity [2-5]. Reports have shown that sodium tantalum 

oxide (NaTaO3) with nickel(II) oxide (NiO) has been an effective UV-photocatalyst for 

water splitting [6,7]. Alongside the oxide based composition of perovskites, these materials 

also have an organic-inorganic metal halide based composition which are suited for 

photovoltaic applications. In 2009, the photovoltaic family was joined by a highly potent 

and promising new member in the form of methylammonium lead bromide and 

methylammonium lead iodide (CH3NH3PbBr3 and CH3NH3PbI3) [8].  The properties of 

these materials make them highly useful for solar cell applications [9-23]. The ability to form 

compounds with varying organic, inorganic and halide compositions allow control over the 

optical behaviour of these materials [24]. Perovskites also tend to have low trap density and 

electron-hole diffusion lengths above 100 µm [25-27]. These properties help in wide uptake 

of the solar energy resulting in efficient charge generation and collection. The widely used 

organic or inorganic cations are formamidinium (FA+), methylammonium (MA+), rubidium 

(Rb+) and cesium (Cs+). For metal centres an attempt to replace lead (Pb2+) by tin (Sn2+) has 

been widely researched. Similarly, different halides such as iodide (I-), bromide (Br-), and 

chloride (Cl-) have been tried. There have been successful attempts in creating multi-cation 

systems and or multi-halide systems [10-23]. These attempts have led towards improvement 

of power conversion efficiency (PCE) from 3.18% to above 20% (example: 

Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3) [8,22,23]. 

Perovskite crystal structure 

To achieve the best possible composition for highly efficient solar cells based on perovskite 

materials as absorber layers it is necessary to understand the crystal structure. In 1926, a 

Norwegian mineralogist, V. M. Goldschmidt, published a description about the, now 

popular, crystal structure of perovskite [28]. Later in 1945, X-ray diffraction (XRD) data on 

BaTiO3 was published by an Irish crystallographer, H. D. Megaw where he described an 

ideal perovskite structure to be a simple cubic [29]. The perovskite crystal structure is 
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composed of an ABO3 composition where “A” and “B” are divalent and trivalent metal 

cations respectively, and “O” is oxygen [29]. In the case of lead halide perovskite, the “O” 

is replaced by monovalent halides (X) and the composition and “A” and “B” are monovalent 

and divalent metal cation respectively and looks like ABX3. The ideal perovskite crystal is 

cubic and has a Goldschmidt tolerance factor, t = 1. However, relying upon the value of “t”, 

the perovskite can have cubic (1.00 ≥ t ≥ 0.90) or distorted perovskite with orthorhombic 

crystal structure (0.89 ≥ t ≥ 0.80) [28, 30-36]. The value of “t” is dependent upon the ionic 

radii of “A”, “B”, and “X” which are represented by 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 respectively. 

𝑡 =  
(𝑟𝐴 + 𝑟𝑋)

√2(𝑟𝐵 + 𝑟𝑋)
 (1) 

 

Figure 1: (A) The ABX3 perovskite crystal structure with “A”-site monovalent cation, “B”-

site divalent metal cation, and “X”-site monovalent halide anion. Reproduced with 

permission from Ref. [18]. Copyright © 2014. The Royal Society of Chemistry. (B) XRD 

reflexes for a triple cation and a double halide perovskite with lead as a metal centre having 

a Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3 composition [22,38]. 

The crystal structure of a lead perovskite can be further understood using XRD spectroscopy. 

In Figure 1B, for a triple cation lead double halide perovskite, investigated by Saliba et al. 

in 2016, with composition of Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3,  the XRD reflections 

show prominent perovskite peaks at 2θ equals 14.08° and 28.36° for the (110) and (220) 

lattice planes respectively. In addition, other signature peaks at 2θ equals 19.96°, 24.54°, 

31.81°, 34.98°, 40.58°, 43.15° and 50.24° were observed [22,37,38]. To attain elevated 
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photovoltaic performances, lead iodide (PbI2) is added in slight excess [39]. The 

corresponding cubic lead iodide peak can be seen at 2 equals 12.6° indicated by the * mark 

[22,40]. The solvents such as dimethylsulfoxide (DMSO), dimethylformamide (DMF), and 

γ-butyrolactone (GBL) allow precipitation of perovskite [41,42]. In a study done by Liang 

et al., effects of additive such as 1, 8-diiodooctane (DIO) on modulating the perovskite thin 

film formation were investigated. They suggest that DIO chelates with Pb2+ ions in the 

solution state which in turn helps to achieve a smoother film [43]. They confirmed the 

assistance using XRD reflections. Similarly, there are reports which suggest, for 

CH3NH3PbI3 (MAPI), methylammonium iodide (MAI) – PbI2 – DMSO form a complex, 

MA2Pb3I8(DMSO)2, that aid the process of perovskite formation when antisolvent is dripped 

during the spin coating process [44]. In another report by Guo et al., they report a PbI2 – 

MAI – DMF complex formation. They were able to show it as an intermediate phase forming 

a monoclinic structure [37]. However, they also argue that the excess PbI2 act like a double-

edged sword for the perovskite encompassing the favourable crystallization and the 

inevitable instability. 

Solar cell architectures and components 

By understanding the crystal structure of perovskites, these materials can be incorporated in 

the solar cells as an absorber layer. The performance of the solar cells is heavily dependent 

upon the various components used to design it. The perovskite solar cell can be basically 

fabricated in two different arrangements, better known as architectures. The arrangements 

depend upon the placement of the p-type hole transport layer (HTL) and the n-type electron 

transport layer (ETL) with respect to the contacts namely; transparent conducting oxide 

(TCO) and the back metal electrode (BE). Conventionally an n-i-p architecture consists of 

TCO/ETL/Perovskite/HTL/BE setup and an inverted p-i-n architecture consists of 

TCO/HTL/Perovskite/ETL/BE setup. Other than the primary arrangement difference, in a 

conventional setup, the TCO acts like a cathode and the BE acts like an anode. The role is 

reversed for the inverted architecture. The different architectures can be further branched out 

into two different forms. This depends upon the nature of the layer on which the perovskite 

is deposited. In case of the conventional n-i-p architecture, the ETL can be either planar or 

mesoporous (mp) in nature. Similarly, in the inverted p-i-n architecture, the HTL can be 

either planar or mesoporous in nature. The different architectures along with their variations 

are depicted in the Figure 2. The mesoporous nature of the layers allow infiltration into the 

perovskite absorber layer and this in turn improves the charge extraction capabilities at the 
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interface of the concerned charge transport layer (CTL). The infiltration also allows reduced 

mean free path for the charges and therefore the probability of recombination is reduced [45-

48]. 

 

Figure 2: (A) mesoporous and (B) planar n-i-p architecture, and (C) mesoporous (mp) and 

(D) planar p-i-n architecture for perovskite solar cells. The metal (anode / cathode) is used 

as BE, spiro-OMeTAD or NiOx is used as HTL, cTiO2 and mpTiO2, and PCBM are used as 

ETL, and ITO patterned on glass (g-ITO) is used as TCO (cathode / anode). 

To achieve high efficiency in solar cells, it is imperative to choose the optimal combination 

of CTLs, perovskite composition and contact electrodes (TCO and BE). There are various 

organic (polymers or small molecules) and inorganic (metal oxide) options available for 

CTLs. The alignment of the respective highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) (for organic), and valence band (VB) and 

conduction band (CB) (for inorganic) levels with the HOMO and LUMO levels of the 

perovskite has to be optimized. Some of the commonly used TCOs, ETLs, perovskites, HTLs 

and BEs arranged according to their energy levels are shown in the Figure 3.  

In the case of HTLs, 2,2’,7,7’-tetrakis[N, N-di(4-methoxypheny)lamino]-9,9’-

spirobifluorene (spiro-OMeTAD) has been a crucial component alongside poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) for the conventional n-i-p architecture 

[23,49,50]. The single crystal of spiro-OMeTAD has hole mobility in the range of 10-4-10-3 
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cm2 V-1 s-1 [51]. However, when doped with bis(trifluoromethylsulfonyl)imide lithium 

(LiTFSI) salt, (tris(2-(1H-pyrazol-1yl)-4-tert-Butylpyridine)cobalt(III) 

bis(trifluoromethylsulfonyl)imide) (FK209 cobalt salt), and 4-tert-butylpyridine (TBP),  the 

mobility values can increase by one order of magnitude [52]. In comparison, PTAA has a 

hole mobility in the range of 10-3-10-2 cm2 V-1 s-1 [53]. The HOMO levels of spiro-OMeTAD 

and PTAA are -5.2 eV and -5.1 eV respectively [54]. In case of the inverted p-i-n 

architecture, unlike n-i-p architecture, NiOx is used as a HTL alongside poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). The hole mobility for NiOx, 

PEDOT:PSS and poly (3-hexylthiophen-2,5-diyl) (P3HT) have been reported to be in the 

range of 10-3-10-2 cm2 V-1 s-1, 10-2-10-1 cm2 V-1 s-1 and 10-5-10-4 cm2 V-1 s-1 respectively [55-

57]. The HOMO levels of PEDOT:PSS and P3HT are at -5.1 eV and -5.0 eV respectively 

and the valence band (VB) of NiOx is at -5.49 eV [54,58,59]. It is important to note that NiOx 

and P3HT have also been used in n-i-p architectures and similarly, PTAA has been used in 

p-i-n architectures [60-62].  

 

Figure 3: The HOMO and LUMO level alignments for different CTLs (HTLs and ETLs), 

perovskites, TCOs, and BEs [63-70].  
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In case of ETLs for perovskite solar cells, the partnership of mesoporous and compact 

titanium dioxide (cTiO2 and mpTiO2) have been vital to achieving higher power conversion 

efficiencies. The electron mobility for TiO2 has been reported in the range of 10-1-102 cm2 

V-1 s-1 depending upon the temperature where the value rises for low temperatures [71,72]. 

Similar to spiro-OMeTAD, the electrical performance of cTiO2 and mpTiO2 improves by 

doping it with LiTFSI salt [46]. Alongside, TiO2, tin oxide (SnO2) has also performed well 

as an ETL [73]. This is primarily because the electron mobility values for SnO2 is as high as 

~102 cm2 V-1 s-1 at room temperature [74]. SnO2 has a CB of -4.5 eV compared to TiO2 with 

–4.3 eV [75]. Similar to PTAA as HTL, TiO2 can be used as ETL in both conventional n-i-

p and inverted p-i-n architecture [76]. 

 

 

Figure 4: Chemical structures of (A) spiro-OMeTAD, (B) PC60BM, (C) PTAA, (D) P3HT 

(E) PEDOT:PSS, (F) LiTFSI, (G) TBP, and (H) FK209. 
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State of the art for lead halide perovskite solar cells 

In the past decade, the hybrid inorganic – organic perovskite materials have been 

comprehensively researched due to their promising photovoltaic properties. The flexibility 

to vary the A-site cations and X-site halides have allowed the lead based perovskites to reach 

above 20% power conversion efficiencies [21-23, 77-80]. According the 53rd version of the 

solar cell efficiency tables, a 23.7% efficient cell has been certified by Newport (9/18) for 

Institute for Semiconductors of Chinese Academy of Science (ISCAS) Beijing [81]. In 2018, 

Jeon et al. published an article where they presented a solar cell with 22.5% and 23.2% 

power conversion efficiencies (PCEs) in forward and reverse sweeps (FS and RS) with a 

22.85% steady state efficiency for 0.0939 cm2 cells [82].  

They used (FAPbI3)0.95(MAPbBr3)0.05 as the perovskite absorber layer and introduced a 

fluorine-terminated HTL in comparison to spiro-OMeTAD. They synthesized the new 

material for HTL namely, (N2,N2’,N7,N7’- tetrakis(9,9-dimethyl-9H-fluoren-2-yl)-

N2,N2’,N7,N7’-tetrakis(4-methoxyphenyl)-9,9’-spirobi[fluorine]-2,2’,7,7’-tetraamine) (DM). 

They fabricated an n-i-p architecture based solar cell, commonly known as the conventional 

solar cell architecture. To reach highly efficient solar cells with PCEs > 20%, Saliba et al. 

incorporated rubidium into perovskite solar cells and formed an RbCsMAFA based 

quadruple cation perovskite. They realized a solar cell with 21.3% and 21.8% PCEs in FS 

and RS directions respectively by achieving fill factors (FFs) of 0.8 and 0.81. They also 

observed an open circuit voltage (VOC) of 1.180 V for the RS for their champion cell. 

However, their champion VOC was at 1.24 V against the bandgap of 1.6 eV [23]. 

Coincidently, in contrast to Saliba’s mesoporous system, Anaraki et al. published a solution 

processed planar SnO2 based perovskite solar cells with a VOC of 1.214 V [78]. They 

compared spin coating, chemical bath deposition, and atomic layer deposition techniques for 

SnO2 deposition on the substrates. They reported PCEs greater than 19%. However, it has to 

be noted that the achieved VOC was for an unmasked device. Similarly, Tavakoli et al. 

published 21.65% efficient cell with a VOC of 1.193 V for a (FAPbI3)0.87(MAPbBr3)0.13 

perovskite absorber layer with a solar cell area of 0.16 cm2 [83]. They increased the grain 

size of the perovskites by adding methylammonium chloride (MACl) to their precursor 

solution. This facilitated decreased carried recombination and increased diffusion length. 

According to Tress et al., a VOC of 1.33±0.02 V would be predicted by Shockley Queisser 

limit for band edge absorber with band gap of 1.59 to 1.63 eV [84]. They studied the role of 

radiative and non-radiative recombinations for MAPI perovskite solar cells. In a two-step 
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spin-coating method for depositing (FAPbI3)1-x(MAPbBr3)x on planar SnO2, Jiang et al. 

communicated a 21.6% efficient solar cell for an area of 0.0737 cm2 [85]. They studied the 

importance of excess PbI2 on the quality and performance of the perovskite solar cell. They 

concluded that too much residual PbI2 could contribute to hysteresis and poor stability.  

 

Figure 5: (A) Chemical structure of the new HTM, DM, used by Jeon et al. to achieve 23.2% 

efficient cells in a conventional architecture based solar cell [82]. (B) Crystal structure of 

Cu(thiourea)I used by Ye et al. to achieve 19.9% efficient cells in an inverted architecture 

based perovskite solar cell. The crystal structure of Cu(thiourea)I was Reprinted with 

permission from reference 87. Copyright © 2017. American Chemical Society. 

However, when used moderately, stable performances could be achieved. They reported 

integrated JSC > 23.0 mAcm-2
 for all of their combinations of cells in matching with the 

corresponding EQEs. They also reported PCEs of 20.11% and 20.12% for a device with an 

area of 1 cm2. In another attempt, Tan et al. showed chlorine capped TiO2 (TiO2-Cl) 

nanocrystals, as electron selective layer, could be valuable to reduce hysteresis in perovskite 

solar cells and achieve average of 19.6% efficient cells for more than 200 devices. They 

showed hysteresis free solar cells, with an area of 0.049 cm2, with an efficiency of 21.4% 

for Cs0.05FA0.81MA0.14PbI2.55Br0.45 perovskite absorber layer. However, solar cells with an 

area of 1.1 cm2 showed slight hysteresis with 20.1% and 20.3% PCEs. In the end they 

concluded that TiO2-Cl have a stronger binding to the perovskite interface and therefore 

suppress the interfacial recombination and improve stability. Similarly, Wu et al. 

communicated a PCE of 19.19% for solar cells with an area of 1.025 cm2. The best 

performing cell had PCEs of 19.46% and 19.58% in FS and BS directions [86]. The focus 

of the study was to use additives like methylammonium acetate and thio-semicarbazide in 
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MAPI to improve the thermal stability. As the PCEs for n-i-p architecture based perovskite 

solar cells have crossed 22% mark, p-i-n architecture based perovskite solar cells have also 

shown promise. Therefore, in contrast to the conventional architecture, for inverted 

architecture, Ye et al. reported an impressive 19.9% efficient solar cell. They used p-type 

Cu(thiourea)I as a trap state passivator in perovskites in a ITO/perovskite-

Cu(thiourea)I/C60/BCP/Ag setup [87]. They showed 19.9% and 20.0% PCEs in FS and BS 

for a MAPbI3-XClX based perovskite absorber layer having a solar cell area of 0.1 cm2. They 

concluded that the trap state passivators interact with the under-coordinated metal cations 

and halide anions at the perovskite crystal surface thereby shallowing the traps.  

 

Figure 6: (A) JV curves for champion devices and (C) cross sectional SEM image of the 

device published by Tavakoli et al., and (B) JV curves for large-area NiOx and Cu:NiOx 

based inverted devices and (D) cross sectional SEM image of the device published by Chen 

et al.. Reprinted with permission from reference 83 and 49 respectively. Copyright © 2018 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Focusing on improving the quality and properties of NiOx, Chen et al. dopped NiOx with 

copper in a low-temperature solution process. They attained notable PCEs of 20.26% for 
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Cu:NiOx as HTM in comparison to 18.18% PCE for the non dopped NiOx [49]. They used 

MAPI as the perovskite absorber layer having a solar cell area of 0.08 cm2. In similar 

attempts, Chen et al. doped NiOx with cesium (Cs:NiOx) [88]. They reported PCEs of 

19.23% and 19.35% in FS and BS directions with FFs reaching 79% for MAPI as the 

perovskite absorber layer having a solar cell area of 10 mm2 (0.1 cm2). Similarly, Kim et al. 

achieved a 17.2% efficient cell with Cs:NiOx with 78% fill factor for solar cell with an area 

of 0.16 cm2 [89]. They used a mixture of FAPbI3, MAPbBr3, and CsI in a ratio of 5:1:0.3 for 

their absorber layer. They concluded that the incorporation of Cs had led to an efficient 

separation of the holes in the perovskites. Therefore, similar to Chen et al. for Cu:NiOx and 

Cs:NiOx, Kim et al. advocated the improved hole extraction capabilities of the doped NiOX. 

In an related attempt, Zheng et al. successfully doped NiOx with silver (Ag:NiOx). They 

succeeded to build a 17.3% and 17.2% efficient cell in FS and BS directions with Ag:NiOx 

as the HTM for MAPI based perovskite absorber layer having a solar cell area of 0.159 cm2. 

They reported a stable PCE of 17.1% against 15.5% for non-doped NiOx. 

 

Issues with perovskite solar cells 

Hysteresis 

The inconsistency in the photovoltaic performance of the solar cell when measured under 

FS (short circuit condition to open circuit condition) and BS (open circuit condition to short 

circuit condition) directions is observed as hysteresis. Among various reasons that may affect 

this behaviour, ion migration, defect states and traps, scan rate, device architecture, scan 

direction, and light soaking are some of the major contributors [90-98]. The origins of 

hysteresis have been comprehensively researched and reported [99-103]. The importance to 

understand and eliminate the hysteresis behaviour in perovskite solar cells arise due to the 

uncertainty and inconsistency observed in the JV curves. The true performance of the solar 

cells can only be quantified when we can comprehend the origin and take proper measures 

to remove the hysteresis behaviour. In recent reports, hysteresis free perovskite solar cells 

for conventional and inverted solar cells have been reported. The focus on fabrication 

process by optimizing the spin coating procedure and maintaining the glovebox conditions 

have helped in the cause [62]. 
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Figure 7: Schematic of (A) few reasons among many that affect the hysteresis behaviour in 

the perovskite solar cell, and (B) different processes that may contribute to the hysteresis 

behaviour in the perovskite solar cell. 

 

Toxicity 

One of the grave challenges faced by lead based perovskite solar cells is the toxicity. 

Notwithstanding the impressive efficiencies achieved by the lead perovskite solar cells, the 

toxicity of lead is a major issue in many developing and some developed countries [104]. 

According to the report by the Centres for Disease Control and Prevention (CDC) in 

September 1995, children with blood lead level above 80 µg dL-1 may suffer coma, 

convulsions, profound irreversible mental retardation, seizures and death. Even blood lead 

levels as low as 10 µg dL-1 may cause deficits in neurobehavioural development and enzyme 

inhibition. In adults blood lead level in the range of 100 – 120 µg dL-1 may result in 

encephalopathic signs and symptoms. Similarly, according to a report by the U.S. 

Department of health and human services, in August 2007, long term exposure to lead may 

cause in reduced performance of the human nervous system. It may cause anaemia, and 

damage to the kidneys in adults and children. It may cause miscarriage for pregnant woman. 

The reports from CDC and U.S. Department of health and human services are available on 

the internet for public to read. 
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To be able to use lead perovskites as absorber material for solar cells, it is imperative to 

understand the contribution of lead by the lead perovskites into the environment [105]. The 

lead escapes into the environment possibly due to the decomposition of perovskite (example 

MAPI) into lead iodide, methylamine, and hydrioic acid due to interaction with water [106]. 

The conclusion drawn by Hailegnaw et al. highlights the difference of spreading and 

aggregation of the leached lead iodide [106]. They conclude that if the lead iodide spread 

out and not concentrate due to strong adsorption then the effective contribution can be 

insignificant. 

In attempts to counter the toxicity of lead through lead perovskite solar cells, research have 

been carried out to understand the moisture and lead perovskite interactions, and to stabilize 

the lead perovskites [107-111]. The toxic release of lead in the environment can be reduced 

with improved stability of the solar cells and the perovskite material itself. Encapsulation of 

the perovskite solar cells using polymers can potentially overcome water vulnerabilities 

[110]. Other than water, other issues like ion migration and thermal instabilities are also 

being addressed [112-115]. Since ion migration is unavoidable, it could be reduced by grain 

boundary management [116]. Therefore, with the concentration shifting towards improving 

stability of the lead perovskites, it would be possible to address the toxicity concerns and 

simultaneously work on improving the PCEs of the lead perovskite solar cells. 

 

Solar cell working principles 

Solar cells work on the principle of photovoltaic effect, thereby acting like photovoltaic 

energy converters. Upon exposure to light, the solar cells produce electric current (I) which 

can be extracted up to a voltage (V). The process of conversion can be broken down into 

three steps. Firstly, the absorber layer, a semiconducting material, absorbs the light with 

energy (hυ) equal to and/or greater than its bandgap. Secondly, according to semiconductor 

chemistry, upon absorption of the light of previously mentioned energies, the electrons 

excite and jump from highest occupied molecular orbital (HOMO) level to the lowest 

unoccupied molecular orbital (LUMO) level within the absorbing semiconductor. This step 

can also be explained through semiconductor physics where the electrons absorb the energy 

and excite from the valence band (VB) to the conduction band (CB) of the semiconductor 

material. The electron and hole form a pair, known as exciton, and are separated by the 

bandgap but are still bound to each other due to coulomb’s force. Thirdly, upon application 
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of voltage, these excitons can be separated, and the holes are collected at the anode and the 

electrons are collected at the cathode. 

 

Figure 8: Energy band diagram for an n-i-p architecture based solar cell illustrating the light 

absorption and excitation (red and blue), exciton (green) formation and consequent 

separation and collection of the charge particles (black arrows). The electron transport layer 

(ETL) is responsible to carry the electrons (e-) to the cathode (e.g. indium doped tin oxide 

(ITO)) and the hole transport layer (HTL) is responsible to carry the holes (h+) to the anode 

(e.g. gold (Au)). 

These processes are illustrated in the Figure 8 for an n-i-p architecture based solar cell. 

During these processes, not all photoelectrons are converted into photocurrent. Some 

electrons are lost due to recombination. There can be different kinds of recombination losses 

depending upon in which region they occur. At any given time in excited state, an electron 

and a hole can recombine anywhere within the diode; such as traps, contacts, grain 

boundaries, and/or different interfaces. Upon recombination, energy is released. Depending 

upon the nature, it can be radiative recombination or non-radiative recombination. Therefore, 

an example corresponding to non-radiative recombination, causing release of non-radiative 

energy can be, heat. The released heat can eventually degrade the materials used in the solar 

cell. Some of the common types of recombinations are Shockley-Read-Hall recombination, 

recombination at contact (anode or cathode), and recombination at the space-charge region 

of the diode. These recombination pathways can be reduced by improving the material 
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quality (layer), and/or in some cases reducing the contact area. These losses directly affect 

the photocurrent density (JPh) of the solar cell and the VOC of the device. If these losses are 

controlled and reduced, the power conversion efficiency (PCE) of the device can be 

improved alongside the stability. 

Electrical characteristics 

The solar cells act like a diode. In dark, the current density (J, mAcm-2) – voltage (V, V) 

curve resembles to a diode’s exponential behaviour as shown in Figure 9A. Here, current 

density, ‘J’, is the current ‘I’ (mA) measured across the solar cell with an area ‘A’ (cm2) as 

expressed in equation 2. In the presence of sunlight, the diode observes current due to the 

absorbed photons, also known as photocurrent (Iph). The photocurrent density can be, 

therefore, expressed as Iph across the area ‘A’, denoted as JPh. The Shockley equation draws 

the relation between the ideal diode behaviour and the photocurrent density, for a solar cell, 

as shown in equation 3,  

𝐽 =  
𝐼

𝐴
 (2) 

𝐽 =  𝐽0 [exp (
|𝑒|𝑉

𝑛𝑘𝑇
) − 1] − 𝐽𝑝ℎ (3) 

where, ‘V’ is the applied voltage, ‘J0’ is the reverse saturation current density of the diode, 

‘│e│’ is the absolute value of electron charge, ‘n’ is the ideality factor, ‘k’ is the Boltzmann 

constant and ‘T’ is the temperature.  

Power conversion efficiency, PCE, η 

The power conversion efficiency is defined as the ratio of the output power of an energy 

conversion machine to the input power. Since solar cells are a form of energy convertors, 

they are characterized using their power conversion efficiencies (PCEs, η). The PCE is 

calculated using parameters observed in the JV curve, as shown in Figure 9B. These 

parameters are illustrated in Figure 9A-B as short circuit current density (JSC), current 

density at maximum power point (JMPP), VOC, voltage at maximum power point (VMPP) and 

fill factor (FF). These parameters allow us to calculate the PCE of the solar cell as shown in 

equation 4. 
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𝜂 % =  
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛𝑝𝑢𝑡

× 100% =
|𝐽𝑀𝑃𝑃| × 𝑉𝑀𝑃𝑃

𝑃𝑖𝑛𝑝𝑢𝑡
× 100%

= 
𝐹𝐹 × |𝐽𝑆𝐶| × 𝑉𝑂𝐶

𝑃𝑖𝑛𝑝𝑢𝑡
 × 100% 

(4) 

𝐹𝐹 =  
|𝐽𝑀𝑃𝑃| ×  𝑉𝑀𝑃𝑃
|𝐽𝑆𝐶| ×  𝑉𝑂𝐶

 (5) 

 

Figure 9: (A) Schematic of a Current Density – Voltage (JV) curve for a solar cell with dark 

(red dot) and light (red solid) measurements. The figure shows the coordinates for different 

parameters such as VOC, JSC in the graph. (B) Schematic of a Power – Voltage curve for solar 

cell depicting the JMPP, VMPP and the power curve (green). (C) The spectral irradiance graph 

showing the sunlight spectra before entering the earth’s atmosphere (orange). The figure also 

shows the terrestrial global 37°C south facing tilt irradiance (black), direct normal and 

circumsolar irradiance (red), the ultraviolet, visible and infrared ranges, and the different 

absorption bands (blue) due to water (H2O), oxygen (O2), carbon dioxide (CO2) and the 

ozone (O3). (D) EQE curve (black) and integrated JSC (blue) as a function of wavelength (λ). 

In this figure the absorbance onset for the absorber material is depicted at ~770 nm (normal 
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for lead halide perovskite based solar cell absorber material having bandgap of around 1.61 

eV). 

In equation 4, the Pinput is the power supplied to the solar cell during JV measurements by 

simulating the spectrum of sunlight as a source with power of 100 mWcm-2. This light source 

is calibrated using international standards to make it reliable and universally consistent. 

Under illumination, the JSC and JMPP are negative values corresponding to the positive 

voltage values and are plotted in the fourth quadrant, as shown in Figure 9A-B, therefore, 

their absolute values are considered during calculation by applying modulus yielding 

positive values for η and FF as shown in equation 4 and equation 5 respectively. 

Short circuit current density, JSC 

The diode is said to be in a short-circuited condition when the diode observes current without 

experiencing any voltage. In dark condition, the diode does not experience any diode current 

density at 0 V and there is no other source of current in the system. However, when under 

illumination, the diode acts like a solar cell and photocurrent density is produced which can 

be measured. This is not the diode current density, as it can be observed only when the diode 

experiences voltage equal or more than the forward bias voltage. Therefore, the condition 

due to presence of photocurrent density in the diode can be explained as short circuited diode.  

The current density measured in the diode at 0 V is known as short circuit current density, 

JSC. In an ideal solar cell device, JSC and JPh are equal, as the only current density observed 

by the diode under illumination is the photocurrent density. Therefore, a higher JSC 

corresponds to a higher JPh. 

Open circuit voltage, VOC 

The open circuit voltage is the voltage at which the solar cell diode experiences 0 mAcm-2 

current density. This is because the diode undergoes forward bias during voltage sweep and 

produces diode current density, JD. This JD is equal and opposite of the photocurrent density 

at a certain voltage, thereby cancelling out the net current density experienced by the solar 

cell diode. This voltage is termed as open circuit voltage, VOC. It is the maximum voltage 

available to the solar cell. For J = 0 mAcm-2 in equation 3, VOC can be expressed as follows: 
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𝑉𝑂𝐶 =
𝑛𝑘𝑇

|𝑒|
ln (
𝐽𝑝ℎ

𝐽0
+ 1) (6) 

 

Maximum power point, MPP 

The power output of the solar cell is calculated by the following equation: 

𝑃 = 𝐽 ×  𝑉 (7) 

During illumination and voltage sweep, the solar cell observes a maximum power point 

(PMPP) at which the product of J and V is maximum for their absolute values, as shown in 

Figure 9. These points are also known as current density at maximum power point (JMPP) 

and voltage at maximum power point (VMPP) respectively. Therefore, equation 7 modifies 

to the following: 

𝑃𝑀𝑃𝑃 = |𝐽𝑀𝑃𝑃| ×  𝑉𝑀𝑃𝑃 (8) 

In a solar cell, to estimate and evaluate the true performance during continuous illumination, 

the power at MPP, PMPP, is tracked over a period. This allows to quantify the real-life 

performance of a solar cell. The PMPP tracking can be performed by applying stress at the 

VMPP of the solar cell and tracking the JMPP over time alongside the other parameters. This 

allows to monitor the variation in PMPP over time. 

Fill Factor, FF 

In the JV curve, the JSC and VOC correspond to the points where the power is 0 and JMPP and 

VMPP correspond to the PMPP. In an ideal case, the JSC (= JPh) should be extracted from the 

solar cell up till the open circuit situation, thereby allowing a PMPP of │JMPP│ × VOC. 

However, the solar cell observes resistance and recombination related losses and therefore 

the │JMPP│ < │JSC│. This also leads to VMPP < VOC. The fill factor helps to describe the 

relation between the parameters as shown in equation 5. It can also be seen as the ratio of 

the areas of the purple rectangle and the blue rectangle from Figure 9A-B. The higher FF 

associates to higher PMPP as higher FF narrows the gap between the JSC and the JMPP. 
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External Quantum Efficiency, EQE 

The External Quantum Efficiency (EQE) allows to calculate the short circuit density, JSC of 

a solar cell with respect to the solar spectrum. The JPh generated due to the solar spectra 

translates into the JSC as discussed earlier. Since the JPh is dependent up on the spectral 

response, to calculate JSC it is necessary to use a standard spectrum for the calculation of the 

PCE. Therefore, AM1.5 G spectrum (Figure 9C) is the most commonly used standard 

spectrum for measuring spectral response of the solar cell and calculating the JSC. It allows 

to circumvent the variation in solar spectrum observed across different parts of the world 

and any spectral losses due to bad weather or clouds. 

The EQE of a solar cell is dependent up on the absorption of the photons that fall on the 

active layer. Therefore, EQE can be expressed as a function of the wavelength of the incident 

light and the corresponding photon flux. Therefore, the JSC can be related and calculated with 

respect to the wavelength of the incident light, photon flux and the EQE as follows: 

𝐽𝑆𝐶 = ∫ |𝑒|𝐸𝑄𝐸(𝜆)
𝜆

ℎ𝑐
𝐸𝜆
𝐴𝑀1.5𝐺(𝜆)𝑑𝜆

∞

0

 (9) 

where, ‘𝐸𝜆
𝐴𝑀1.5𝐺’ is the spectral irradiance of AM1.5 G spectrum, ‘λ’ is the wavelength, ‘h’ 

is the Planck’s constant, ‘c’ is the speed of light, and ‘e’ is the absolute value of the electron 

charge. The schematic for an EQE curve with integrated JSC can be seen in the Figure 9D. 

The absorption onset of the EQE (black), in Figure 9D, corresponds to the bandgap of the 

absorber material. Lead halide perovskite absorber materials have a bandgap of around 1.61 

eV which corresponds to the wavelength of around 770 nm. The bandgap (Eg) and the 

corresponding wavelength (λ) can be related in equation 10. The λ represents the absorption 

onset for the semiconducting absorber material. All wavelengths equal to this λ and all 

wavelengths less than this λ get absorbed by the semiconducting absorber material used in 

the solar cell. 

𝐸𝑔 = 
ℎ𝑐

𝜆
 (10) 
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Aim, motivation and objectives 

The aim of the work which is described in this thesis was to investigate the relationship 

between the HTLs and triple cation lead perovskite absorber layer. 

The motivation to choose a lead perovskite having triple cation and double halide with the 

composition of Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3 came from the publication by Saliba et 

al. [22]. They achieved PCEs > 20% in an n-i-p architecture based solar cells using spiro-

OMeTAD as the HTL. Since spiro-OMeTAD has been an excellent HTL for lead perovskite 

solar cells, it has been, and still is, essential to understand the effect of spiro-OMeTAD on 

the lead perovskite solar cells [23,51]. Alongside, n-i-p architectures, p-i-n architecture 

based solar cells are being investigated. To understand the effect of HTLs on the 

performance of lead based perovskites, it is important to cover the p-i-n architecture based 

solar cells as well. Since solution based NiOx layers have successfully helped to achieve 

higher PCEs in p-i-n architecture based solar cells the importance to comprehend the effect 

of NiOx on lead perovskite has risen [49].  

The research objectives cover careful selection of the perovskite composition used as an 

absorber layer, fabrication and electrical characterization of two different solar cell 

architectures namely n-i-p and p-i-n architectures. The electrical characterizations cover 

current density - voltage measurements, maximum power point tracking and external 

quantum efficiency measurements. The material characterizations cover ultra-violet and 

visible spectroscopy (absorbance and transmission), X-ray diffraction, and scanning electron 

microscopy. Special characterizations for better comprehension of the results that are 

dependent upon the progression of the work are contact angle measurements and x-ray 

photoelectron spectroscopy. Finally the objective also covers analysis of the data obtained 

to understand the relationship between the HTL and the triple cation lead perovskite absorber 

layer. 
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Insight to the thesis 

Chapter 1: An Introduction to Perovskite materials and basics of Solar cells is an 

attempt to get familiar with the properties of perovskite materials which are helpful to solar 

cells. It covers the origins of perovskite materials and their crystal structure. This chapter 

also introduces the different solar cell architectures, charge transport layers, and the state of 

the art for perovskite solar cells. The chapter by introducing the principle parameters to 

understand the working and to characterize a solar cell such as, VOC, JSC, FF, PCE, and EQE. 

Chapter 2: Influence of different layers on the performance of solar cells in n-i-p 

architecture discusses the impact of TCOs, CTLs, absorber layer composition, and metal 

BEs on the performance of the lead perovskite solar cells. In this process the chapter 

highlights the irreproducible nature of the solar cells dependent upon the fabrication process 

and conditions. Lead perovskite solar cells require meticulous and controlled glovebox 

conditions, solution preparation conditions and thin film deposition. The chapter show cases 

results that could not achieve state of the art PCEs due to various reasons that may relate to 

the fabrication process. 

In Chapter 3: Modification of NiOx hole transport layers with 4-

bromobenzylphosphonic acid and its influence on the performance of lead halide 

perovskite solar cells we discuss the influence of functionalized benzylphosphonic acid 

(Br-BPA) based self assembled monolayers (SAMs) on the NiOx/CsFAMA perovskite 

interface in a p-i-n architecture based solar cells. This chapter has been published in the 

Journal of Materials Science: Materials in Electronics. The chapter concludes that the Br-

BPA SAM molecules help in improving the open circuit voltage of the device and therefore 

the overall power conversion efficiency. 

In Chapter 4: Benzyl phosphonic acid SAMs in p-i-n architecture we investigate 

different functional groups such as Br-, F-, NH2-, NO2-, OCH3, and just BPA for 

NiOx/CsFAMA perovskite interface. We compare dip coating and spin coating techniques 

for the deposition of the SAM on the two differently deposited NiOx surface. We compare 

nanoparticles based NiOx thin films and sol-gel processed NiOx films. The chapter 

showcases the journey to achieve reliable and highly efficient solar cells. The results indicate 

a clear improvement of the VOC of the devices upon introducing Br-BPA SAM molecules at 

the interface in either SAM deposition method.  
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In Chapter 5: Conclusion and Outlook summaries the thesis with an outlook. The 

highlights of each chapter are covered in this part along with potential topics which require 

exploring. The chapter briefly mentions the possible alternatives to lead based perovskites 

for solar cell application. 
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Chapter 2: Influence of different layers on the 

performance of solar cells in n-i-p 

architecture 

 

A bad neighbour is a misfortune as much as a good one is a great 

blessing… 

- Hesiod 
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Introduction 

The lead halide perovskite based solar cells have reached power conversion efficiencies 

(PCEs) greater than 23% with highest claim of 24.2% according to NREL efficiency chart 

[1-3]. Achieving PCEs above 20% for n-i-p architecture based solar cells became possible 

by introducing multi cation – multi halide system which allows manipulation and fine tuning 

of photovoltaic properties [4-18]. In 2016, Saliba et al. introduced a cesium, formamidinium, 

methylammonium based triple cation and iodine and bromide base double halide perovskite 

absorber material having a composition of Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3 [17]. The 

importance to explore mixed cation and halide systems have stemmed to address concerns 

of stability against moisture and temperature. For example, pure formamidinium lead iodide 

(FAPI) has structures dependent upon the solvents and moisture conditions [13,19-21]. 

Other than the absorber layer, the efficiently performing solar cells can be achieved by 

optimizing and understanding the contribution of the other components involved in the solar 

cell architectures. The selection of transparent conducting oxide (TCO), electron transport 

layer (ETL), perovskite absorber layer, hole transport layer (HTL) and the metal electrode 

is crucial and depends upon their energy level alignments as shown (Figure 2 and Figure 3) 

and discussed in the previous chapter [22-29]. This chapter draws comparison between 

different TCOs, perovskite deposition conditions, and HTLs for achieving efficient solar 

cells. Indium doped tin oxide (ITO) and fluorine doped tin oxide (FTO) have been excellent 

TCOs for perovskite solar cells and have been extensively used in n-i-p and p-i-n 

architectures [17,18,30]. FTO allows the possibility of high temperature treatments as 

required for processing titanium dioxide films [4-9,17,18]. Other than TCOs, comparison of 

HTLs allows the fair selection of appropriate layer of hole transportation. Spiro-OMeTAD 

has been responsible for highly efficient perovskite solar cells. However, the dopants 

involved in enhancing the hole mobility of these devices have also been damaging to the 

stability of perovskite [31-34]. According to Li et al., PbI2 undergoes dissolution in 

tertbutylpyridine (TBP) and causes the perovskite to decompose [33]. Therefore, influence 

of dopant variations in spiro-OMeTAD along with comparison with poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was carried out in this work. 
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Materials and methods 

Sample and solar cell preparation 

All chemicals and solvents were used as purchased without any further purification. The 

mesoporous titanium dioxide paste DSL 30NR-D and formamidinium iodide was purchased 

from Greatcell Solar. Lead iodide, and lead bromide, were purchased from TCI, and Alfa 

Aesar, respectively. The other chemicals including cesium iodide and solvents were 

purchased from Merck (Sigma Aldrich). 

Front contact 

In conventional architecture, indium doped tin oxide on glass substrates (g-ITO) or fluorine 

doped tin oxide on glass substrates (g-FTO) with substrate size of (15  × 15  × 1.1 mm3) were 

used as anodes. These are transparent conducting oxides (TCOs). They both have surface 

resistances of 15 Ω cm2 each. The substrates were cleaned in a three-step process. Firstly, 

the substrates were wiped using acetone, followed by an ultra-sonication bath in isopropanol 

for 10 min. The substrates were then dried using a nitrogen gun. Lastly, the substrates were 

treated with oxygen plasma for 3 min. 

Titanium dioxide 

A compact titanium dioxide (cTiO2) solution was prepared by mixing titanium isopropoxide 

(70 µL), ethanolamine (55 µL), in 2-methoxyethanol (1 mL). The solution was spin coated 

onto the g-ITO substrates at 4000 rpm for 30 sec in a glovebox environment filled with N2 

gas. The layers were then annealed at 450°C for 45 min in air outside the glovebox.  Further 

a mesoporous titanium dioxide (mpTiO2) solution was prepared by mixing a commercially 

bought mpTiO2 paste in terpineol in the ratio of 1:2.5 w/w. The solution was stirred overnight 

to allow formation of a homogeneous mixture and desired consistency. The solution was 

spin coated on top of cTiO2 with the same parameters as cTiO2. 

The mpTiO2 layer was doped using bis(trifluoromethylsulfonyl)imide lithium (LiTFSI) salt. 

The doping treatment was done using a 0.1 M solution of LiTFSI salt in acetonitrile. The 

spin coating steps were identical to cTiO2 and mpTiO2. The layers were then annealed at 

450°C for 30 min in air outside the glovebox. 
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CsFAMA perovskite 

The cesium, formamidinium, and methylammonium based triple cation lead halide 

perovskite absorber layer was adapted from Saliba et al. [17]. The final composition chosen 

was Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3. The precursor solution consisted of 1 M 

formamidinium iodide (FAI), 1.1 M PbI2, 0.2 M methylammonium bromide (MABr), and 

0.2 M PbBr2 in a mixed dimethyl formamide (DMF)/dimethyl sulfoxide (DMSO) solvent 

with a 4:1 volume ratio. To this solution, 1.5 M CsI in DMSO, was added to obtain a 10% 

Cs content. The final precursor solution was stirred overnight in inert conditions to allow 

sufficient reaction time. The solution was then filtered using a 0.45 µm PTFE syringe filter 

prior to spin coating. The perovskite absorber layer was spin coated on the non-modified and 

modified glass/ITO/NiOx substrates in a two-step spin coating process with 1000/6000 rpm 

for 10/20 s. In the last 5 s of spinning, chlorobenzene was dripped onto the substrate as an 

antisolvent. The substrates were annealed at 100 °C for 1 h. The thin film turns brown on 

application of anti-solvent and later black due to annealing. The black phase is the 

photoactive phase of the perovskite. 

Spiro-OMeTAD 

A 70 mM 2,2’,7,7’-tetrakis[N, N-di(4-methoxypheny)lamino]-9,9’-spirobifluorene (spiro-

OMeTAD) solution was prepared in chlorobenzene inside the glovebox. This solution was 

doped using LiTFSI salt, (tris(2-(1H-pyrazol-1yl)-4-tert-Butylpyridine)cobalt(III) 

bis(trifluoromethylsulfonyl)imide) (FK209 cobalt salt), and 4-tert-butylpyridine (TBP) in 

the molar ratio of 0.5:0.03:3.3. The above solution was then spin coated at 4000 rpm for 20 

sec on the perovskite layer. 

PTAA 

A 10 mg/mL poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) solution was 

prepared in toluene inside the glovebox. The solution was doped by using 7.5 µL of a 170 

mg/mL solution of LiTFSI salt in acetonitrile. The above solution was coated on top of the 

perovskite at 4000 rpm for 20 sec. 
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Gold (Au) 

A 70-80 nm thin gold (Au) electrode was coated using thermal evaporator under very low 

pressure of about 8 × 10−6 bar. The size of each cell was defined using a 0.09 cm2 shadow 

mask. 

Characterization techniques 

XRD was performed on a PANalytical Empyrean system using Cu K radiation. Ultraviolet-

visible (UV-Vis) spectroscopy measurements were done using the UV/VIS Spectrometer – 

Lambda 35 by Perkin Elmer. The layer thicknesses were measured by surface profilometry 

using a DektakXT device by Bruker. 

The current density – voltage (JV) curves of the solar cells were performed using Keithley 

2400 source meter and a LabView-based software inside a glove box (nitrogen atmosphere). 

For the JV curves, the scan rates were adjusted to 100 mVs-1 in the forward (fwd) direction 

(-0.1 V to 1.5 V) and backward (bwd) direction (1.5 V to -0.1 V) for both light and dark 

measurements. In few chases the illumination area was defined using a shadow mask (0.0702 

cm2) and the light was provided by a Dedolight DLH500 lamp calibrated to an intensity of 

100 mWcm-2 using a pyranometer from Kipp & Zonen. The External Quantum Efficiency 

(EQE) spectra were acquired using a MuLTImode 4 monochromator (Amko) equipped with 

a 75 W xenon lamp (LPS 210-U, Amko), a lock-in amplifier (Stanford Research Systems, 

Model SR830), and a Keithley 2400 source meter.  

 

Results and discussion 

The UV-Vis transmission spectra for ~35 nm and ~24 nm thin TiO2 for compact and 

mesoporous layers respectively as shown in Figure 10 indicate above 80% transmission of 

light. This allows significant amount of light to reach the absorber layer. Further, the 

CsFAMA perovskite was deposited onto the cTiO2+mpTiO2 substrates. The yellow 

perovskite solution was spread onto the substrates and the black phase perovskite layer was 

obtained by dropping chlorobenzene as antisolvent on the spinning substrate followed by 

annealing. The antisolvent step allows the formation of black perovskite phase fitting for 

photovoltaic application. In Figure 11 the XRD patterns for CsFAMA perovskites (with 

10% Cs content) thin films prepared using solutions with DMF:DMSO in 4:1 and 1:4 ratios 
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show reflexes at 2θ equals 14.12° and 28.44° for (110) and (220) lattice planes for cubic 

crystal structure with mean crystal size of ~75 nm and ~64 nm respectively. These values 

were calculated using Scherrer’s equation by measuring full width half maxima for the 

samples at 2θ equals 14.12°. The XRD patterns also indicate presence of cubic PbI2 in the 

perovskite films as indicated by 2θ equals 12.67° and 12.69° for ratios of 4:1 and 1:4 

respectively. In Figure 12, the UV-Vis absorption spectra for CsFAMA prepared using 4:1 

DMF:DMSO perovskite solvent ratio show an absorption onset at ~770 nm which 

correspond to a bandgap of ~1.61 eV [22]. 

 

Figure 10: UV-Vis transmission spectra for cTiO2 and mpTiO2 on glass substrate with air 

as background. 
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Figure 11: XRD reflexes for CsFAMA perovskite (10% Cs) thin films prepared using 

DMF:DMSO perovskite solution in ratios of 4:1 and 1:4. 

 

Figure 12: UV-Vis absorption spectra for CsFAMA perovskite (10% Cs) thin films prepared 

using DMF:DMSO solution in ratio of 4:1. 



  

55 

 

Influence of Cs content in CsFAMA perovskite absorber layer 

Figure 13A-D shows current density-voltage (JV) curves for perovskite composition 

Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3 with x = 0, 0.05, 0.1, and 0.15 which correspond to 0%, 

5%, 10% and 15% Cs content respectively. The solar cells were fabricated on ITO based 

TCO. The cells with 0% Cs (Figure 13A) content achieved 10.20% (11.55%) PCEs in 

forward (backward) sweep directions. The cells achieved VOCs of 0.705 V (1.017 V) 

according the measurements however, the JV curves suggest resistance issues during the 

forward sweep as indicated by the spikes in the voltage range of 0.4 V to 0.9 V. This 

behaviour could arise from defects in the perovskite absorber layer which may affect the 

diode. The series resistance (RSER) for the backward sweep direction in case of 0% Cs content 

was calculated to be 6.36 Ω cm2 and the shunt resistance (RSH) was calculated to be 172.72 

Ω cm2 (2222.27 Ω cm2) in forward (backward) sweep directions. Due to irregular JV curve 

in the forward sweep direction, calculating RSER was not possible. Further, these cells were 

irreproducible. For 5% Cs content ((Figure 13B) based solar cells, PCEs of 13.45% 

(14.72%) were obtained for champion cells resulting from VOCs of 1.007 V (1.017 V) and 

FFs of 62.05% (74.28%). The RSER and RSH for the champion cells were calculated to be 

4.58 Ω cm2 (4.24 Ω cm2) and 97.85 Ω cm2 (3144 Ω cm2) respectively. The mean (10 cells) 

VOCs were 0.922±0.018 V (1.006±0.007 V) and FFs were 58.95±7.15% (73.25±1.48%). The 

difference of these values in forward and backward sweep directions suggest inconsistency 

as indicated by the standard deviation for FFs. 
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Figure 13: JV curves for solar cells with Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3 with x = (A) 0 

(0%), (B) 0.05 (5%), (C) 0.1 (10%), and (D) 0.15 (15%) Cs content in forward (F) and 

backward (B) sweep directions under illumination (Light, L). Cells were fabricated on ITO. 

The JV curves for 10% Cs content (Figure 13C) PCEs of 14.70% (14.70%) with VOCs of 

0.997 V (1.007 V) and FFs of 65.70% (72.41%). The RSER and RSH for these cells were 

calculated to be 3.58 Ω cm2 (3.92 Ω cm2) and 120.19 Ω cm2 (1440.63 Ω cm2) respectively. 

These cells showed relatively less differences in performance for forward and backward 

sweep directions as indicated by the mean values (8 cells) of these devices as shown in Table 

1. These differences in the forward and backward sweep directions (similar to 0% and 5% 

Cs) stem from hysteresis of the individual cells. The cells with 15% Cs content also showed 

hysteresis as can be seen in Figure 13D. 

Table 1: VOC, absolute JSC, FF, and PCE values for light measurements for the graphs shown 

in Figure 13. The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 
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ITO + Cs0 0.705 (1.017) 17.91 (16.71) 80.41 (67.48) 10.20 (11.55) 

Mean (2 cells) 0.836±0.171 

(1.007±0.014) 

17.30±0.86 

(17.23±0.73) 

64.83±22.03 

(61.26±8.79) 

9.01±1.69 

(10.68±1.23) 

ITO + Cs0.05 1.007 (1.017) 21.61 (19.58) 62.05 (74.28) 13.45 (14.72) 

Mean (10 cells) 0.922±0.018 

(1.006±0.007) 

19.60±1.65 

(18.69±0.54) 

58.95±7.15 

(73.25±1.48) 

11.56±2.22 

(13.69±0.50) 

ITO + Cs0.1 0.997 (1.007) 22.44 (20.18) 65.70 (72.41) 14.70 (14.70) 

Mean (8 cells) 0.987±0.009 

(0.993±0.007) 

20.91±0.81 

(19.22±0.56) 

66.73±1.21 

(72.18±1.16) 

13.77±0.70 

(13.75±0.64) 

ITO + Cs0.15 0.926 (0.926) 18.65 (16.61) 64.39 (67.92) 10.86 (10.28) 

Mean (5 cells) 0.912±0.021 

(0.886±0.038) 

18.04±1.51 

(15.68±2.11) 

64.53±1.55 

(64.42±2.75) 

10.36±0.89 

(8.87±1.68) 

These devices with varying Cs content in the perovskite absorber layer fabricated on ITO 

substrates had poor reproducibility. This was evident by the fewer cells available for mean 

calculations. Therefore, to further the understanding of these devices, solar cells on FTO as 

TCO were chosen to identify any temperature effect on the performance of ITO. 

Compared to ITO, solar cells with FTO as TCO for 0% Cs content showed similar PCEs for 

the champion device as shown in Figure 14A and Table 2. However, the mean (5 cells) 

PCEs of these devices fell to 5.93±3.33% (8.45±3.56%) due to lower FFs of 44.89±21.37% 

(51.36±14.84%) and VOCs 0.727±0.208 (0.866±0.192). The devices with 5% Cs content on 

FTO substrates achieved PCEs of 12.75% (13.43%), nonetheless the mean (4 cells) PCEs 

obtained were 7.63±3.78% (8.42±3.82%). Consistent with the ITO based cells, FTO based 

cells also exhibited lower sample size for mean value calculation as an outcome of poor 

reproducibility. 
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Figure 14: JV curves for solar cells with Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3 with x = (A) 0 

(0%), (B) 0.05 (5%), (C) 0.1 (10%), and (D) 0.15 (15%) Cs content in forward (F) and 

backward (B) sweep directions under illumination (Light, L). Cells were fabricated on FTO. 

Table 2: VOC, absolute JSC, FF, and PCE values for light measurements for the graphs shown 

in Figure 14. The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

FTO + Cs0 0.967 (0.977) 18.99 (17.76) 65.10 (66.93) 11.74 (11.42) 

Mean (5 cells) 0.727±0.208 

(0.866±0.192) 

18.98±0.72 

(18.16±1.03) 

44.89±21.37 

(51.36±14.84) 

5.93±3.33 

(8.45±3.56) 

FTO + Cs0.05 0.977 (0.997) 20.70 (18.78) 63.71 (71.91) 12.75 (13.43) 
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Mean (4 cells) 0.909±0.056 

(0.899±0.114) 

19.12±1.15 

(18.89±0.25) 

42.46±16.21 

(48.43±17.47) 

7.63±3.78 

(8.42±3.82) 

FTO + Cs0.1 0.987 (0.997) 20.54 (18.88) 64.09 (72.20) 12.88 (13.42) 

Mean (4 cells) 0.939±0.052 

(0.972±0.021) 

19.89±0.90 

(18.42±0.52) 

46.72±12.24 

(64.25±6.45) 

8.81±3.00 

(11.41±1.62) 

FTO + Cs0.15 0.906 (0.876) 14.64 (11.25) 65.26 (65.99) 8.65 (6.53) 

Mean (8 cells) 0.840±0.080 

(0.832±0.034) 

13.99±0.93 

(11.12±1.19) 

46.63±16.24 

(54.75±7.70) 

5.61±2.45 

(5.08±1.06) 

For further investigation 10% Cs content based Cs0.1(FA0.83MA0.17)0.9(I0.83Br0.17)3 perovskite 

absorber layer was chosen as it showed consistently VOCs above 0.970 V as compared to 

other variations as observed and listed in Figure 13, Figure 14, Table 1, and Table 2. 

Figure 15 depicts JV curves for solar cells were a comparison between ITO and FTO was 

made for Cs0.1(FA0.83MA0.17)0.9(I0.83Br0.17)3 perovskite absorber layer spin coated with 4000 

and 6000 rpm. Solar cells with ITO as TCO (Figure 15A) and perovskite spun at 6000 rpm 

observed champion PCEs of 5.70% (9.81%) with VOCs of 0.969 V (1.010 V). As listed in 

Table 3, these cells exhibited maximum mean (16 cells) VOCs of 0.923±0.039 V 

(0.959±0.038 V) as expected based on previous results. The RSER and RSH calculated for the 

champion cells were 31.79 Ω cm2 (15.20 Ω cm2) and 71.83 Ω cm2 (561.79 Ω cm2) 

respectively. The cells also exhibited hysteresis. In comparison to the perovskite spun at 

6000 rpm, the 4000 rpm based perovskite layers on ITO substrates had a champion cell with 

PCEs of 2.90% (5.38%) with VOCs of 0.929 V (0.929 V). The corresponding RSER and RSH 

were 41.68 Ω cm2 (27.07 Ω cm2) and 144.02 Ω cm2 (255.10 Ω cm2) respectively. The mean 

(21 cells) PCEs obtained were 1.89±0.57% (3.67±1.33%) with VOCs of 0.896±0.053 V 

(0.919±0.104 V).  
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Figure 15: JV curves for (A) ITO and (B) FTO as TCO and perovskite (PS) spun at 4000 

rpm and 6000 rpm. JV curves for FTO and ITO as TCO and PS spun at (C) 6000 rpm and 

(D) 4000 rpm. The graphs represent light and dark curves in forward sweep and backward 

sweep directions. (E and F) Zoomed in JV curves for dark conditions for ITO and FTO as 

TCO with PS spun at 6000 rpm and 4000 rpm. 

These devices with spinning rate of 6000 rpm and 4000 rpm had poor FFs of 28.06±3.10% 

(46.24±9.37%) and 31.15±3.71% (49.81±10.09%) respectively owing to the poor resistance 

values causing the PCEs in range of 2-5% resulting from loss of JSC.  
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Table 3: VOC, absolute JSC, FF, and PCE values for light measurements for the graphs shown 

in Figure 15. The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

ITO + PS 4000 0.929 (0.929) 11.71 (12.96) 26.83 (43.12) 2.90 (5.38) 

Mean (21 cells) 0.896±0.053 

(0.919±0.104) 

6.83±2.13 

(7.87±2.30) 

31.15±3.71 

(49.81±10.09) 

1.89±0.57 

(3.67±1.33) 

ITO + PS 6000 0.969 (1.010) 19.26 (19.84) 25.97 (48.71) 5.70 (9.81) 

Mean (16 cells) 0.923±0.039 

(0.959±0.038) 

13.50±5.42 

(13.16±5.13) 

28.06±3.10 

(46.24±9.37) 

3.47±1.44 

(5.80±2.69) 

FTO + PS 4000 0.888 (0.888) 12.12 (12.54) 46.33 (59.06) 4.95 (6.52) 

Mean (2 cells) 0.786±0.144 

(0.786±0.144) 

9.32±3.96 

(9.85±3.81) 

41.38±7.00 

(51.62±10.52) 

3.28±2.36 

(4.33±3.09) 

FTO + PS 6000 0.929 (0.969) 22.24 (20.93) 36.47 (49.04) 7.45 (9.83) 

Mean (16 cells) 0.834±0.194 

(0.832±0.235) 

17.30±3.52 

(16.90±3.02) 

33.51±5.55 

(45.64±8.03) 

5.04±2.14 

(6.72±3.08) 

Similar to ITO, FTO based cells (Figure 15B) also exhibited poor solar cell performance 

owing to the RSER and RSH of the devices. The champion PCEs for perovskite spun at 6000 

rpm and 4000 rpm were 7.45% (9.83%) and 4.95% (6.52%) respectively as listed in Table 

3. These devices achieved FFs of 36.47% (49.04%) and 46.33% (59.06%) due to RSER and 

RSH resistances. The RSER and RSH of 19.12 Ω cm2 (15.61 Ω cm2) and 107.52 Ω cm2 (374.53 

Ω cm2) were calculated for cells with perovskite spun at 6000 rpm. Similarly for perovskite 

spun at 4000 rpm the RSER and RSH were 18.51 Ω cm2 (14.69 Ω cm2) and 217.86 Ω cm2 
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(847.45 Ω cm2). The high RSER leads to loss of charges (holes and electrons) at the interfaces 

of the layers forming the solar cells. The acceptable range for the RSER is less than 5 Ω cm2. 

The comparison of all the cells fabricated by spinning the perovskite at 4000 rpm were done  

with 6000 rpm irrespective of their TCOs, solar cells with spinning rate of 6000 rpm 

exhibited higher JSC compared to 4000 rpm based cells. This is counterintuitive as thicker 

films are expected to attain higher JSCs owing to the more absorption of light. This could be 

due to reduction in the film quality at lower rpm. The potential issue with the film quality is 

supported by the irregular dark curves resulting into poor  diode characteristics of the device 

and consequential poor performance of the solar cells as seen in Figure 15E-F. 

Influence of doping on spiro-OMeTAD HTL 

After evaluating ITO and FTO as TCOs and varying spin coating conditions for the 

perovskite absorber layer, cells with varying HTLs were fabricated.  Spiro-OMeTAD and 

PTAA have been excellent HTLs for lead perovskite based solar cells. Figure 16A and B 

show JV curves for comparison between these HTLs and perovskite films prepared from 

solvents DMF and DMSO in the ratio of 1:4 and 4:1. The corresponding VOC, JSC, FF, and 

PCE of the devices are listed in Table 4. As evident by the JV curves for spiro-OMeTAD, 

the cells display poor FFs originating from RSER. The champion cell made from perovskite 

precursor solution with DMF:DMSO solvent ratio of 4:1 had RSER of 143.06 Ω cm2 (93.28 

Ω cm2) and RSH of 735.29 Ω cm2 (425.53 Ω cm2). The high RSER gives a parallel shape to 

the JV curves with regards to the voltage (x-axis) which represents loss of current density 

across the voltage sweep. The measured VOCs of these devices were 1.031 V (1.047 V) which 

indicated the potential of these devices to reach higher PCEs if the FF improves. Similarly, 

the devices with 1:4 solution ratio also displayed poor mean (10 cells) PCE of 3.24±2.24% 

(4.80±3.21%) compared to 7.72±1.77% (8.41±2.20%) for 4:1 ratio. 
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Figure 16: JV curves for (A) spiro-OMeTAD and (B) PTAA as HTL for perovskite absorber 

layer deposited using DMF:DMSO solution in ratios of 4:1 and 1:4. (C) Normalized (100%) 

EQE for comparing spiro-OMeTAD and PTAA based solar cells with 4:1 perovskite solvent 

ratio. (D) spiro-OMeTAD as HTL with different doping profiles using LiTFSI, FK209 and 

TBP as dopants with 4:1 perovskite solvent ratio. 

The cells based on PTAA as HTL and perovskite solution with DMF:DMSO solvent ratio 

for 4:1 and 1:4 showed mean (10 cells) VOCs of 0.386±0.030 V (0.328±0.103 V) and 

0.141±0.067 V (0.186±0.078 V) resulting in PCEs of 2.28±0.48% (3.28±1.40%) and 

0.54±0.39% (1.02±0.75%) respectively. Therefore, unmistakably, the PTAA based cells 

showed reduced VOCs compared to spiro-OMeTAD based cells. The champion cells for 

perovskite solution with DMF:DMSO solvent ratio for 4:1 with PTAA showed VOCs of 

0.401 V (0.417 V) and PCEs of 2.74% (4.13 %). In contrast, the champion for DMF:DMSO 

solvent ratio of 1:4 had VOCs of 0.223 (0.288) and PCEs of 1.15% (2.19%). These devices 

also showed poor FFs owing to the resistance. The RSER and RSH of the champion cells 

showed in Figure 16B for perovskite with DMF:DMSO solvent ratio of 4:1were 7.25 Ω cm2 

(5.87 Ω cm2) and 19.80 Ω cm2 (57.17 Ω cm2). In this case, the RSH was low leading to the 
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current density loss across the voltage sweep. The combination of high RSH and low RSER 

allows the shaping of the JV curves which in turn causes better FF. The normalized EQE for 

spiro-OMeTAD and PTAA based cells for perovskite solution with DMF:DMSO solvent 

ratio of 4:1 display similar shape as shown in Figure 16C.  

Table 4: VOC, absolute JSC, FF, and PCE values for light measurements for the graphs shown 

in Figure 16A-B. The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

PS 41 + spiro-

OMeTAD 

1.031 (1.047) 25.28 (25.65) 33.46 (36.40) 8.63 (9.57) 

Mean (10 cells) 0.923±0.227 

(0.936±0.245) 

24.46±0.53 

(24.77±0.55) 

34.47±2.24 

(36.58±1.94) 

7.72±1.77 

(8.41±2.20) 

PS 14 + spiro-

OMeTAD 

0.789 (0.886) 22.95 (22.67) 32.66 (42.18) 5.89 (8.40) 

Mean (10 cells) 0.522±0.245 

(0.559±0.235) 

18.89±3.40 

(18.80±3.53) 

29.00±3.47 

(40.23±5.99) 

3.24±2.24 

(4.80±3.21) 

PS 41 + PTAA 0.401 (0.417) 22.97 (23.01) 29.99 (43.84) 2.74 (4.13) 

Mean (10 cells) 0.386±0.030 

(0.328±0.103) 

23.94±1.07 

(22.65±2.65) 

30.98±2.37 

(40.48±8.85) 

2.28±0.48 

(3.28±1.40) 

PS 14 + PTAA 0.223 (0.288) 15.88 (18.34) 32.60 (41.51) 1.15 (2.19) 

Mean (10 cells) 0.141±0.067 

(0.186±0.078) 

11.24±3.22 

(13.60±3.46) 

29.75±3.45 

(35.25±4.80) 

0.54±0.39 

(1.02±0.75) 
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Table 5: VOC, absolute JSC, FF, and PCE values for light measurements for the graphs shown 

in Figure 16C. The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

LiTFSI + 

FK209 + TBP 

0.937 (0.947) 21.51 (19.91) 38.50 (65.98) 7.67 (12.40) 

Mean (9 cells) 0.929±0.015 

(0.948±0.014) 

18.17±1.98 

(16.54±2.14) 

36.37±1.51 

(59.15±4.08) 

6.09±0.87 

(9.25±1.90) 

LiTFSI 0.916 (0.937) 12.00 (19.34) 18.72 (39.26) 2.05 (7.04) 

Mean (3 cells) 0.913±0.006 

(0.923±0.012) 

11.28±0.62 

(17.12±1.93) 

20.14±1.29 

(37.88±1.60) 

2.04±0.02 

(5.92±0.98) 

LiTFSI + TBP 0.856 (0.866) 22.06 (19.48) 41.58 (59.87) 7.82 (10.20) 

Mean (10 cells) 0.850±0.014 

(0.852±0.013) 

18.53±1.89 

(15.19±2.41) 

39.33±4.54 

(61.54±4.02) 

6.23±1.20 

(8.00±1.46) 

FK209 0.866 (0.876) 18.14 (17.33) 29.36 (48.26) 4.58 (7.29) 

Mean (6 cells) 0.792±0.072 

(0.799±0.101) 

17.74±1.07 

(17.02±1.25) 

26.86±1.95 

(43.27±5.65) 

3.77±0.65 

(5.88±1.38) 

LiTFSI + 

FK209 

0.916 (0.977) 28.92 (26.42) 31.82 (66.03) 8.50 (17.53) 

Mean (9 cells) 0.831±0.053 

(0.948.022) 

25.39±2.66 

(22.78±2.42) 

27.39±3.16 

(59.09±5.67) 

5.92±1.53 

(13.19±2.93) 
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FK209 + TBP 1.037 (1.047) 24.64 (23.02) 33.08 (48.62) 8.40 (11.56) 

Mean (10 cells) 0.987±0.085 

(0.969±0.111) 

21.80±2.18 

(21.57±0.92) 

30.64±4.37 

(45.69±4.95) 

6.55±1.24 

(9.58±2.19) 

TBP 0.755 (0.977) 5.56 (10.31) 13.08 (16.40) 0.55 (1.64) 

Mean (12 cells) 0.600±0.219 

(0.624±0.393) 

4.48±1.89 

(8.02±1.44) 

16.17±5.50 

(19.99±5.67) 

0.42±0.23 

(0.89±0.53) 

To further explore the causes of poor and irreproducible performance of the solar cells across 

different TCOs, perovskite layer preparation methods, and HTLs, the focus was shifted to 

the impact of doping of spiro-OMeTAD using LiTFSI, FK209, and TBP for an 

ITO/Li:mpTiO2+cTiO2/CsFAMA perovskite (4:1)/spiro-OMeTAD/Au based solar cell. JV 

curves for solar cells with different doping profile for the HTL as are shown in Figure 16D 

and the values for VOCs, JSCs, FFs and PCEs are listed in Table 5. Seemingly, LiTFSI or 

FK209 or TBP individually alone are insufficient to achieve high performing devices. As 

evident from Table 5, LiTFSI doped spiro-OMeTAD HTLs showed mean (3 cells) PCEs of 

2.04±0.02% (5.92±0.98%) with low JSCs of 11.28±0.62 mAcm-2 (17.12±1.93 mAcm-2) and 

FFs of 20.14±1.29% (37.88±1.60%). The FK209 doped spiro-OMeTAD HTLs showed 

mean PCEs of 3.77±0.65% (5.88±1.38%) and TBP doped spiro-OMeTAD HTLs showed 

mean (12 cells) PCEs of 0.42±0.23% (0.89±0.53%). The devices suggest that LiTFSI or 

FK209 or TBP alone are insufficient to improve the performance of the HTL. As evident by 

the combination of LiTFSI+FK209 or LiTFSI+TBP or FK209+TBP, to achieve higher JSCs 

the dopants must work together. The effect can be seen for VOCs as well. The presence of 

FK209 with LiTFSI or TBP or both can lead to relatively better VOCs as shown by the 

champion cells for FK209+TBP combination with VOCs of 1.037 V (1.047 V). The 

improvement in the performance of the cells with the appropriate combination of the dopants 

can lead to increase in the hole mobility of the spiro-OMeTAD by an order of magnitude as 

mentioned in the previous chapter. 
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Challenges during fabrication of lead perovskite solar cells 

Due to the consistent irreproducibility of the experiments, drawing any pattern or conclusion 

was difficult. In 2018, Saliba et al. published an article explaining the fabrication process for 

n-i-p and p-i-n architecture based lead perovskite solar cells at the laboratory scale [35]. 

They listed the various issues that are expected to occur. For building highly efficient lead 

perovskite solar cells, in an n-i-p architecture using cTiO2 and mpTiO2, the annealing step 

of these layers post deposition has been shown to have steps after spray pyrolysis and spin 

coating of cTiO2 and mpTiO2 respectively. Further, Saliba et al. highlight the stock solution 

method for preparing perovskite precursor solution for the cesium, formamidinium and 

methylammonium based triple cation perovskite. The stock solution preparation process 

includes the heat treatment of PbI2 solution in DMF: DMSO (4:1) solvents at 180°C for 15 

min and similar treatment is suggested for PbBr2 for 5 min. The paper confesses that in the 

previous papers published so far, such heat treatments were not mentioned [17,18]. They 

also highlight the importance of glovebox conditions (water and oxygen < 1 ppm) during the 

spin coating of the perovskite onto the substrate. They also note the importance of antisolvent 

dripping technique to achieve smooth crack-free and hole-free layers. The impact of 

antisolvent dripping was observed in previous experiments and attempts to fabricate efficient 

solar cells. 

 

Figure 17: (A) perovskite (Cs0.1) on ITO/cTiO2+mpTiO2 substrates after annealing at 100°C 

for 1 h. Solar cells with (B) PTAA and (C) spiro-OMeTAD as HTL. (D) Annealing 
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perovskite layers on hot plate at 100°C. (E) Greyish and (F) black perovskite layer during 

annealing. 

Figure 17A shows the black phase lead perovskite films, Figure 17B and C are finished 

perovskite solar cells with PTAA and spiro-OMeTAD as HTLs. Figure 17D shows the 

annealing step for the perovskite layer at 100°C inside the glovebox. Figure 17E-F are 

perovskite films with and without grey appearance. The grey colour for perovskite layer 

could be due to the insufficient removal of the DMF or DMSO solvents from the yellow 

phase during spin coating. Therefore, the proper skilful application of the antisolvent must 

be done. 

Stock solution method 

To verify if the method prescribed by Saliba et al. could lead to highly efficient lead 

perovskite solar cells in comparison to previous experiments, solar cells were fabricated 

using perovskite precursor solution prepared by stock solutions [35]. The cTiO2 layer was 

annealed in stages of different temperatures as followed, stage1: ramp 5 min – 125°C – hold 

5 min, stage2: ramp 15 min – 325°C – hold 5 min, stage3: ramp 5 min - 375°C – hold 5 min, 

and stage4: ramp 5 min – 450°C – hold 30min. The mpTiO2 layer was spin coated and 

annealed similarly followed by LiTFSI salt for doping. For perovskite layers, the stock 

solutions of PbI2 (1 g/1.446 mL) and PbBr2 (1 g/1.816 mL) in DMF:DMSO (4:1) were 

prepared. The solutions were gradually heated till 180°C. The PbI2 solution turned clear at 

~100°C after 6 min and the PbBr2 solution turned clear at ~100°C after 2 min. Another stock 

solution of CsI (1 g/2.566 mL) was prepared in DMSO. Further, FAI (0.1 g) and MABr (0.1 

g) were weighed and mixed to the stock solutions (PbI2 0.468 mL and PbBr2 0.702 mL) to 

allow formation of FAPbI3 and MABr3. Further as described CsI (0.016 mL), FAPbI3 and 

MABr3 were mixed to achieve Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3 perovskite composition. 

Figure 18A shows the JV curves for ITO/cTiO2/mpTiO2/LiTFSI/perovskite/spiro-

OMeTAD/Au solar cells prepared by using stock solutions of perovskite. The PCEs 

observed for the champion cells in forward (backward) sweep directions were 2.55% 

(2.66%). The lower PCEs are due to the low JSC of the devices at 5.05 mAcm-2 (4.69 mAcm-

2). The RSH calculated were 43.48 Ω cm2 (1146.79 Ω cm2) and RSER were 28.04 Ω cm2 (46.55 

Ω cm2). The average values for the photovoltaic parameters are listed in Table 6. Figure 

18C-F show graphs for VOC, JSC, FF, and PCE for one of the cells measured periodically 

(intervals of 15 min) during light soaking. The light soaking process is advantageous to the 
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solar cells due to possible reduction of trap states which in turn can increase the carrier 

diffusion length through the perovskite [36-41]. Light soaking is also known to affect the 

oxygen vacancies in the TiO2 film which further improves conduction of the ETL and the 

charge extraction process [42-45]. Therefore, light soaking measurements were carried out 

to stimulate any positive change in the performance of these device. However, no significant 

change was observed as seen in the Figure 18C-F.  

 

Figure 18: JV curves for (A) champion solar cell under light (L) and dark (D) conditions, 

and (B) backward sweep curves for comparing day 1, day 2 results with light soaking for 15 

min, 30 min, 45 min, 60 min, 75 min, and 90 min, respectively.  (C-F) VOC, JSC, FF, and 

PCE trend after light soaking on day 2. 
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The stock solution based method suggested by Saliba et al. [35] led to solar cells with PCEs 

(mean 16 cells) of 1.95±0.32 (1.93±0.36) which were inferior to few of the previous cases 

and similar to some. The poor performance did not improve through light soaking. 

Therefore, after trying out the prescribed methodology to achieve 20% efficient cells there 

is further requirement to optimize and improve the fabrication of n-i-p architecture based 

cell.  

Table 6: VOC, absolute JSC, FF, and PCE values for light measurements for the graphs shown 

in Figure 18A. The values are listed in forward (backward) sweep directions. 

0.0702 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

Champion 0.938 (0.902) 5.05 (4.69) 54.67 (58.51) 2.55 (2.66) 

Mean (16 cells) 0.874±0.025 

(0.902±0.031) 

3.90±0.48 

(3.64±0.51) 

57.80±0.52 

(59.20±0.57) 

1.95±0.32 

(1.93±0.36) 

 

Conclusion 

In conclusion this chapter encapsulates the performance of lead perovskite solar cells in an 

n-i-p based architecture. The solar cells were fabricated using different TCOs (ITO and FTO) 

and HTLs (spiro-OMeTAD and PTAA). A cesium, formamidinium and methylammonium 

based triple cation perovskite (Csx(FA0.83MA0.17)1-xPb(I0.83Br0.17)3) was used as an absorber 

layer. A cTiO2 and LiTFSI doped mpTiO2 combination was used as ETL. The solar cells 

performance were spread to PCEs ranging between 0 – 13% dependent upon the 

combinations discussed in previous sections of this chapter. The common factor across the 

performance of these devices were the irreproducibility of the experiment. The publication 

by Saliba et al. discussing the stock solution method and other precautions necessary to 

produce highly efficient lead perovskite solar cells provide an insight and support the 

observations made during the experiments [35]. The difference in preparation method for 

perovskite precursor solution could be a cause of difference in performance. The thin film 

deposition of perovskite layer is dependent upon the efficacy of antisolvent dripping stage. 
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The improper dripping could lead to greyish layers and poor performance. The solar cells 

fabricated through the stock solution method also showed poor performance. They did not 

shown any significant improvement due to light soaking. Therefore, further optimization and 

understanding of the fabrication process is required [46,47]. 

To further investigate the lead perovskite solar cells, the focus was shifted to p-i-n 

architecture based lead perovskite solar cells. The planar p-i-n architecture allows processing 

at low temperatures [48-50]. NiOx has proven to be an excellent HTL and these layers could 

be fabricated through various methods like solution processing, sputtering, and pulse laser 

deposition [51-57]. Further, NiOx allows the manipulation and tuning of properties for the 

benefit of photovoltaics and suitable for roll-to-roll fabrication [58-61].  
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Abstract 

Lead halide perovskites have proved to be exceptionally efficient absorber materials for 

photovoltaics. Besides improving the properties of the perovskite absorbers, device 

engineering and the optimization of interfaces will be equally important to further the 

advancement of this emerging solar cell technology. Herein, we report a successful 

modification of the interface between the NiOx hole transport layer and the perovskite 

absorber layer using 4-bromobenzylphosphonic acid based self-assembled monolayers 

leading to an improved photovoltaic performance. The modification of the NiOx layer is 

carried out by dip coating which allows sufficient time for the self-assembly. The change in 

the surface free energy and the non-polar nature of the resulting surface is corroborated by 

contact angle measurements. X-ray photoelectron spectroscopy confirms the presence of 

phosphor and bromine on the NiOx surface. Furthermore, the resultant solar cells reveal 

increased photovoltage. For typical devices without and with modification, the photovoltage 

improves from 0.978 V to 1.029 V. The champion VOC observed was 1.099 V. The increment 

in photovoltage leads to improved power conversion efficiencies for the modified cells. The 

maximum power point tracking measurements of the devices show stable power output of 

the solar cells. 

 

Keywords 

triple cation perovskite, interface, self-assembled monolayer, phosphonic acid, photovoltaics 

 

Introduction 

Lead halide perovskite solar cells have reached certified power conversion efficiencies 

(PCEs) greater than 23% in a conventional n-i-p architecture [1-3]. Similarly, also with 

perovskite solar cells based on a planar inverted p-i-n architecture efficiencies greater than 

20% have imposingly been realized [4,5]. In addition, devices in inverted p-i-n architecture 

have piqued considerable interest as they offer the possibility to be processed at low 

temperature and also on flexible substrates [5-7]. The diminishing gap between the 

performance of both device architectures has been majorly possible due to optimizing the 
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inorganic hole transport layers (HTLs). In particular, nickel oxide (NiOx) films proved to be 

promising, as they allow facile processing, good stability and efficient hole extraction [8,9]. 

Furthermore, different doping procedures for NiOx such as incorporation of copper, cesium 

or silver ions have led to improved device performance and are opening up pathways for 

further optimisations [10-12]. 

In recent practice, the NiOx layers for the application in perovskite solar cells are deposited 

majorly via solution processes by using sol-gel methods or nanoparticle dispersions in water 

[10,13-19]. Moreover, atomic layer deposition, flame spray synthesis, pulsed laser 

deposition, sputtering and electrodeposition have been applied for the formation of NiOx thin 

films [20-25]. 

In photovoltaics, interface engineering between charge transport layers and the absorber 

layer is an important approach in device optimization. One of the primary concepts utilized 

to achieve such engineering is the application of self-assembled monolayers (SAMs) [26-

28]. The formation of a monolayer and the effective dipole of the applied molecules can be 

explored for designing the properties at the aforementioned interface. The SAMs allow the 

manipulation of the work function and the wettability of the metal oxide films, and they can 

also passivate the interface [29,30]. For example, Wang et al. reported on the effects of para-

substituted benzoic acid SAMs on the NiOx and perovskite interface. They highlighted an 

improved open circuit voltage (VOC) due to the introduction of bromobenzoic acid (dipole 

moment of 2.1 D) as a monolayer on the NiOx film [31].  

In this work, we discuss the influence of the modification of the NiOx HTL with 4-

bromobenzylphosphonic acid (Br-BPA) on lead halide perovskite solar cells. We chose 

phosphonic acids as the interface modifier as they have so far been barely investigated in 

perovskite solar cells even though they have been thoroughly studied in organic field effect 

transistors as well as organic photovoltaics and possess beneficial properties for surface 

modification of metal oxides [32]. In a study on the modification of zinc oxide (ZnO) with 

benzylphosphonic acids (BPA), Lange et al. reported that BPA SAMs have a preferential 

tridentate binding on a ZnO surface. A tridentate binding suggests a stronger chemisorption 

of the SAM molecules on the metal oxide surface in comparison to the mono- and bi-dentate 

binding [32-35]. As absorber layer for the solar cells prepared in p-i-n architecture, a triple 

cation based perovskite with the composition Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3,
 

introduced by Saliba et al. [36], was selected. 
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Experimental 

Sample and solar cell preparation 

All chemicals and solvents were used as purchased without any further purification. 

Nickel(II) nitrate hexahydrate and sodium hydroxide was purchased from Fluka and VWR, 

respectively. Lead iodide, lead bromide, formamidinium iodide and PC60BM were 

purchased from TCI, Alfa Aesar, GreatCell Solar and Solenne, respectively. The other 

chemicals used in this study, including the phosphonic acid molecule, and all the solvents 

were purchased from Merck (Sigma Aldrich). 

Material synthesis 

Synthesis and characterization of nickel oxide nanoparticles: The synthesis of the NiOx 

nanoparticles was performed according to previous reports [15,37-39]. In brief, nickel (II) 

nitrate hexahydrate (NiNO3 · 6 H2O) (0.05 mol) was dispersed in 10 mL deionized water 

and stirred for 5 minutes. Afterwards sodium hydroxide (NaOH, 10 mmol/mL) was added 

dropwise to adjust a pH of 10, which results in a colour change from dark to light green. The 

colloidal precipitate was then washed with deionized water to remove side products. The 

light green residue was further dried at 80 °C for 6 h followed by calcination at 270 °C for 

2 h. This resulted in non-stoichiometric black nickel (II) oxide nanoparticles. The X-ray 

diffraction (XRD) pattern of the NiOx nanoparticles is very similar to as reported in Ref. [15] 

and reveals reflections at 37.2°, 43.2°, 62.7°, 75.4° and 79.3° 2θ, which correspond to the 

(111), (200), (220), (311), and (222) lattice planes in a cubic crystal structure. An estimation 

of the primary crystallite size based on the peak broadening via Scherrer formula led to a 

value of approx. 8 nm. For the preparation of the NiOx ink, 20 mg/mL of the NiOx 

nanoparticles were dispersed in deionized water. The ink was put in an ultrasonic bath for 2 

h and then filtered using a 0.45 µm PVDF syringe filter. 

Solar cell preparation 

Back electrode: Pre-patterned glass/ITO substrates (15 × 15 × 1.1 mm3) (15 Ω cm-2) from 

Luminescence Technology Corp. (Lumtec) were carefully wiped using acetone before 

putting them into an isopropanol bath. The bath was further subjected to an ultrasonic bath 

for 10 minutes. The substrates were then dried using in an N2 stream. Just before spin coating 

the NiOx nanoparticle ink, the substrates were plasma etched using oxygen plasma for 3 

minutes. 
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Preparation of the NiOx films: The NiOx nanoparticle ink was spin coated onto the glass/ITO 

substrates at a speed of 1000 rpm. Before the determination of the layer thickness and solar 

cell preparation, the films were allowed to dry in ambient conditions for 3 days. The as-

prepared films revealed an average thickness distribution of ~25 nm. 

Surface modification of the NiOx films with Br-BPA: A 5 mmol/mL solution of Br-BPA was 

prepared in acetonitrile and was filtered using a 0.45 µm PVDF syringe filter. The 

application of the Br-BPA molecule was done by dip coating. In the dip coating method, the 

glass/ITO/NiOx substrates were dipped in the phosphonic acid solution for 1 min to allow 

adsorption. These substrates were then cleaned by dipping them in fresh acetonitrile solvent 

to allow removal of non-adsorbed phosphonic acid molecules from the modified surface. 

The substrates were then dried in an N2 stream. The deposition was carried out in ambient 

conditions. 

Preparation of the perovskite absorber layers: The cesium, formamidinium, and 

methylammonium based triple cation lead halide perovskite absorber layer was adapted from 

Saliba et al. [36]. The final composition chosen was Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3. 

The precursor solution consisted of 1 mmol/mL formamidinium iodide (FAI), 1.1 mmol/mL 

PbI2, 0.2 mmol/mL methylammonium bromide (MABr), and 0.2 mmol/mL PbBr2 in a mixed 

dimethyl formamide (DMF)/dimethyl sulfoxide (DMSO) solvent with a 4:1 volume ratio. 

To this solution, 1.5 mmol/mL CsI in DMSO, was added to obtain a 10% Cs content. The 

final precursor solution was stirred overnight in inert conditions to allow sufficient reaction 

time. The solution was then filtered using a 0.45 µm PTFE syringe filter prior to spin coating. 

The perovskite absorber layer was spin coated on the non-modified and modified 

glass/ITO/NiOx substrates in a two-step spin coating process with 1000/6000 rpm for 10/20 

s. In the last 5 s of spinning, chlorobenzene was dripped onto the substrate as an antisolvent. 

The substrates were annealed at 100 °C for 1 h. The thickness of the perovskite absorber 

layers was monitored using a Stylus profilometer and was found to be approximately 485 

nm. 

PC60BM electron transport layer and top electrode: A phenyl-C61-butyric acid methyl ester 

(PC60BM) solution in chlorobenzene having a concentration of 20 mg/mL was prepared. The 

solution was stirred overnight and filtered using a 0.45 µm PTFE syringe filter prior to spin 

coating at 4000 rpm for 20 seconds. In a last step of the solar cell preparation, a 120 nm thick 
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silver layer was deposited by thermal evaporation on top of the PC60BM layer at an 

evaporation rate of 1-2 Å s-1 using a shadow mask (0.09 cm2). 

Characterization techniques 

XRD was performed on a PANalytical Empyrean system using Cu K radiation. Ultraviolet-

visible (UV-Vis) spectroscopy measurements were done using the UV/VIS Spectrometer – 

Lambda 35 by Perkin Elmer. The layer thicknesses were measured by surface profilometry 

using a DektakXT device by Bruker and the surface morphology of the perovskite films was 

characterized by scanning electron microscopy (SEM) images acquired on a Zeiss-Supra 40 

scanning electron microscope with an in-lens detector and 5 kV acceleration voltage. 

Contact angle measurements of the NiOx films before and after the modification with Br-

BPA were carried out on a Krüss DSA100 system using water and ethylene glycol as liquids. 

The surface free energy calculations were performed with the Owens-Wendt-Rabel & 

Kaelble method [40] using the Krüss Advance software. 

X-ray photoelectron spectroscopy (XPS) measurements of the NiOx and NiOx/Br-BPA SAM 

films were recorded using a multiprobe surface analysis system (Omicron Nanotechnology) 

equipped with a DAR 400 X-ray source (Al K radiation, 1486.7 eV), an XM 500 quartz 

crystal monochromator (energy width: 0.15 eV), and an EA 125 hemispherical electron 

energy analyzer based on a 5-channel pulse counting channeltron. 

The current density – voltage (JV) curves and maximum power point (MPP) tracking 

measurements of the solar cells were performed using Keithley 2400 source meter and a 

LabView-based software inside a glove box (nitrogen atmosphere). For the JV curves, the 

scan rates were adjusted to 100 mVs-1 in the forward (fwd) direction (-0.02 V to 1.2 V) and 

backward (bwd) direction (1.2 V to -0.02 V) for both light and dark measurements. The 

illumination area was defined using a shadow mask (0.0702 cm2) and the light was provided 

by a Dedolight DLH500 lamp calibrated to an intensity of 100 mWcm-2 using a pyranometer 

from Kipp & Zonen. The External Quantum Efficiency (EQE) spectra were acquired using 

a MuLTImode 4 monochromator (Amko) equipped with a 75 W xenon lamp (LPS 210-U, 

Amko), a lock-in amplifier (Stanford Research Systems, Model SR830), and a Keithley 2400 

source meter. The monochromatic light was chopped at a frequency of 30 Hz and the 

measurement setup was spectrally calibrated with a silicon photodiode (Newport 

Corporation, 818-UV/DB). 
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Results and discussion 

The modification of the NiOx thin films with Br-BPA was performed by dipping the films 

into an acetonitrile solution containing the Br-BPA molecules followed by washing the 

substrates in pure acetonitrile. A detailed description of the procedure can be found in the 

experimental part. The chemical structure of Br-BPA and a schematic illustration of the 

modification together with the used solar cell setup to investigate the influence of the 

modification on the photovoltaic performance are shown in Figure 19. During the dipping 

process, the phosphonic acid groups bind to the NiOx surface whereby the Br-BPA 

molecules very likely form a SAM. Thereby, on the one hand the surface will become more 

non-polar due to the Br functionality which might influence wetting of the perovskite 

precursor solution and the crystallisation properties of the perovskite films. On the other 

hand, the Br-BPA molecule has a dipole moment of 2.3 D [33], which can facilitate charge 

extraction and also reduce the valence band energy of the NiOx film, similar to as it was 

experimentally and theoretically shown for the modification of ZnO surfaces [30,32,34,35]. 

 

Figure 19: (A) Schematic illustration of the modification of the NiOx-layer with 4-

bromobenzylphosphonic acid and the device architectures of the investigated solar cells 

(glass/ITO/NiOx/perovskite/PC60BM/Ag) without and with Br-BPA modification, (B) 

schematic energy band diagram for the device configuration 

ITO/NiOx/perovskite/PC60BM/Ag; the scheme is not drawn to scale and the Fermi level is 

taken as the reference energy level. 

As a first step, the presence of a Br-BPA SAM and the modification of the surface properties 

of the NiOx films were confirmed by contact angle measurements. Figure 2 shows the 

changes in the shape of water and ethylene glycol drops on the non-modified and modified 

NiOx films. The corresponding values of the contact angles are summarized in Table 7. It is 

apparent that the contact angle of water is significantly increased from 21.9° to 93.1° due to 

the Br-BPA modification indicating a rise in the hydrophobicity of the surface. The high 

contact angle of water after the modification also indicates a dense coverage of the NiOx 
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surface with the Br-BPA molecules. To calculate the surface free energy of the films, 

additional contact angle measurements with ethylene glycol were performed showing an 

increase from 15.8° to 24.3° due to the introduction of the Br-BPA SAM. The surface free 

energy of the NiOx film was calculated to be 88.4 mN m-1 with a very low disperse part of 

0.47 mN m-1 and a polar part of 88.0 mN m-1. After the modification, a value of 126.5 mN 

m-1 was obtained and the polarity changed completely to a disperse part of 120.9 mN m-1 

and a polar part of 5.6 mN m-1. This indicates a successful incorporation of the Br-BPA 

molecules on the surface of the NiOx layers and the corresponding change in surface 

properties. 

 

Figure 20: Images showing the typical drop shapes of (A) water on a NiOx film, (B) water 

on NiOx / Br-BPA film, (C) ethylene glycol on a NiOx film and (D) ethylene glycol on NiOx 

/ Br-BPA film. 

Table 7: Results of the contact angle measurements of the non-modified and modified NiOx 

layers. 

sample 

contact 

angle - 

water (°) 

contact angle - 

ethylene glycol 

(°) 

surface free 

energy (mN m-

1) 

disperse 

part (mN m-

1) 

polar part 

(mN m-1) 

NiOx 21.9 ± 0.3 15.8 ± 2.1 88.4 ± 0.4 0.47 ± 0.03 88.0 ± 0.4 

NiOx / 

Br-BPA 

93.1 ± 0.3 24.3 ± 0.4 126.5 ± 2.0 120.9 ± 1.6 5.6 ± 0.4 

A B

C D
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In order to confirm the presence of the phosphonic acid molecules at the surface of the NiOx 

film, we performed XPS measurements. The survey XPS spectra of the non-modified and 

modified NiOx films are shown in Figure 21A and B. The high peak intensities of indium 

(In) and tin (Sn) are indicating that the NiOx layer is at least in some parts only a few 

nanometres thin. Due to the high surface sensitivity of this technique, we detect the P 2p 

doublet of the phosphonic acid at 132.5 eV and the Br 3p doublet at 183 and 190 eV in the 

modified sample, while these peaks are absent in the reference sample (Figure 21C). The 

signal at 284 eV can be assigned to the C 1s peak and is increased with the presence of the 

SAM molecules.  

The corresponding high-resolution XPS core-level spectra are given in the Figure 21D and 

E. Peak fits were performed by using a convolution of a Gaussian and a Lorentzian profile. 

 

Figure 21: XPS survey spectra of a non-modified (A) and modified NiOx film (B); details 

of the region of the relevant P- and Br-peaks (C) confirming the presence of phosphor and 

bromine at the surface of the modified NiOx film; high resolution XPS spectra and peak 

deconvolution of the P 2p (D) and the Br 3p peak with additional signal of P 2s (E) in the 

modified sample.  
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A quantification of the detectable chemical elements was performed by peak deconvolution 

of all detailed spectra. In order to get additional information about the surface layers, XPS 

spectra were measured under three detection angles of 0°, 35° and 50° relative to the surface 

normal. As expected, we find increasing signals of surface layers with increasing detection 

angles. The attenuation of the photoelectron signal (I/I) by inelastic scattering in a layer of 

the thickness (d) can be calculated by using the equation [41]: 

𝐼

𝐼0
= 𝑒−

𝑑
𝜆∙cosθ (11) 

The inelastic mean free path of the photoelectrons (λ) is dependent on the kinetic energy of 

the photoelectrons and the layer material. The values of λ were determined from the Tanuma, 

Powell, and Penn TPP2M formula [42] and the software QUASES written by Sven 

Tougaard. θ is the detection angle relative to the surface normal. For a given layer system, 

in our case ITO/NiOx/BrBPA, the expected total photoelectron intensity of each element can 

be calculated by the signal sum over all atomic layers including the atomic density of the 

element in the layer. The layer model was optimized for the best matching of the calculated 

contribution of each element with the element quantification of the measured spectra at all 

detection angles. We found a good agreement between the measured and calculated data by 

assumption of a NiOx nanoparticle layer with an average thickness of around 5 nm on the 

ITO and a Br-BPA SAM-layer with a density of 4 molecules per nm2. This matches well 

with previously reported surface coverage densities of phosphonic acids molecules on metal 

oxides [35,43]. Previous studies on NiOx HTLs for perovskite solar cells revealed that NiOx 

film thicknesses of around 25 nm are beneficial for the solar cell performance. Therefore, 

we adjusted the thickness of the NiOx films used in the solar cells in the further cause of the 

study by optimizing the spin coating parameters [10,11,15,31].  

In the next step, we investigated the effects of the Br-BPA SAM on the properties of the 

perovskite thin film. Figure 22A shows the XRD pattern of the 

Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3
 perovskite films prepared on non-modified and 

modified NiOx films. Both samples show the typical pattern of the cubic perovskite crystal 

structure with characteristic peaks at 14.1° and 28.4° for the (110) and (220) lattice planes 

along with peaks at 20.0°, 24.5° , 31.8°,  40.6° and 43.2° 2θ, which matches well with 

literature data [36,44,45]. Furthermore, the intensity ratios of the peaks in the non-modified 
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sample are very similar to the ones in the modified sample indicating no change in 

orientation of the perovskite crystals relative to the substrate. The peaks at 35.0° and 50.2° 

2θ stem from the ITO substrate. The minor peak at 12.7° 2θ indicates small amounts of PbI2 

in the films. A minor excess of PbI2 was reported to improve the properties of the grain 

boundaries and to suppress non-radiative charge carrier recombination in the perovskite 

films [46,47]. 

The absorption spectra of the perovskite films suggest a similar absorption onset (~770 nm) 

in agreement with a bandgap of ~1.61 eV [36,45]. The slight differences in the intensity of 

the absorption spectrum stem from minor changes in the film thickness. The surface profile 

measurements revealed film thicknesses of the perovskite layers between 485 and 510 nm 

independent of the surface modification. 

 

Figure 22: (A) XRD patterns and (B) UV-Vis absorption spectra of perovskite thin films 

prepared on glass/ITO/NiOx substrates without and with Br-BPA modification. 

Furthermore, the surface morphology of the perovskite films prepared on glass/ITO/NiOx 

substrates without and with Br-BPA modification was investigated by scanning electron 

microscopy. The top view images depicted in Figure 23 reveal homogeneous perovskite 

films and their complete coverage of the NiOx films. The grain sizes range from 125 - 135 

nm for the smaller sized grains to approximately 475 - 510 nm for the larger ones and no 

significant changes based on the surface modification are noticed. 
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Figure 23: Top view SEM images of perovskite thin films prepared on a non- modified (A) 

and modified (B) NiOx layer. 

To evaluate the influences of the modification on the photovoltaic performance, solar cells 

with the device architecture glass/ITO/NiOx/perovskite/PC60BM/Ag (cf. scheme and energy 

band diagram in Figure 19A) were prepared. A schematic energy band diagram based on 

the values published in literature [48-51] is shown in Figure 19B. The Fermi level has been 

chosen as the reference energy level instead of the vacuum level since this is more suited to 

describe non-ideal systems such as the herein discussed devices [51]. The JV curves of 

typical solar cells without and with Br-BPA modification measured in fwd and bwd direction 

are presented in Figure 24A. The corresponding characteristic parameters are summarized 

in Table 8. The most obvious change in the photovoltaic properties is the enhanced 

photovoltage in the devices with the Br-BPA modification. In these solar cells, the VOC is 

increased from 0.978 V to 1.019-1.029 V. This increase in VOC resonates with previous 

reports investigating benzoic acids for the NiOx modification and originates most 

presumably from the lowering of the valence band energy of the NiOx films by the surface 

modification [31]. Moreover, there is a slight increase in short circuit current density (JSC) 

detectable for the solar cells with Br-BPA modification which can be attributed to the dipole 

moment of the molecule. 

The prepared solar cells exhibit an only minor hysteresis, as can be seen in the JV curves in 

Figure 24A. The hysteresis index (HI) of the solar cells was calculated according to 

𝐻𝐼 =  
∫ (𝐽𝑏𝑤𝑑(𝑉) − 𝐽𝑓𝑤𝑑(𝑉))  𝑑𝑣
𝑂𝐶

𝑆𝐶

∫ 𝐽𝑏𝑤𝑑(𝑉)𝑑𝑣
𝑂𝐶

𝑆𝐶

 (12) 

1 µm 1 µm

A B
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whereby, Jbwd (V) indicates the area of the JV curve for the backward scan and Jfwd (V) 

indicates the area for the forward scan in the region between short circuit (SC) and open 

circuit (OC) conditions. This equation was adapted from Ref. [52] which considers the 

integrated power output of the solar cells in fwd (SC to OC) and bwd (OC to SC) scan 

directions. Based on Nemnes et al. [53-55] this method is useful for the determination of the 

HI for normal and inverted hysteresis in non-crossing JV curves. If the HI approaches 0, the 

solar cell would have negligible hysteresis. For the typical solar cells shown, we calculated 

an HI of -0.0562 for the device with the non-modified NiOx layer and the HI is slightly 

reduced to -0.0131 for the solar cell with the modified NiOx HTL. 

The MPP tracking measurements (Figure 24B) reveal a constant power output of the solar 

cells. While the voltage at MPP (VMPP) is slightly decreasing at the beginning of the 

measurement, the current density at MPP (JMPP) improves slightly leading to a constant 

power output and a PCE of 11.4% and 12.2% for the non-modified and the modified device 

after 10 minutes of continuous illumination, respectively. 

The EQE spectra (Figure 24C) for the representative devices show a typical shape of 

perovskite solar cells with an onset at 770 nm and a characteristic plateau at wavelengths 

below 750 nm. Moreover, the spectra remain almost unchanged upon the modification of the 

NiOx HTL. This is expected, as the JSC for the representative devices are rather similar. The 

integrated JSC calculated from the EQE spectrum sums up to 18.2 and 18.4 mA/cm² and is 

within a few percent deviation to the values extracted from the JV curves. 

 

Figure 24: (A) JV curves (dark and illuminated) measured in forward and backward 

direction, (B) maximum power point tracking measurements and (C) EQE spectra of typical 

perovskite solar cells prepared with non-modified and modified NiOx hole transport layers. 
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Table 8: Characteristic parameters of typical perovskite solar cells prepared with non-

modified and modified NiOx hole transport layers. 

 

Scan 

Direction 

VOC 

(V) 

JSC 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

RS 

(Ωcm2

) 

RSH 

(Ωcm2

) 

HI 

 

NiOx bwd 0.978 17.77 62.69 10.82 8.13 645 -0.0562 

fwd 0.978 17.68 65.04 11.16 5.14 970 

NiOx / 

Br-

BPA 

bwd 1.029 18.58 67.18 12.73 4.68 1240 -0.0131 

fwd 1.019 18.57 66.94 12.54 4.29 751 

The statistical data of the 20 best solar cells (non-modified and modified separately) prepared 

within this study are shown using box plots in Figure 25. These data support the discussion 

above. Figure 25 reveals that the VOC of the solar cells is enhanced in both scan directions; 

also the average JSC is slightly improved. Regarding the fill factor (FF), there is no major 

change observed. This results in an average increase in PCE from 11.4±0.7% (11.1±1.1%) 

to 12.1±0.3% (12.6±0.3%) for the Br-BPA modification based solar cells in fwd (bwd) scan 

directions, respectively. 
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Figure 25: Box plots showing statistics of the characteristic parameters (A) VOC, (B) JSC, 

(C) FF and (D) PCE of the best 20 devices prepared each with non-modified and modified 

NiOx hole transport layers. 

With the Br-BPA modification, we observed VOCs of up to 1.1 V in this study. The JV curves 

of such a solar cell are shown in Figure 26. In bwd scan direction a VOC of 1.099 V was 

obtained corroborating the potential of this modification strategy. The EQE spectrum reveals 

values up to 87.9% and the derived integrated JSC (19.55 mA cm-2) shows consistency with 

the JSC observed in the JV curve. The PCE of this solar cell was at 12.7%.  
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Figure 26: JV curves (A) and EQE spectrum (B) of one of the devices with Br-BPA 

modifcation showing the highest VOC prepared within this study. 

 

Conclusion 

In summary, we successfully functionalized solution processed NiOx HTLs by a dip coating 

procedure using a Br-BPA solution in acetonitrile. This is substantiated by the markedly 

increased contact angle of water, the surface free energies and the detection of P 2p and Br 

3p peaks in the modified sample by XPS measurements. We did not observe any notable 

change in the optical properties and surface morphology of the perovskite layers. However, 

the JV curves reflect improved photovoltaic performance, particularly an increased VOC. A 

typical device shows an improved PCE from 11.2% (10.8%) to 12.5% (12.7%) due to an 

improved VOC from 0.978 V (0.978 V) to 1.019 V (1.029 V) in fwd (bwd) scan directions, 

respectively. We assume that the improvement in the VOC is largely due to the realignment 

of the energy levels based on the dipole moment of the Br-BPA SAM molecules. With 

devices having Br-BPA modifications, VOCs of up to 1.099 V could be obtained. 

Furthermore, MPP tracking measurements revealed a steady state PCE of 11.35% and 

12.22% for typical devices without and with Br-BPA modified NiOx films. 
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Introduction 

This chapter covers the background and extended work done to support the Chapter 3: 

Modification of NiOx hole transport layers with 4-bromobenzylphosphonic acid and its 

influence on the performance of lead halide perovskite solar cells.  

As an extension to the previous chapter, this chapter presents the influence of the 

functionalized benzylphosphonic acid (R-BPA) based SAMs on the photovoltaic 

performance of the Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3 (CsFAMA) based triple cation lead 

halide perovskite solar cells. The R-BPA SAMs are used to modify the interface between 

the HTL (i.e. NiOx), and the absorber layer (i.e. CsFAMA). According to Lange et al., free 

standing gas phase benzylphosphonic acid (BPA), 4-bromobenzyl phosphonic acid (Br-

BPA), 4-fluorobenzyl phosphonic acid (F-BPA), 4-aminobenzyl phosphonic acid (NH2-

BPA) have dipole moment of 0.4 D, 2.3 D, 2.0 D, and -0.9 D respectively [1]. Similarly, 

Rühle et al. reported a dipole moment for 4-nitrobenzyl phosphonic acid (NO2-BPA) to be 

5.1 D [2]. The dipole moments for 4-methoxybenzyl phosphonic acid (OCH3-BPA) was 

calculated to be -0.93 D relative to ethylphosphonic acid modified AlOx surface [3]. The 

phosphonic acid groups act like anchors on top of NiOx and the functional groups act like 

seeds for the absorber layer on which it crystallizes [1, 4-6]. 

In a study done by Jiang et al., for organic solar cells, it was reported that low temperature 

processing of metal oxides may leave behind defects which may cause poor interfacial 

performance [7]. In efforts to improve photovoltaic performance of perovskite solar cells, 

He el al. successfully showed that the NiOx and MAPI1-xClx interface modification can be 

helpful [8]. 

In conventional architecture for perovskite solar cells, different self assembled monolayers 

(SAMs) such as fullerene based SAMs (C60-SAM) and 3-aminopropionic acid based SAMs 

have been studied [9, 10]. Yang et al. investigated the effects of phosphonic acid based SAM 

on zinc oxide (ZnO) and cadmium sulphide (CdS) interface [11]. In inverted architecture, 

Wang et al. modified NiOx and MAPI interface by using functionalized benzoic acid (BA) 

SAMs to improve the photovoltaic performance. They reported enhanced PCEs > 18% due 

to bromo functionalized BA SAM [12]. They outline the importance of the dipole moment 

of the different functional groups such as methoxy- (OCH3-), amino- (NH2-) and bromo- 

(Br-) in BA for affecting open circuit voltage (VOC). The importance of dipole moment was 

also emphasized in a review by Zhao et al. and effect of band bending was studied by Zhang 
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et al., where they also outline different materials for passivation of different interfaces 

[13,14]. 

Figure 27A represents the schematic of NiOx/R-BPA SAM/perovskite interface with the red 

arrows indicating the direction of the dipole with respect to NiOx. According to Goh et al. in 

their investigation on TiO2/polymer interface using BA SAMs and Wang et al. in their 

investigation on NiOx/perovskite interface using BA SAMs, the dipole of the SAMs could 

introduce a step in the vacuum level under the effect of an electric field [12,15]. If the dipole 

is directed towards the NiOx (example Br-BPA and F-BPA) then the band edge is expected 

to shift downward and therefore leading to an increased VOC. Similarly, if the dipole is 

directed away from the NiOx (example NH2-BPA and OCH3-BPA) then the reverse would 

happen. The band bending diagram of the shift is shown in the Figure 27B where the change 

in the value of the energy gap between valence band of NiOx and perovskite is indicated by 

δ. If the value of δ decreases to δ-y, the hole extraction improves and therefore, higher JSC 

can be achieved. The better alignment of the bands also leads to improved VOC as it is 

dependent upon the band alignments of NiOx (valence band), perovskite (valence band and 

conduction band), and PC60BM (conduction band) (as shown in this work) [16].  

 

Figure 27: Schematic representation of (A) Br- and NH2-functionalized BPA based SAMs 

on NiOx surface. The red arrows indicate the directed dipole of the molecule towards or 

away from the NiOx. (B) Band bending diagram of the band edges of NiOx and perovskite 

and the effect of dipole moments on energy gap between the band edges of NiOx and 

perovskite. Here ‘δ+x’ indicates the increase in the gap when dipole is directed away from 

NiOx, and ‘δ-y’ indicates decrease when dipole is directed towards the NiOx with respect to 

the non-modified NiOx having a constant gap of ‘δ’. The value of ‘x’ and ‘y’ depend upon 

the nature of dipole and its impact on the energy gap. 
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Materials and methods 

Sample and solar cell preparation 

All chemicals and solvents were used as purchased without any further purification. 

Nickel(II) nitrate hexahydrate and sodium hydroxide was purchased from Fluka and VWR, 

respectively. Lead iodide, lead bromide, formamidinium iodide and PC60BM were 

purchased from TCI, Alfa Aesar, GreatCell Solar and Solenne, respectively. The other 

chemicals used in this study, including the phosphonic acid molecule, and all the solvents 

were purchased from Merck (Sigma Aldrich). 

Front contact 

In inverted architecture, indium doped tin oxide on glass substrates (g-ITO) with substrate 

size of (15  × 15  × 1.1 mm3) were used as anodes. It has surface resistance of 15 Ω cm2. The 

substrates were cleaned in a three-step process. Firstly, the substrates were wiped using 

acetone, followed by an ultra-sonication bath in isopropanol for 10 min. The substrates were 

then dried using a nitrogen (N2) gun. Lastly, the substrates were treated with oxygen (O2) 

plasma for 3 min. 

NiOx nanoparticles 

NiOx nanoparticles were synthesised as reported in Weber et al. [17-20]. NiOx nanoparticles 

were synthesized by dispersing 50 mM of nickel(II) nitrate hexahydrate in 10 mL deionized 

water and stirred for 5 min. The pH of the solution was adjusted to 10 by adding small 

amounts of 10 M sodium hydroxide dropwise. The colour of the solution changed to light 

green. 

𝑁𝑖(𝑁𝑂3)2 + 𝑁𝑎𝑂𝐻 

𝐻2𝑂
𝑝𝐻 10
→    𝑁𝑖(𝑂𝐻)2 + 2𝑁𝑎𝑁𝑂3  

6ℎ 80℃
2ℎ 270℃
→      𝑁𝑖𝑂𝑥 + 𝐻2𝑂 

The side products were removed by washing the colloidal precipitate with deionized water. 

The light green residue was then dried at 80°C for 6 h and then calcinated at 270°C for 2 h. 

This resulted in a non-stoichiometric black NiOx nanoparticles. The NiOx thin films were 

spin coated on g-ITO substrates by using a 20 mg/mL solution of the NiOx nanoparticles in 

deionized water at different rpm for 30 sec. 
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NiOx sol-gel 

A NiOx thin film was prepared through a sol-gel method as reported by Chen et al. [21]. The 

thin films were deposited using a solution prepared by dispersing 0.1 M of nickel acetate in 

a 0.1 M ethanolamine in an isopropanol solution. The blue solution was then sealed and 

stirred at 70°C overnight. The colour of the solution turned to green from blue overnight. 

The thin films were spin coated on the g-ITO substrate at different rpm for 30 sec. The 

substrate was then annealed at 275°C for 1 h. The cesium doped NiOx (Cs:NiOx) was 

prepared by the same method. To achieve 1% doping of Cs, 1 mM equivalent of Cs was 

added in the nickel acetate and ethanolamine solution in isopropanol. 

Deposition of R-BPA SAM 

To functionalize the g-ITO/NiOx substrates made from NiOx nanoparticles, we prepared 2 

mM solutions of different functionalized benzylphosphonic acid molecules in acetonitrile. 

The different functionalized molecules were: BPA, Br-BPA, F-BPA, NO2-BPA, NH2-BPA, 

and OCH3-BPA. 

Dip coating 

The deposition of phosphonic acid SAMs on the g-ITO/NiOx substrates made from NiOx 

nanoparticles were carried out using dip coating method. Here, the substrates were dipped 

in to the solutions for 1 min to allow the molecules to self assemble. The phosphonic group 

of the molecule acts like an anchor to the NiOx interface and the functional group acts like a 

seed layer for the perovskite on which the perovskite crystallizes. In an ideal situation, the 

phosphonic acid molecules chemisorb onto the NiOx. Since the phosphonic acid molecules 

have different functional groups, they have different dipole moments which may affect the 

interfacial properties of NiOx and perovskite. To achieve SAMs, after 1 min deposition time, 

the substrates were rinsed using fresh solvent and then dried using a N2-gun. The rinsing 

process allows to get rid of the non-adsorbed phosphonic acid molecules. This allows us to 

get rid of any aggregation of molecules which may adversely affect the device performance. 

The sol-gel based Cs:NiOx was also dip coated under congruent conditions.  

Dynamic spin coating 

The NiOx nanoparticles based g-ITO/NiOx substrates were modified using BPA, Br-BPA, 

and NH2-BPA molecules using 5 mM solutions. The solutions were filtered using a 0.45 µm 
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PVDF syringe filter and was further diluted to a 2.5 mM solution to achieve a clear solution. 

The solutions were then used to dynamically spin coat the substrates inside the glovebox at 

2000 rpm for 30 s. The solution was dropped on top of the spinning substrates after first 5 s 

allowing 25 s of post drop spin. The substrates were cleaned using another round of dynamic 

spin coating with pure acetonitrile under same spinning conditions as the phosphonic acid 

solution. This helps to clean the substrate of any non-adsorbed phosphonic acid molecule. 

Preparation of CsFAMA perovskite 

The preparation of the CsFAMA perovskites were same as described in previous chapter. 

Electron transport layer and back contact 

A phenyl-C61-butyric acid methyl ester (PC60BM) solution was prepared with a 

concentration of 20 mg/mL in chlorobenzene. The solution was stirred overnight and then it 

was filtered using a 0.45 µm PTFE syringe filter. The thin film was spin coated inside the 

glovebox at 2000 rpm for 1 min and later after optimization 4000 rpm for 30 sec. A 120 nm 

thin silver (Ag) electrode was coated using thermal evaporator under very low pressure 1 ×

10−5 bar on the PC60BM layer using a 0.09 cm2 shadow mask. The schematic depicting the 

process of fabricating a p-i-n architecture based g-ITO/NiOx. 

Characterization techniques 

XRD was performed on a PANalytical Empyrean system using Cu K radiation. Ultraviolet-

visible (UV-Vis) spectroscopy measurements were done using the UV/VIS Spectrometer – 

Lambda 35 by Perkin Elmer. The layer thicknesses were measured by surface profilometry 

using a DektakXT device by Bruker and the surface morphology of the perovskite films was 

characterized by scanning electron microscopy (SEM) images acquired on a Zeiss-Supra 40 

scanning electron microscope with an in-lens detector and 5 kV acceleration voltage. 

Contact angle measurements of the NiOx films before and after the modification with R-

BPA were carried out on a Krüss DSA100 system using water liquid. 

The current density – voltage (JV) curves and maximum power point (MPP) tracking 

measurements of the solar cells were performed using Keithley 2400 source meter and a 

LabView-based software inside a glove box (nitrogen atmosphere). For the JV curves, the 

scan rates were adjusted to 100 mVs-1 in the forward (fwd) direction (-0.1 V to 1.5 V) and 
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backward (bwd) direction (1.5 V to -0.1 V) for both light and dark measurements. In few 

chases the illumination area was defined using a shadow mask (0.0702 cm2) and the light 

was provided by a Dedolight DLH500 lamp calibrated to an intensity of 100 mWcm-2 using 

a pyranometer from Kipp & Zonen. The External Quantum Efficiency (EQE) spectra were 

acquired using a MuLTImode 4 monochromator (Amko) equipped with a 75 W xenon lamp 

(LPS 210-U, Amko), a lock-in amplifier (Stanford Research Systems, Model SR830), and a 

Keithley 2400 source meter. The monochromatic light was chopped at a frequency of 30 Hz 

and the measurement setup was spectrally calibrated with a silicon photodiode (Newport 

Corporation, 818-UV/DB). 

Results and discussion 

Dip coated R-BPA SAMs 

The thin film XRD pattern for NiOx nanoparticles (powder) show reflexes at 2θ equals 32.7°, 

43.2°, 62.7°, 75.4° and 79.3° for (111), (200), (220) (311) and (222) lattice planes 

respectively as illustrated by Figure 28A. The mean crystal size of the NiOx nanoparticles 

were calculated to be 9.4 nm using Scherrer’s equation (equation 13) where τ represent the 

mean crystal size of the material, 𝐾 represents the shape factor (~0.9), λ represents the 

wavelength of the X-ray used, 𝛽 (in radians) represents the full width half maxima of the 

peak, and θ (in radians) represent the Bragg’s angle. 

The XRD patterns for NiOx sol-gel thin films were difficult to obtain due to the resolution 

of the device and therefore, could not be done. However, it was possible to perform 

successful ultraviolet-visible (UV-Vis) spectroscopy for the different kinds of NiOx under 

investigation as shown in Figure 28B. It was found that the transmission properties of NiOx 

nanoparticles based thin films were better than the NiOx sol-gel. 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 (13) 
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Figure 28: (A) XRD reflexes for NiOx nanoparticles based thin films and (B) UV-Vis 

transmission curves for glass and nanoparticles and sol-gel based NiOx thin films. The inset 

contains pictures of the solutions for NiOx nanoparticles in deionized water and NiOx sol-

gel solution before thin film deposition. 

The modification of the NiOx surface by R-BPA molecules through dip coating was 

confirmed by performing contact angle measurements. The measured values are listed in the 

Table 9 and the images of water drops can be seen in Figure 29.  

 

Figure 29: Images of water drops on NiOx nanoparticles based thin films modified by dip 

coated R-BPA molecules. 
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Table 9: Contact angles (CAs) of water measured on NiOx nanoparticles based thin films 

modified by dip coated R-BPA molecules. 

 NiOx 
NiOx/Br-

BPA 

NiOx/F-

BPA 

NiOx/NH2

-BPA 

SAM 

NiOx/NO

2-BPA 

NiOx/OC

H3-BPA 

NiOx/BP

A 

CA 

(°) 

12.8±0.1 71.1±0.9 48.8±0.9 42.3±1.2 29.5±0.6 51.2±1.8 48.8±1.3 

 

The measured values show a clear change in the contact angles for the modified samples. 

The NiOx layer with Br-BPA molecule modification showed highest change with respect to 

the non-modified NiOx. The value changed from 12.8±0.1° to 71.1±0.9°. The contact angle 

for F-BPA molecule modified NiOx film were 48.8±0.9°. Since fluorine has higher 

electronegativity compared to bromine therefore, F-BPA should be more polar compared to 

Br-BPA. Therefore, the contact angle of F-BPA modified NiOx layer must be higher than 

Br-BPA modified NiOx layer. However since the contact angle values suggest otherwise, 

and therefore, this brings the concern of the coverage of F-BPA SAMs on the NiOx thin film 

compared to Br-BPA SAMs. 
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Figure 30: XRD reflexes for CsFAMA perovskites deposited on NiOx nanoparticles based 

thin films dip coated in R-BPA solution. 

Table 10: XRD reflexes for (110) and (220) lattice planes in CsFAMA perovskites on NiOx 

nanoparticles based thin films which were modified by dip coated R-BPA molecules. 

 CsFAMA Br-BPA F-BPA 
NH2-

BPA 

NO2-

BPA 

OCH3-

BPA 
BPA 

(110) 14.10 14.10 14.09 14.10 14.09 14.09 14.09 

(220) 28.40 28.43 28.37 28.40 28.37 28.40 28.40 

The XRD reflexes for CsFAMA perovskites on NiOx nanoparticles based thin film showed 

prominent perovskite peaks at 2θ equals 14.10° and 28.40° for (110) and (220) lattice planes 

respectively [22-24]. The peaks for CsFAMA perovskites on dip coated R-BPA SAM on 

NiOx thin films showed similar 2θ. The XRD reflexes are shown in Figure 30 and the values 

are listed in Table 10. The minor differences in the value of the 2θ could be assigned to 

lattice strain. 
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Figure 31: UV-Vis absorption spectra for CsFAMA perovskites deposited on NiOx 

nanoparticles based thin films dip coated in R-BPA solution. 

The UV-Vis absorption spectra for CsFAMA perovskite on NiOx nanoparticles based thin 

films modified by dip coated R-BPA molecules showed similar absorption onset at ~770 nm 

(see Figure 31). The slight variations observed in the wavelength range of 650 nm to 400 

nm is due to special samples prepared for these measurements having varying thickness of 

the CsFAMA films (100-200 nm). 

The top view scanning electron microscopy (SEM) images of CsFAMA perovskites on NiOx 

modified by R-BPA SAMs indicate homogeneous distribution of perovskite on the NiOx 

film (Figure 32). The mean grain size for five random points on CsFAMA for non-modified 

NiOx samples was 647.18±72.71 nm and for Br-BPA SAM based sample was 662.2±71.35 

nm. Similarly the mean values for F-BPA, NH2-BPA, NO2-BPA, OCH3-BPA, and BPA were 

712.4±80.78 nm, 668.5±75.1 nm, 593.4±162.18 nm, 624.5±116.79 nm, and 749±69.77 nm 

respectively. The standard deviations for NO2-BPA and OCH3-BPA based CsFAMA 

perovskites suggest varying grain sizes ranging between 400 nm to 800 nm. However, in 

contrast the grain sizes for F-BPA and BPA based CsFAMA perovskites range between 600 

nm to 800 nm and have a narrow distribution.  
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Figure 32: Top view SEM images for CsFAMA perovskites on NiOx nanoparticles based 

thin films modified by dip coated R-BPA molecules. 

After characterizing the surface of the NiOx thin films for presence of R-BPA molecules and 

their effect on the properties of CsFAMA perovskite, solar cells were fabricated. The 

champion solar cells with non-modified and Br-BPA modified NiOx thin films showed 

power conversion efficiencies (PCEs) of 11.52% (11.96%) and 14.83% (13.95%) in forward 

(backward) direction and the mean values for PCE for five cells were at 10.77±0.61% 

(11.18±0.55%) and 14.44±0.31% (13.81±0.40%) respectively as shown in Figure 33 and 

listed in Table 11. Similarly the champion solar cell with F-BPA modified NiOx thin films 

showed PCEs of 12.49% (13.40%) with an average of 12.30±0.68% (11.25±2.70%). The 

improvement in the PCEs is due to the increase of the VOC of the devices from an average 

of 0.928±0.013 V (0.949±0.013 V) to 0.979±0.031 V (1.001±0.015 V) and 1.053±0.015 V 

(1.041±0.059 V) for non-modified to Br-BPA SAM and F-BPA SAM modified NiOx thin 

films respectively.  
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Figure 33: JV curves for light (indicated as L in the legends) measurements for forward (F) 

and backward (B) sweeps for CsFAMA, Br-BPA SAM/CsFAMA and F-BPA 

SAM/CsFAMA based solar cells. 

This improvement in the VOC is due to the contribution of Br-BPA and F-BPA. The dipole 

of Br-BPA and F-BPA were directed towards the NiOx (Figure 27) and therefore, the 

valence band edge of NiOx shifted towards the valence band edge of the perovskite thereby 

improving the charge extraction and VOC. The most increase in VOC is observed due to F-

BPA as listed in Table 11. The champion devices without any modification had series 

resistance (RSER) of 6.48 Ω cm2 (5.21 Ω cm2) and shunt resistance (RSH) of 171 Ω cm2 (265 

Ω cm2) compared to F-BPA SAM modified solar cells with RSER of 15.09 Ω cm2 (10.85 Ω 

cm2) and RSH of 154.32 Ω cm2 (270.27 Ω cm2). The difference in the RSER contributes to the 

loss of FF and similar RSH for the devices justify the similar JSC. The difference in the RSER 

could be assigned to the poor coverage of F-BPA on the NiOx thin film surface as suspected 

by the contact angle measurements. Therefore it is safe to assume that F-BPA molecules 

contribute to the RSER. However, despite of RSER and RSH issues, the improvement in the 

VOCs (non-modified 0.947 V (0.967 V) to F-BPA modified 1.067 V (1.087 V)) of the devices 

prove the potential of these molecules as interface modifiers. 
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Table 11: VOC, absolute JSC, FF, and PCE values for light measurements of CsFAMA, Br-

BPA SAM/CsFAMA and F-BPA SAM/CsFAMA based solar cells along with the mean 

values for best 5 cells. The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

CsFAMA 0.947 (0.967) 20.23 (20.22) 60.55 (61.77) 11.52 (11.96) 

Mean (5 cells) 0.928±0.013 

(0.949±0.013) 

19.07±0.87 

(19.01±0.86) 

61.14±0.14 

(62.43±0.01) 

10.77±0.61 

(11.18±0.55) 

Br-BPA 0.987 (1.007) 21.06 (20.08) 71.88 (69.60) 14.83 (13.95) 

Mean (5 cells) 0.979±0.031 

(1.001±0.015) 

21.05±0.59 

(20.19±0.41) 

70.65±0.03 

(68.85±0.02) 

14.44±0.31 

(13.81±0.40) 

F-BPA 1.067 (1.087) 22.30 (22.47) 52.08 (54.35) 12.49 (13.40) 

Mean (5 cells) 1.053±0.015 

(1.041±0.059) 

22.10±0.39 

(21.01±2.07) 

52.68±0.03 

(50.50±0.46) 

12.30±0.68 

(11.25±2.70) 

Figure 34 shows the JV curves for R-BPA modified NiOx thin films which include Br-BPA, 

F-BPA, NH2-BPA, NO2-BPA, OCH3-BPA, and BPA molecules. They were dip coated on 

to the NiOx thin films. The values for VOC, JSC, FF, and PCEs are listed in the Table 12. The 

champion solar cells for non-modified samples observed 8.39% (7.85%) PCEs which is 

lower than the expected performance. The champion solar cell with Br-BPA modification 

showed the relatively highest improvement in the VOC of the device as shown in Table 12. 

The improvement in the VOC of this device was consistent with the previous results seen in 

Figure 33. However, F-BPA modification based champion solar cell displayed similar VOCs 

as the reference device.  
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Figure 34: JV curves for (A, B, and C) dip coated R-BPA SAM modified NiOx thin films 

in light and dark conditions for forward and backward sweep directions and (D) comparison 

of the JV curves in light conditions for forward sweep direction. 

The NH2-BPA modification led to a drop in the VOC of the device compared to the reference 

for forward sweep direction, however, the backward sweep direction values were similar.  

The drop in the VOC due to NH2-BPA is expected as the dipole is directed away from the 

NiOx and therefore, the energy gap between the bands increase leading to loss in the VOC. 

However, the scan direction dependency on the performance requires further investigation. 

The NO2-BPA based devices performed worse than the reference as it observed low absolute 

JSCs of 13.73 mAcm-2 (14.00 mAcm-2) compared to other reference and modified devices. 

This behaviour could be assigned to the relatively smaller grain size for the perovskite in 

NO2-BPA based samples as seen in Figure 32. The smaller grain size would lead increase 

in the recombinations at grain boundaries which would justify lower JSC in these devices. 

These cells also showed difference in the VOC depending upon the scan direction. The 

devices with OCH3-BPA and BPA modifications showed similar results and no significant 

change in the VOCs were observed. 



  

114 

 

One of the consistent issues observed during the fabrication of these devices were in the 

irreproducibility. Therefore, the attention was diverted towards optimizing the reference 

devices. 

Table 12: VOC, absolute JSC, FF, and PCE values for light measurements of NiOx/CsFAMA, 

NiOx/Br-BPA SAM/CsFAMA, NiOx/F-BPA SAM/CsFAMA, NiOx/NH2-BPA 

SAM/CsFAMA, NiOx/NO2-BPA SAM/CsFAMA, NiOx/OCH3-BPA SAM/CsFAMA, and 

NiOx/BPA SAM/CsFAMA based solar cells in forward (backward) directions. The 

measurement values are for NiOx nanoparticles and dip coated R-BPA SAM based HTL 

modified solar cells. 

0.0702 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

CsFAMA 0.997 (0.987) 16.65 (15.69) 50.91 (51.03) 8.39 (7.85) 

Br-BPA SAM 1.037 (1.037) 21.46 (19.83) 57.73 (58.07) 12.85 (11.90) 

F-BPA SAM 0.997 (0.987) 20.42 (20.29) 57.68 (58.76) 11.60 (11.69) 

NH2-BPA SAM 0.966 (0.997) 21.08 (20.12) 64.65 (65.26) 13.13 (13.02) 

NO2-BPA SAM 0.926 (0.966) 13.73 (14.00) 59.80 (51.59) 7.59 (6.94) 

OCH3-BPA SAM 0.977 (0.997) 19.83 (19.36) 63.34 (58.11) 12.14 (12.11) 

BPA SAM 0.977 (0.987) 20.08 (19.96) 61.13 (57.24) 12.42 (11.28) 

Figure 35 represents the JV curves for CsFAMA based solar cells where the CsFAMA 

perovskite films were annealed for 15 min or 1 h after spin coating. The champion 

performance of 15 min annealing time based devices showed PCEs of 15.43% (15.32%) 

compared to 13.00% (13.20%) for the normal 1 h annealed perovskites. The devices showed 

negligible hysteresis as listed in Table 13. However, similar to previous observations, the 

irreproducibility of these devices remained. 
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Figure 35: JV curves for 15 min and 1 h annealing time for CsFAMA based solar cells in 

light conditions for forward and backward sweep directions.  

Table 13: VOC, absolute JSC, FF, and PCE values for light measurements of NiOx/CsFAMA 

based solar cells for 1 h and 15 min CsFAMA perovskite annealing time at 100°C. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

1 h 0.967 (0.967) 18.20 (18.73) 74.33 (73.36) 13.00 (13.20) 

15 min 0.997 (0.997) 21.07 (20.31) 73.66 (75.69) 15.43 (15.32) 
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Figure 36: XRD reflexes for CsFAMA films annealed at 15 min and 1 h. The inset focuses 

on the presence of δ-FAPI for 15 min annealed films and cubic PbI2 for both the samples. 

The XRD reflexes of these perovskite layers revealed formation of the perovskite as seen in 

Figure 36. The presence of δ-FAPI (2θ equals 11.51°) and cubic PbI2 (2θ equals 12.66°) for 

the 15 min annealed perovskite films were also observed. The 1 h annealed films only 

showed presence of cubic PbI2. The absence of δ-FAPI for the 1 h annealed films could 

suggest that the perovskite requires more than 15 min to achieve the desired composition 

with slight residual cubic PbI2. The presence of cubic PbI2 in excess has been proven to be 

beneficial for the crystallization of perovskite, however, it also affects the stability of the 

device in the long run. 

To further investigate the reason for the inconsistent performance of these solar cells and to 

optimize the fabrication process, the focus was shifted towards NiOx films. The quality of 

these films could dictate the quality of chemisorption of the R-BPA molecules for SAM 

formation and further could explain the inconsistent reference cells. Therefore, the 

nanoparticles based NiOx thin films were investigated through top view SEM images 

(Figure 37). Three solutions (solution 1-3) with identical concentrations (20 mg/mL), fourth 

solution (solution 4) with half concentration (20 mg/2 mL), and fifth solution (solution 5) 

with double concentrations (40 mg/mL) in deionized water were used. These concentrations 

were used to investigate the potential of differences in the thin film quality for same 
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concentrations and its comparison with respect to half and double the usual concentrations. 

The spin coating conditions for these films were identical and coated on ITO substrates. 

 

Figure 37: Top view SEM images for NiOx nanoparticles based thin films on ITO with 

concentrations (A-C) 20 mg/mL, (D) 20 mg / 2 mL, and (E) 40 mg/mL. 

The top view SEM images showed non-homogeneous distribution of NiOx on the ITO 

substrates for solutions 1-3. The white substance spread across the substrates indicate NiOx 

and the dark grey patches indicate the ITO. This conclusion was made after observing the 

image of solution 4 which had half the concentration of solutions 1-3. Since the 

concentration was half, the amount of NiOx spread across the substrate (the white substance) 

was visibly less thereby exposing the grey ITO area. In contrast, the SEM image for solution 

5 with double concentration indicated a homogeneous distribution of NiOx across the g-ITO 

substrate. Even though the homogeneous distribution of the film for solution 5 with 40 

mg/mL concentration was best, it brought new issues with filtering the solution after ultra-

sonication as the particles would clog the filter. Therefore, consistently reproducing the 

solution for spin coating became an issue. 

To eliminate the inconsistency brought by the quality of NiOx nanoparticles based thin films 

further investigations were carried out using sol-gel processed Cs doped NiOx. 
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Figure 38: (A) JV curves for Cs:NiOx/CsFAMA based solar cells without and with mask 

(without 0.09 cm2 and with 0.0702 cm2), (B) EQE and integrated JSC, (C-D) maximum power 

point tracking of JMPP and PCE. 

The Cs:NiOx thin films were prepared using a sol-gel method and the solar cells were 

fabricated by annealing CsFAMA perovskites for 1 h. The JV curves for these devices were 

measured without and with a shadow mask with areas 0.09 cm2 and 0.0702 cm2 respectively 

as shown in Figure 38A. The PCEs of the device fell from 14.53% (14.37%) to 12.77% 

(13.34%) due to the fall in the JSC from 24.33 mAcm-2 (23.21 mAcm-2) to 20.31 mAcm-2 

(20.01 mAcm-2). The RSH for without and with mask JV curves were 483.09 Ω cm2 (2152.85 

Ω cm2) and 148.36 Ω cm2 (735.29 Ω cm2) respectively. The RSER for without and with mask 

JV curves were 4.37 Ω cm2 (4.14 Ω cm2) and 4.17 Ω cm2 (3.97 Ω cm2) respectively. The 

change in the RSH and RSER affect the FF of the devices (from 68.14% (66.51%) to 69.05% 

(71.37%)). The shadow mask eliminates any electrical contribution from the neighbour to 

the measured solar cell. To measure the JSC accurately for these devices, external quantum 
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efficiency (EQE) measurements were carried out The EQE achieved a maximum absorbance 

of 77% leading to an integrated JSC of 17.22 mAcm-2 as shown in Figure 38B. Further 

maximum power point tracking (MPPT) of these solar cells were carried out under 

continuous illumination. The tracking was carried out for 8 min. The values for JMPP and 

PCE are shown in Figure 38C-D. The MPPT suggest that the cells have a consistent PCE 

of 12.2%. Further the Cs:NiOx based cells were dip coated with R-BPA molecules.  

 

Figure 39: JV curve for (A) Cs:NiOx/CsFAMA perovskite solar cells and (B-D) solar cells 

with R-BPA molecules deposited on Cs:NiOx thin films. 

Table 14: VOC, absolute JSC, FF, and PCE values of Cs:NiOx and CsFAMA based solar cells. 

The values are listed in forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

Cs:NiOx 0.906 (0.937) 22.21 (22.30) 68.12 (66.68) 13.64 (13.86) 
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Mean (20 cells) 0.910±0.017 

(0.936±0.021) 

21.82±1.12 

(22.51±0.96) 

59.20±6.47 

(59.06±3.75) 

11.65±1.27 

(12.35±0.76) 

The Figure 39A shows the illuminated JV curves for the champion Cs:NiOx based CsFAMA 

perovskite solar cells. The VOC, absolute JSC, FF and PCE of the champion cells along with 

the mean values for 20 cells are listed in Table 14. The cells performed similar to the solar 

cells with NiOx nanoparticles based films. However, the VOC of these devices were lower in 

comparison to the nanoparticles based films.  

Table 15: VOC, absolute JSC, FF, and PCE values for light measurements of Cs:NiOx based 

solar cells with R-BPA SAM functionalization by dip coating. The values are listed in 

forward (backward) sweep directions. 

0.09 cm2 VOC (V) JSC (mAcm-2) FF (%) PCE (%) 

Cs:NiOx 0.906 (0.987) 24.92 (24.76) 36.50 (54.43) 8.26 (13.29) 

Br-BPA SAM 1.057 (1.087) 21.11 (22.83) 45.74 (45.83) 10.09 (11.24) 

F-BPA SAM 0.896 (0.987) 20.77 (23.45) 41.37 (56.18) 7.71 (12.93) 

NH2-BPA SAM 0.946 (0.977) 21.23 (23.29) 49.40 (53.66) 9.85 (11.95) 

NO2-BPA SAM 0.916 (0.957) 19.19 (20.57) 53.13 (51.16) 9.28 (9.98) 

OCH3-BPA SAM 0.947 (0.997) 12.59 (18.79) 47.07 (52.01) 5.63 (9.74) 

BPA SAM 0.856 (0.926) 12.48 (12.30) 25.81 (68.08) 2.74 (7.73) 

After dip coating R-BPA molecules on the Cs:NiOx films, the device performance got worse 

and irregular JV curves were obtained for the modified samples as seen in Figure 39B-C. In 

a JV curve for solar cells, the absolute JSC of the device is the highest current density 
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obtained, however it was not in the case in these modified results as the current density 

obtained across the voltage sweep increase in magnitude which is uncharacteristic of solar 

cells and diodes. This could be due to agglomeration of phosphonic acid molecules on the 

Cs:NiOx surface which would misdirect the dipoles and interfere with the performance of 

the solar cells. The solar cells based on Cs:NiOx films dip coated with Br-BPA molecules 

were the only cells for which the champion VOC observed were comparable to the NiOx 

nanoparticles based Br-BPA modified films as shown in Table 15. Therefore, this behaviour 

from Br-BPA modified cells were further confirmation of the positive effects of the dipole 

moment of Br-BPA on the performance of solar cells. 

Spin coated R-BPA SAMs 

The sol-gel processed Cs:NiOx films showed lower VOC compared to the NiOx nanoparticles 

based films alongside issues with dip coating of phosphonic acid molecules. Therefore, the 

possibility of spin coating of R-BPA molecules onto NiOx nanoparticles were explored. For 

this study Br-BPA, NH2-BPA, and BPA molecules were chosen because Br-BPA (2.3 D) 

showed consistent performance and to spread out the dipole moment NH2-BPA (-0.9 D) and 

BPA (0.4 D) molecules were chosen. The R-BPA molecules were dynamically spin coated 

onto the NiOx films in the glovebox and the CsFAMA perovskites were annealed for 1 h. 

 

Figure 40: Images of water drops on NiOx nanoparticles based thin films modified by spin 

coated R-BPA molecules. 
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The NiOx nanoparticles based thin films used were same as used in dip coated R-BPA 

experiments and therefore, the XRD and UV-Vis transmission spectra for these films were 

can be observed in Figure 28.  

The modification of the NiOx surface by R-BPA (Br-BPA, NH2-BPA and BPA) molecules 

through spin coating was confirmed by performing contact angle measurements. The 

measured values are listed in the Table 16 and the images of water drops can be seen in 

Figure 40. 

Similar to dip coated results, Br-BPA modified NiOx thin films showed the highest observed 

change (65.2±0.7°) compared to the other samples without (27.1±0.7°) and with NH2-BPA 

(32.4±0.5°) and BPA (47.7±0.5°) modified NiOx thin films. These results indicate successful 

modification of the NiOx thin films through spin coating R-BPA molecules. 

Table 16: Contact angles (CAs) of water measured on NiOx nanoparticles based thin films 

modified by spin coated R-BPA molecules. 

 NiOx NiOx/Br-BPA 
NiOx/NH2-BPA 

SAM 
NiOx/BPA 

CA (°) 27.1±0.7 65.2±0.7 32.4±0.5 47.7±0.5 
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Figure 41: XRD reflexes for CsFAMA perovskites deposited on NiOx nanoparticles based 

thin films modified by spin coating R-BPA solution. 

The CsFAMA based perovskite absorber layer was prepared similar to previous chapter. 

However in this case the perovskite thin films were annealed for 1 h compared to the usual 

1 h. The XRD reflexes for these samples without and with R-BPA modification can be seen 

Figure 41A. The XRD reflexes for CsFAMA perovskites on NiOx nanoparticles based thin 

film showed prominent perovskite peaks at 2θ equals 14.08° and 28.36° for (110) and (220) 

lattice planes respectively [22,23]. The 2θ values for Br-BPA, NH2-BPA and BPA molecules 

modified samples were similar to the non-modified samples as shown in Table 17. The slight 

changes can be attributed to lattice strain. 

Table 17: XRD reflexes for (110) and (220) lattice planes in CsFAMA perovskites on NiOx 

nanoparticles based thin films which were modified by spin coating R-BPA molecules. 

 CsFAMA Br-BPA NH2-BPA BPA 

(110) 14.08 14.09 14.09 14.08 

(220) 28.36 28.39 28.38 28.39 
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Figure 42: UV-Vis absorption spectra for CsFAMA perovskites deposited on NiOx 

nanoparticles based thin films modified by spin coating R-BPA solution. 

The UV-Vis spectra observed in Figure 41B show an absorbance onset at ~770 nm which 

is similar to the dip coated samples. However, the absorbance shown for spin coated samples 

are for 300-325 nm thick CsFAMA layers. Since the thicknesses are within range to each 

other therefore, the behaviour is similar. 

In Figure 43, the top view SEM images for CsFAMA perovskite layers on without and with 

modified NiOx thin films show homogeneous grain distribution. The mean grain size for five 

random points on the images are 440.87±59.10 nm, 529±107.11 nm, 570.09±213.90 nm and 

417.38±63.98 nm for non-modified and Br-BPA, NH2-BPA and BPA molecule modified 

samples respectively. These grain sizes were smaller in comparison to dip coated samples as 

seen in Figure 32. The large standard deviations for Br-BPA and NH2-BPA based samples 

suggest irregular size distribution with patches of large grains and small grains spread across 

the surface. The presence of large grains on the surface was partly suppoorted by the cross 

section SEM images as seen in Figure 44. The non-modified samples have significantly 

more grain boundaries along the thickness of the film in vertical and horizontal directions 

compared to the others where the boundaries are mainly vertical. This suggests that the non-

modified samples have relatively more grains compared to the modified samples. 
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Figure 43: Top view SEM images for CsFAMA perovskite on non-modified and Br-BPA, 

NH2-BPA and BPA molecules modified NiOx thin films. The modification was done using 

spin coating. 

 

Figure 44: Cross sectional SEM images for ITO/NiOx/ without and with R-

BPA/CsFAMA/PC60ABM substrates for spin coated R-BPA molecules on NiOx thin films. 
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Similarly, the images suggest that NH2-BPA molecules based CsFAMA films have large 

crystals compared to the non-modified and Br-BPA molecules based samples. The 

continuous grains from across the thickness is helpful for charge extraction as the charges 

do not encounter grain boundaries and therefore are less prone to grain boundary 

recombination. 

Evidently, the phosphonic acid molecules has affected the crystallization of the CsFAMA 

perovskties. The change is observed in the reduction of grain boundaries across the thin film 

as seen in Figure 44. The large grains observed for NH2-BPA molecules based sample 

suggest a possible interaction between the NH2- group of the molecule and the 

formamidinium ion from the perovskite. However, this hypothesis has to be further 

investigted. 

 

Figure 45: JV curves for spin coated R-BPA molecules on NiOx nanoparticles based thin 

films and 1 h annealed CsFAMA perovskite. (A) Comparison of non-modified and Br-BPA 

molecules based cells and (B) backward curves for non-modified, Br-BPA, NH2-BPA and 

BPA modified solar cells. 

Figure 45 shows the JV curves for the dynamically spin coated R-BPA SAM based solar 

cells, and the VOC, JSC, FF, and PCEs are listed in Table 18. Consistent with the earlier 

results for Br-BPA, the VOC improved from 0.957 V (0.977 V) to 1.027 V (1.057 V) in 

comparison to non-modified solar cells. The devices also showed improved JSC and the 

values were supported by the EQE and integrated JSC (Figure 46B). The RSER and RSH 

observed for non-modified solar cells were 5.06 Ω cm2 (4.41 Ω cm2) and 155.28 Ω cm2 

(505.05 Ω cm2) respectively. Similarly the RSER values for Br-BPA, NH2-BPA and BPA 
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modified solar cells were calculated to be 7.78 Ω cm2 (8.74 Ω cm2), 5.22 Ω cm2 (6.13 Ω 

cm2) and 8.22 Ω cm2 (10.29 Ω cm2) respectively and the RSH values were 787.40 Ω cm2 

(497.51 Ω cm2), 310.55 Ω cm2 (349.65 Ω cm2) and 200.80 Ω cm2 (909.09 Ω cm2) 

respectively.  

The VOCs for NH2-BPA and BPA SAM based solar cells showed slight improvement over 

the non-modified cells. However, the JSC for BPA SAM based cells were significantly lower 

than Br-BPA SAM and slightly non-modified cells. The MPPT for the devices suggested 

stable performance for 10 min as shown in Figure 46A.  

 

Figure 46: (A) MPPT of PCE and (B) EQE and integrated JSC for spin coated R-BPA 

molecules on NiOx nanoparticles based thin films and 1 h annealed CsFAMA. 

Table 18: VOC, absolute JSC, FF, and PCE values for light measurements of the NiOx 

nanoparticles based solar cells with BPA SAM, Br-BPA SAM, and NH2-BPA SAM. The 

SAMs were deposited using dynamic spin coating and the CsFAMA perovskites were 

annealed for 1 h at 100°C. The values are listed in forward (backward) sweep directions. 

0.0702 cm2 VOC (V) JSC (mAcm-2) 

Integrated 

JSC 

(mAcm-2) 

FF (%) PCE (%) 

NiOx/CsFAMA 0.957 

(0.977) 

18.16 (19.09) 17.64 66.48 

(64.38) 

11.32 

(11.86) 
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Br-BPA 

SAM/CsFAMA 

1.027 

(1.057) 

20.33 (21.15) 18.62 60.43 

(57.83) 

12.43 

(12.79) 

NH2-BPA 

SAM/CsFAMA 

0.987 

(0.997) 

18.28 (18.56) 17.08 66.23 

(64.10) 

11.91 

(11.79) 

BPA 

SAM/CsFAMA 

0.997 

(0.997) 

16.15 (17.77) 16.93 61.59 

(60.32) 

9.85 

(10.61) 

 

Conclusion 

In conclusion this chapter shows a successful modification of NiOx films prepared through 

solution processing routes which include nanoparticle synthesis and sol-gel route. The 

modification of the NiOx nanoparticles based films were primarily carried out by dip coating 

phosphonic acid molecules on the films. The chosen molecules were Br-BPA, F-BPA, NH2-

BPA, NO2-BPA, OCH3-BPA, and BPA due to their dipole moments. In comparison to dip 

coating, this work also includes modification of NiOx films through spin coating the R-BPA 

molecules onto its surface. The successful modifications through different methods were 

confirmed through contact angle measurements. The presence of Br-BPA molecules on the 

surface showed the maximum change in the contact angle of water compared to the other 

phosphonic acid molecules. 

The presence of the R-BPA SAMs at the NiOx/CsFAMA interface did not significantly affect 

the absorption properties of the perovskite. However, the morphology of the perovskite 

observed changes in the grain size. In case of dip coated samples, NO2-BPA and OCH3-BPA 

based samples showed large standard deviations in the grain size compared to others. 

Similarly, spin coated samples also indicated impact on grain sizes due to the phosphonic 

acid molecules. The presence of R-BPA SAM at the NiOx/CsFAMA interface possibly 

reduced the number of grains. 

The JV curves for dip coated Br-BPA and F-BPA molecules based solar cells showed 

significant change in the VOC of the devices compared to non-modified cells. The presence 



  

129 

 

of F-BPA molecules improved the VOC to ~1.087 V compared to 1.007 V and 0.967 V for 

Br-BPA and non-modified solar cells. This improvement can be assigned to the dipole effect 

of these molecules on the performance of the solar cells. However, for consistent 

performance of these devices the optimization of NiOx thin film quality is critical. However, 

when compared to sol-gel processed Cs:NiOx films, the performance of NiOx nanoparticles 

based films had higher VOCs for non-modified samples. 

The JV curves for spin coated Br-BPA molecules had similar results compared to dip coated 

Br-BPA based solar cells. Solar cells with VOCs of 1.057 V were observed compared to non-

modified solar cells with 0.977 V. The devices showed consistent performance in MPPT.  

Throughout the experiments and variations, Br-BPA modification either with dip coating or 

spin coating performed consistently by achieving improved VOCs. The improvement can be 

attributed to the free standing gas phase dipole moment of the molecule (2.3 D). The 

presence of Br-BPA molecules at the NiOx/CsFAMA interface increased the grain sizes 

across the cross section of the layer by reducing horizontal grains. Less grain boundaries are 

essential for charge extraction and lowering of charge recombinations. The dipole also 

affects the band bending of the valence band of NiOx and perovskite in such a way that 

charge extraction improves and higher VOCs can be obtained.  
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Chapter 5: Conclusion and Outlook 

 

In literature and in life we ultimately pursue, not conclusion but 

beginnings… 

- Sam Tanenhaus 
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Conclusion 

Chapter 1: An Introduction to Perovskite materials and basics of Solar cells reports on 

the origin and properties of perovskite materials favourable for solar cells applications [1-

4]. The ability to vary the composition in the crystal structure allows further optimization of 

optical properties of perovskites (example bandgap) [5-19]. As mentioned previously, 

perovskites have low trap density and electron-hole diffusion lengths above 100 µm allowing 

efficient charge collection [2-4]. To further build efficient solar cells, fabricating solar cells 

with the optimal composition from variety of transparent conducting oxides, hole transport 

layers, perovskite absorber layer composition, electron transport layers, and metal back 

electrodes is vital. Therefore, the chapter covers the introduction to different solar cell 

architectures and the corresponding components. The state of the art for lead halide 

perovskite solar cells covers the currently available highest PCEs for n-i-p architecture and 

p-i-n architecture based cells [20-24]. Further the chapter discusses hysteresis observed in 

lead perovskite solar cells and issues related to the toxicity of lead. Lastly, the chapter ends 

with refreshing the basics of solar cells and the working principles. 

Chapter 2: Influence of different layers on the performance of solar cells in n-i-p 

architecture encapsulates the fabrication of n-i-p architecture based lead perovskite solar 

cells and the irreproducible nature of these devices owing to strict requirements of 

fabrication process. The chapter studies the variation of cesium content in the perovskite 

composition, different TCOs (ITO and FTO) and HTLs (spiro-OMeTAD and PTAA). 

However the PCEs obtained range between 0 – 13% and have really low sample size for 

each variation indicating poor reproduction. The chapter concludes by attempting the 

prescribed methodology to produce 20% and higher efficient lead perovskite solar cells by 

Saliba et al. [25]. However the average PCEs obtained for these cells were < 2%. Therefore, 

the chapter strongly hints the importance and need of optimizing the fabrication process and 

the delicate yet meticulous requirements of lead perovskites to achieve highly efficient solar 

cells. 

In Chapter 3: Modification of NiOx hole transport layers with 4-

bromobenzylphosphonic acid and its influence on the performance of lead halide 

perovskite solar cells shows successful functionalization of solution processed NiOx HTLs 

by a dip coating procedure using a Br-BPA solution in acetonitrile. This is substantiated by 

the markedly increased contact angle of water, the surface free energies and the detection of 
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P 2p and Br 3p peaks in the modified sample by XPS measurements. No notable change in 

the optical properties and surface morphology of the perovskite layers were observed. 

However, the JV curves reflect improved photovoltaic performance, particularly an 

increased VOC. A typical device shows an improved PCE from 11.2% (10.8%) to 12.5% 

(12.7%) due to an improved VOC from 0.978 V (0.978 V) to 1.019 V (1.029 V) in fwd (bwd) 

scan directions, respectively. The improvement in the VOC is assumed to be largely due to 

the realignment of the energy levels based on the dipole moment of the Br-BPA SAM 

molecules. With devices having Br-BPA modifications, VOCs of up to 1.099 V could be 

obtained. Furthermore, MPP tracking measurements revealed a steady state PCE of 11.35% 

and 12.22% for typical devices without and with Br-BPA modified NiOx films. 

This chapter was published in the Journal of Materials Science: Materials in Electronics 

(DOI: 10.1007/s10854-019-01294-0) [26]. Reproduced with permission from Springer 

Nature. 

Chapter 4: Benzyl phosphonic acid SAMs in p-i-n architecture reports on the 

background and extended work done supporting the previous chapter. This chapter covers 

the modification of NiOx and perovskite interface with phosphonic acid based molecules 

which include Br-BPA, F-BPA, NH2-BPA, NO2-BPA, OCH3-BPA and BPA molecules 

through dip coating and spin coating methods. The presence of these molecules change the 

surface properties of NiOx due to their individual dipoles [27,28]. When the dipole of a 

molecule is directed towards or away from the NiOx surface at the NiOx and perovskite 

interface, it causes shift in the energy levels of NiOx and perovskite. Br-BPA, F-BPA, and 

NO2-BPA molecules when form SAM at the interface and their dipole is directed towards 

NiOx layer, the gap between the valence band of NiOx and perovskite reduce [29,30]. This 

affects the VOC of the device. Similarly, the dipole of NH2-BPA, OCH3-BPA and BPA 

molecules based SAM is directed away from NiOx and in turn increases the gap between the 

energy levels of NiOx and perovskite. 

The modifications were confirmed through measuring the contact angles of the water 

droplets on the non-modified and modified NiOx films. The contact angles for Br-BPA 

modified NiOx surfaces showed maximum change in the contact angles for all the variations 

studied. The presence of R-BPA SAM molecules showed slight variations in the morphology 

of the perovskite films. In case of dip coated method, the grain sizes for Br-BPA, F-BPA, 

NH2-BPA, and BPA molecules have a clear increase compared to non-modified samples. 
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The size distribution for these samples range between 600 nm to 800 nm. However, NO2-

BPA and OCH3-BPA based samples have smaller grains in the top view images. The size 

distribution range between 400 nm to 800 nm. In case of spin coated method, the relative 

size (mean) of the grains are lesser than dip coated samples at the surface of the films. The 

cross section images of these samples suggested reduced grain boundaries across the 

thickness of the films for the modified samples. The reduced grain boundaries would lead to 

reduced grain boundary recombination as the charge diffusion length increases.  

For NiOx nanoparticles based films modified by dip coating the phosphonic acid molecules, 

the Br-BPA and F-BPA modified films showed improved VOCs up to 1.057 V from 0.977 V. 

However when faced with inconsistencies and further need to optimize the thin film quality, 

the improvement in the Br-BPA molecules showed consistent improvement in the VOC of 

the devices compared to non-modified films and the other modifications. For spin coated 

phosphonic acid molecules based cells, the modifications were successful and the Br-BPA 

molecule based cells again had the most improvement. The reason for the improvement can 

be attributed to the gas phase dipole moment of the molecule (Br-BPA, 2.3 D) [27]. The 

dipole affects the band alignment as mentioned previously [31]. 

The chapter successfully shows modification of NiOx and perovskite interface through two 

different deposition methods. The solar cells with Br-BPA SAM show consistent and 

significant improvement in the photovoltaic properties.  

 

Outlook: Future and alternatives 

To achieve highly efficient lead perovskite based solar cells, it is critical to scrutinize, 

investigate and optimize the solar cell fabrication process and particularly the perovskite thin 

film deposition. Once these steps are understood and the necessary skill step is achieved, 

highly efficient perovskite solar cells are possible to fabricate. This is important for both the 

architectures: n-i-p and p-i-n. Research have shown that NiOx has the potential to be 

manipulated and optimized to achieve over 20% power conversion efficiency. Therefore 

with careful management of NiOx and NiOx/perovskite interface using appropriate positively 

influencing supplements fabrication of highly efficient devices can be possible. Towards this 

goal, self assembled monolayers with different functional groups and anchor groups can be 

effectively explored. In efforts to build on the research done in this thesis in the p-i-n 
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architecture using NiOx and R-BPA SAMs, more exploration can be held towards 

understanding different deposition conditions for the R-BPA molecules at their individual 

level. Different functional groups with phosphonic acid molecules may interact differently 

with different solvent and in turn guide the self-assembly process. Similarly temperature 

dependence on the self-assembly process can be explored.  

In the light of toxicity issues of lead, alternatives for lead are being enthusiastically 

researched. The obvious direction being homovalent substitution of lead (Pb2+). Therefore, 

tin (Sn2+) and germanium (Ge2+) have taken the spotlight [32-39]. To further the attempts 

diverse compositions of lead-free perovskites with various A-site cations and X-site halides 

are being perused [40]. However, in comparison to the lead perovskites, lead free perovskites 

have barely crossed 9% PCEs [41]. In order to achieve higher PCEs of 24.82% by achieving 

higher JSC of ~30 mAcm-2, for MASnI3 with bandgap of 1.3 eV, Mandadapu et al. reported 

simulation results suggesting that the optimal film thickness must be 0.6 µm. This allows a 

fill factor of 78% and VOC of 1.04 V. However, these results are contingent upon defect free 

films [40,42,43]. One of the other issues with Sn based perovskites, is the purity of the tin 

iodide (SnI2) precursor. The easy oxidation of Sn2+ to Sn4+ has caused trouble in the quality 

and reproducibility of the tin perovskite solar cells [44-46]. To trim down the possibility of 

this oxidation tin fluoride (SnF2) has been widely used as an additive [47-49]. At present 

time, it is difficult to say if lead-free perovskite solar cells will come close to the lead 

perovskites, however, iterative efforts may bring them to equal level [50-55]. 
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APPENDIX 

 

Important principles may and must be inflexible… 

- Abraham Lincoln 
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Figure 47: (A) Br-BPA molecule and corresponding schematic diagram where the red star 

indicated the Br group (red in the molecule structure), blue star indicates the phosphonic 

acid (H2PO3-) anchor group. (B) 2-D schematic for pre- and post- deposition of the 

benzylphosphonic acid molecule on g-ITO/NiOx surface. (C) Schematic for dip coating of 

phosphonic acid molecules on g-ITO/NiOx substrate in a three step process. 
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Figure 48: spin coating steps for (A) g-ITO/NiOx film with (B) R-BPA molecule (1) and 

rinsing with fresh acetonitrile (2), and (C) R-BPA SAM molecules adsorbed on g-ITO/NiOx 

substrates forming g-ITO/NiOx/R-BPA SAM. 
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Figure 49: Schematic for the sequential spin coating of (A) NiOx or Cs:NiOx layer (B) 

CsFAMA based triple cation lead halide perovskite (C) PC60BM layer, and thermal 

deposition of (D) Silver (Ag) on g-ITO substrate. (E) Schematic of a 3-D view of a g-

ITO/NiOx/perovskite/PC60BM/Ag based solar cell with p-i-n architecture with a possible g-

FTO or Cs:NiOx as electrode or hole transport layer. (F) Schematic of a 3-D view of a g-

ITO/NiOx/R-BPA SAM/perovskite/PC60BM/Ag based solar cell with p-i-n architecture with 

a possible g-FTO or Cs:NiOx as electrode or hole transport layer.  The final area of each 

solar cell is 0.09 cm2. 
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Figure 50: Schematic for the sequential spin coating of (A) Li:mpTiO2+cTiO2 layer (B) 

CsFAMA based triple cation lead halide perovskite (C) spiro-OMeTAD or PTAA, and 

thermal deposition of (D) Gold (Au) on g-ITO or g-FTO substrates. 
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Figure 51: Schematic of a 3-dimensional view of g-

ITO/Li:mpTiO2+cTiO2/perovskite/spiro-OMeTAD or PTAA/Au based solar cell with n-i-p 

architecture. The final area of each solar cell is 0.09 cm2.
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