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Fabrication of Hysteresis-Free Perovskite Solar Cells by 

SAM Modified Electrode 

 

Abstract 

Energy has become one of the main problems of humanity after the industrial 

revolution and the rapid rise in world population. Most energy resources depend on 

fossil fuels, which causes environmental problems. Solar energy is a clean and 

sustainable alternative to the increasing world energy demand. In this context, 

perovskite solar cells (PSCs) are particularly attractive due to ability to achieve very 

high efficiencies. The power conversion efficiency (PCE) of PSCs has rapidly grown 

from 3.8% in 2009 to over 25.5% in 2022, which making it fastest advancing solar 

cell technology to date. 

The work present in this thesis is focused on the novel self-assembled monolayers 

(SAMs) that act as hole transport layer (HTL) in p-i-n type perovskite solar cells to 

obtain high power conversion efficiency. With SAMs, interfacial power losses 

between the perovskite and charge selective layers mitigated. In addition, SAMs 

decrease the carrier recombination between interfaces, improve the perovskite film 

quality with a bigger grain size, and increase device stability and PCE.  

The aim of this thesis is replacement of conventional HTLs, PEDOT:PSS and PTAA, 

by SAM molecules. The works done in this thesis consist of two parts. 

In the first part, we studied the use of two novel SAM molecules (nominated MC-43 

and TPA) made of semiconductor hole transport organic molecules to replace the 

most common p-type contact, PEDOT:PSS, in p-i-n methylammonium lead iodide 

(MAPI) PSCs. The PSCs fabricated with SAMs show remarkable PCEs, with the 

best cell based on TPA scoring 15.9% and the best performing MC-43 cell scoring 
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17.3%. Devices fabricated with both SAMs show a negligible hysteresis and 

improved stability. Also, it is important to notice that the efficiency obtained with 

MC-43 devices is among the highest values reported in the literature until that time 

(23.06.2018). 

In the second part, we reported three novel SAM molecules used as HTLs for p-i-n 

type triple cation (CsMAFA) PSCs while PTAA used as baseline HTL for 

performance comparison. Two of SAM molecules have bidentate anchoring group 

(nominated MC-54 and MC-55) while one of them has monodentate anchoring group 

(nominated MC-45). Besides the PTAA comparison, we also have made a 

comparison between those two types of molecules (monodentate and bidentate 

groups). Photovoltaic performance of SAM molecule with bidentate anchoring 

groups (MC-54 and MC-55) has higher PCE than MC-45, which has monodentate 

anchoring group, and current standard polymeric PTAA. The best cell performance 

of MC-54, MC-55, MC-45 and PTAA are 19.52%, 18.99%, 16.69% and 18.62% 

PCE, respectively. Devices with SAM molecules have negligible hysteresis and 

improved stability.  

 

Keywords: Perovskite solar cells, self-assembled monolayers, interface engineering, 

solar energy 
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SAM Modifiyeli ITO Elektrot ile Histeresis 

Göstermeyen Perovskit Güneş Hücresi Üretimi 

 

Öz 

Sanayi devrimi ve dünya nüfusunun hızla artmasından sonra enerji, insanlığın temel 

sorunlarından biri haline gelmiştir. Çoğu enerji kaynağı, çevre sorunlarına neden 

olan fosil yakıtlara bağlıdır. Güneş enerjisi, artan dünya enerji talebine temiz ve 

sürdürülebilir bir alternatiftir. Bu bağlamda, perovskit güneş pilleri (PSC'ler), çok 

yüksek verimler elde etme kabiliyetleri nedeniyle çok dikkat çekicidirler. PSC'lerin 

güç dönüşüm verimliliği (PCE), 2009'da %3,8 iken 2022'de %25,5'in üzerine hızla 

çıkmıştır ve bu da onu bugüne kadarki en hızlı ilerleyen güneş pili teknolojisi haline 

getirmiştir. 

Bu tezde bulunan mevcut çalışma, yüksek güç dönüşüm verimliliği elde etmek için 

p-i-n tipi perovskit güneş pillerinde boşluk taşıma katmanı (HTL) olarak görev alan 

özgün kendiliğinden organize tek katman moleküllerine (SAMs) yoğunlaşmıştır. 

SAM'ler ile perovskite ve yük seçici katmanlar arasındaki ara yüz güç kayıpları 

azaltıldı. Ek olarak, SAM'ler ara yüzler arasındaki yük rekombinasyonunu azalttı, 

daha büyük tane boyutu ile perovskit film kalitesini iyileştirdi, cihaz kararlılığını ve 

PCE'yi de artırdı. 

Bu tezin amacı, geleneksel HTL'ler olan PEDOT:PSS ve PTAA'nın yerine SAM 

moleküllerinin kullanılmasıdır. Bu tez kapsamında yapılan çalışmalar iki bölümden 

oluşmaktadır. 

İlk bölümde, p-i-n metilamonyum kurşun iyodür (MAPI) PSC'ler de en yaygın p-tipi 

kontak olan PEDOT:PSS'nin yerini almak için yarı iletken boşluk taşıma organik 

moleküllerinden yapılmış iki yeni SAM molekülünün (MC-43 ve TPA olarak 
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adlandırılmıştır) kullanımını inceledik. SAM’lerle üretilen PSC’ler dikkate değer 

PCE’ler gösterdi. TPA ile üretilen cihazların en iyi hücre verimi %15.9 ve en iyi 

performans gösteren MC-43 hücresinin verimi ise %17.3’tür. Her iki SAM ile 

üretilen cihazlar, ihmal edilebilir bir histeresis ve daha iyi bir kararlılık gösterdi. 

Ayrıca MC-43 cihazları ile elde edilen verimin literatürde o zamana kadar bildirilen 

en yüksek değerler arasında yer aldığını da belirtmek fayda var (23.06.2018). 

İkinci bölümde, p-i-n tipi üçlü katyon (CsMAFA) PSC’ler için HTL’ler olarak 

kullanılan üç yeni SAM molekülünü ve performans karşılaştırılması için referans 

HTL olarak PTAA’nın kullanıldığını raporladık. SAM moleküllerinden ikisi, iki 

bacaklı yapıya (MC-54 ve MC-55 olarak adlandırılan) sahipken, bunlardan biri tek 

bacaklı yapıya (MC-45 olarak adlandırılan) sahiptir. PTAA karşılaştırılmasının yanı 

sıra, bu iki tip molekül (tek bacaklı ve iki bacaklı gruplar) arasında da bir 

karşılaştırma yaptık. İki bacaklı yapıya sahip (MC-54 ve MC-55) SAM 

moleküllerinin fotovoltaik performansı, tek bacaklı yapıya sahip MC-45 ile mevcut 

standart polimerik PTAA’ya göre daha yüksek PCE’ye gösterdiler. MC-54, MC-55, 

MC-45 ve PTAA'nın en iyi hücre performansı sırasıyla %19.52, %18.99, %16.69 ve 

%18.62’dir. SAM molekülleri ile üretilen cihazlar ihmal edilebilir histeresis ve daha 

iyi kararlılık gösterdi. 

.  

 

Anahtar Kelimeler: Perovskit güneş pilleri, kendiliğinden organize tek katman 

tabakaları, ara yüzey mühendisliği, güneş enerjisi 
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Chapter 1 

Introduction 

Energy consumption has become one of the main problems of humanity after the 

industrial revolution and the rise in world population. Fossil fuels-based energy 

resources are not sustainable, resulting environmental and health problems [1-3]. Its 

consumption leads to increasing greenhouse gases, especially CO2 emission, which is 

expected to severe results in weather changes, global warming, sea-level rise, and 

changes in the ecosystem [4]. In addition to these problems, fossil fuels are not 

uniformly distributed and can only be found in particular regions of the Earth. This  

makes dependency of some nations on others and it is caused serious energy and 

political crisis during the last few decades [5, 6]. 

 In order to solve these problems, intense research is carried out on renewable energy 

sources including hydroelectric power, geothermal energy, wind energy, and 

especially solar energy. Among these energy sources, solar energy is the best 

alternative because it is the only unlimited energy source and it is possible directly 

convert sunlight to electricity by using photovoltaic cells. However, converting 

efficient, cost-effective, and sustainable solar energy is a foremost challenge for this 

era. During the past decades, researchers have been working on many types of solar 

cells for efficient photovoltaic energy conversion from the sun. 

Polycrystalline silicon (Si) based solar cells have been dominated the photovoltaic 

(PV) market since the first Si p-n junction discovered in 1954 at Bell Laboratories 

because of their high power conversion efficiency [7]. Nevertheless, this technology 

has a high cost and cannot be able to be produced on flexible substrates. Because of 

these reasons, next-generation solar cell technologies including organic solar cells 
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(OSCs), dye-sensitized solar cells (DSSCs), and perovskite solar cells (PSCs) etc. 

have been developed.  

In a short time, the power conversion efficiency (PCE) of PSCs has increased from 

3.8% to over 25.5% [8, 9]. This rapid improvement in PSC efficiency gets it close to 

Si technology and makes it the hottest PV technology topic. 

1.1 Perovskite Solar Cells  

Perovskite material had been known more than a century before it was used in solar 

cells as an absorber material. The first natural perovskite was found in the Ural 

Mountains in 1839 by Gustav Rose and it was named with the name of Russian 

mineralogist Lev Perovski [10]. The name perovskite refers to a group of materials 

with the same crystal structure as mineral perovskite, calcium titanium oxide 

(CaTiO3), which has a chemical formula as ABX3. The lattice structure of perovskite 

mineral is shown in Figure 1.1, where A is organic or metal cation, B is metal cation 

and X is halide anions [11]. In the case of organic-inorganic halide perovskite, A is 

organic methylammonium (CH3NH3
+
, MA

+
), formammidinium (NH2=CH3NH2

+
, 

FA
+
), or metal cesium (Cs

+
) [12, 13]; B is lead (Pb

2+
) or tin (Sn

+
); and X is iodide 

(I

), bromide (Br


), and chloride (CI


) [14, 15]. 

The stability of the crystal structure of perovskite is usually determined by the 

Goldschmidt tolerance factor (t), which is expressed as in equation 1.1 

 
𝑡 =  

𝑅𝐴 + 𝑅𝑋

√2 (𝑅𝐵 + 𝑅𝑋)
 (1.1) 

Where RA, RB and RX indicate the ionic radius of the corresponding ions on A, B and 

X sites, respectively. When t = 1, a perfect packing structure occurs. When t is 0.8 t 

1, a cubic structure like in Fig. 1.1 occurs [16, 17]. When it is very small, 

perovskite crystal structure will become a tetragonal or orthorhombic structure, it is 

also possible to become a cubic structure if it is treated with high temperature [18]. 

Crystal planes of low-dimensional perovskite are varying three types (100), (110), 
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and (111). Among those low-dimensional perovskites, the (100) orientation crystal 

plane is the most common one and is also most widely used in PV applications [19].  

 

 

Figure 1.1: Crystal structure of perovskite [11] 

 

The organic–inorganic metal halide perovskites have successfully been applied in 

photovoltaic applications due to their well-constructed lattice structure, which is 

providing extraordinary electrical and optical advantages, including high absorption 

coefficient, long carrier diffusion lengths, high charge carrier, high defect tolerant, 

and ease of preparation etc. [16, 20, 21]. The first perovskite solar cell was fabricated 

by Miyasaka and co-workers in 2009 [8]. It was used in dye-sensitized solar cell 

(DSSC) as an absorbing material instead of organic dye and got 3.8% PCE. 

However, owing to low PCE, devices were extremely instable because of liquid 

electrolyte which dissolved perovskite material. A step in the right direction occurred 

in 2012 when perovskite was used in solid-state DSSC and using spiro-OMETAD 

instead of liquid electrolyte [22]. With this architecture, 9.7% PCE was obtained. 

From then on, PSCs have become widespread [23]. 

1.2  Device Architectures of Perovskite Solar Cells 

The configuration of PSCs can be divided into two main sandwich structures regular 

(n-i-p) and inverted (p-i-n) [24]. For both structures, perovskite absorber are 

sandwiched between a hole transport layer (HTL) and an electron transport layer 
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(ETL). Where, these three layers are placed between a metal electrode such as silver 

(Ag), gold (Au), and aluminum (Al) and a transparent electrode such as indium tin 

oxide (ITO) or fluorinated oxide (FTO). 

In inverted PSCs, the perovskite absorber is deposited on top of the HTL, in other 

saying holes are collected at the transparent electrode (most often, ITO is used for 

inverted structure). On the contrary, perovskite layer is deposited on top ETL, in a 

regular structure, and electrons are collected at the transparent electrode (most often, 

FTO is used for regular structure).  

Figure 1.2 shows the main device architectures of PSCs explained in this section. 

However, the regular structure can be classified into two different kinds, depending 

on use of a planer ETL or a mesoporous ETL [25]. 

 

 

Figure 1.2: Device configuration of the most common used PSCs in literature 

 

In this thesis, inverted perovskite solar cells are studied (Chapter 3 and Chapter 4). 

Therefore, the working principle of this structure is going to be explained only in the 

flowing section. 

1.3  Working Principles of Perovskite Solar Cells 

Figure 1.3 shows the working principle and a simplified charge transfer process of a 

PSC. At first, the perovskite layer is absorbed incident light (photons) to generate 
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charge carriers (electron-hole pairs or exciton). If the energy of photons is larger than 

the band gap of perovskite, electrons and holes are separated (1) and injected into 

corresponding transport layers (2). Electrons are injected into the conduction band 

(CB) of ETL and holes are injected into the highest occupied molecular orbital 

(HOMO) of HTL. Then electrons and holes are transferred to electrodes (3) and, 

finally, photocurrent is generated in the output of the circuit (Fig. 1.3) [24].  

The injection of electrons and holes is directly related to the energy band structure of 

materials. Therefore, selecting ETL and HTL with proper energy band structures 

suitable for perovskite is essential. Another critical role of transport layers is charge 

selectivity or charge blocking. It is vital to prevent inappropriate charges are injected 

to electrodes, while allowing the right ones to pass. In the case of HTL, it is 

responsible for efficient hole injection from the perovskite/HTL interface and the 

blocking of the electrons. Meanwhile, an ETL is responsible for electron injection 

from the perovskite/ETL interface and prevents hole charge carriers. If, for instance, 

an electron reaches the metal contact, it will recombine non-radiatively with holes 

present at the contact [26, 27]. However, device performance will suffer due to these 

undesired photovoltage losses caused by recombination.  

 

 

Figure 1.3: Schematic illustration of electrons and holes injection process in a p-i-n 

architecture perovskite solar cell 
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1.4 J-V Hysteresis in Perovskite Solar Cells 

Current densityvoltage (JV) measurements of a PSC can be done with two 

different scan directions, which are described as forward scan (scan from JSC to VOC) 

and reverse scan (scan from VOC to JSC). It is critical to perform JV measurements 

in these two ways in PSCs because measurement results vary based on JV scan 

directions [28]. However, a gap occurs between forward and reverse scan of JV 

curves and the curves cannot overlap (Fig. 1.4). This phenomenon is called 

hysteresis. The JV hysteresis characteristic creates confusion in determining the 

actual performance of perovskite solar cells [29]. The dimensional hysteresis index 

(HI) is calculated using the equations below to quantify hysteresis [30, 31]. 

 
𝐻𝐼 =

𝐽𝑅𝑆(0.8 𝑉𝑂𝐶 ) −  𝐽𝐹𝑆(0.8 𝑉𝑂𝐶 )

𝐽𝑅𝑆(0.8 𝑉𝑂𝐶 )
 (1.2) 

 
𝐻𝐼 =

𝑃𝐶𝐸𝑅𝑆 −  𝑃𝐶𝐸𝐹𝑆

𝑃𝐶𝐸𝑅𝑆
 (1.3) 

 

 

Figure 1.4: An example of forward/reverse scan J-V curves for hysteresis 
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The hysteresis phenomenon in PSCs was first reported by Snaith et al. in 2014 [28]. 

This study hypothesized that 2 possible reasons could be responsible for hysteresis: 

charge trapping and ion migration. After discovering JV hysteresis, many studies 

have been made to determine the origin of JV hysteresis and minimize it. However, 

it is still a subject under debate [32]. 

The JV hysteresis behavior has been reported to depend on many parameters; these 

parameters can be classified as internal and external parameters. The internal 

parameters for hysteresis are generally considered ion migration [33] and charge 

accumulation at the interfaces [34]. The external parameters are scan rate [35], 

device architecture, preconditions, interfaces, HTL, and ETL [36]. However, the 

majority believe that, ion migration and charge recombination at the 

perovskite/transport interface layers is responsible for JV hysteresis [37, 38]. 

According to theoretical calculations and experimental observations, migration of I

, 

MA
+
, and Pb

2+
 ions and their vacancies accumulate at the interface of HTL and ETL 

under an external electrical field [39]. This accumulation at the interfaces results in 

an inner electric field at the perovskite film, which is at the opposite direction to 

external electric field. For instance, it is hypothesized that, the external electric field 

drives the migration of I

 to the HTL, while MA

+
 is being drifted in the reverse 

direction [37, 39]. Due to the opposite direction of the external and internal electric 

field, ions have a slow redistribution process and this is suggested for JV hysteresis 

in PSCs [36]. 

The device architecture of PSCs also has a remarkable effect on hysteresis. Notably, 

an inverted (p-i-n) structure perovskite device generally has a negligible hysteresis 

when compared to a regular (n-i-p) structure [29, 36, 40, 41]. The reason is expected 

from the trapping/detrapping of defects within the TiO2, ZnO or the oxide/perovskite 

interface [42]. For inverted PSCs, PCBM or C60 are typically used as ETL material 

and PEDOT:PSS or PTAA as HTL material. Therefore, inverted PSCs shows more 

negligible hysteresis compared to TiO2 based regular PSCs [29, 43]. 
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1.5 Self Assembled Monolayers as Hole Transport 

Materials 

Self-assembly monolayers (SAMs) are molecular single layers that spontaneously 

make chemical bonds on the surface of various substrates [44, 45]. SAM molecules 

form a very thin (1-3 nm) and highly ordered monolayer on the respective surfaces. 

The first report on SAM molecules was published by Bigelow et al. in 1946. They 

investigated the preparation of SAMs by adsorption on a clean metal surface [46, 

47]. Typically, the structures of SAMs are divided into 3 main parts: the anchoring 

group (or head group), the spacer group (or tail) and the terminal group (or functional 

end group) (Figure 1.5). 

 Anchoring group: the anchoring group is responsible for the interface 

between substrate and molecule. Various kind of anchoring groups allow 

users to select proper molecules for proper substrates. The most widely used 

class of SAM molecules is carboxylic acid (bonding on metal oxides), 

phosphonic acid (bonding on metal oxides), silanes (bonding on Si) and thiols 

(bonding on gold) [48]. The anchoring groups change surface work function 

(WF), contact resistance, and interface dipole [49]. 

 Spacer group: the spacer group is known as the molecule’s backbone and it 

function as a bridge between the anchoring and terminal groups, besides 

molecular ordering responsibility. The length of the backbone plays a critical 

role in electronic conductivity from one contact to another and local optical 

properties [49]. 

 Terminal group: the terminal group has a vital role in the property of SAM 

molecules. It is responsible for the chemistry between molecule interface and 

overlayer because it becomes a new surface of the substrate [50-52]. Terminal 

groups change the surface energy, surface wettability, and topography of the 

top layer [53, 54]. For electronic application, the selection of terminal group 

is significant for the electronic coupling with overlayer. 
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Figure 1.5: Schematic illustration of 3 main parts of SAM molecules 

 

For the preparation of the SAM layer, immersion of the substrate into a solution 

containing the molecules is a widely used method of the adsorption of the SAM 

molecules on a surface. The film-forming process can be affected by external factors 

such as solvent concentration, time, and temperature [55]. It is suggested that a 

longer immersion time is required for a low concentration SAM solution. Similarly, a 

short immersion time is required for a high concentration SAM solution. 

Additionally, applying temperature accelerates the formation of the SAMs. 

SAM molecules have varied adsorption processes depending on the anchoring group. 

In this thesis, SAMs with carboxylic acid anchoring group is used. Therefore, here, 

the adhesion mechanisms of the carboxylic acid anchoring group will be briefly 

explained. However, the carboxylic acid has two oxygen atoms, consequently mono- 

or bidentate binding mechanism is allowed when integrated with metal atoms [56]. 

The monodentate binding is formed by activated surface hydroxyl groups (–OH) and 

releasing a water molecule (H2O). For bidentate, the hydrogen is transferred to the 

surface –OH group and the second H2O is released. Unlike the metal atom case, the 

only monodentate binding mechanism is possible while binding to a –OH group 

surface [56]. 
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Figure 1.6: Illustration of a carboxylic acid molecule attaching on a metal oxide 

surface  

 

SAM molecules offer an easy and effective way for interface modification of 

optoelectronic devices. It has extensive application fields because of providing a 

cost-effective and practical surface coating. It has been widely used in perovskite 

solar cells as an interface modifier in the last few years. SAMs have been used in 

organic light-emitting diodes (OLEDs), field-effect transistors (FETs), and dye-

sensitized solar cells (DSSCs) before being used in PSCs [57, 58]. After these many 

studies undertaken on SAMs, it has been discovered that it could going to improve 

PSC performance due to energy level alignment, morphological adjustment, and trap 

passivation [59-61]. However, in 2018, two novel SAM molecules were first used as 

a hole transport material (HTM) instead of PEDOT:PSS in p-i-n configuration PSCs 

by our group. This study showed remarkable power conversion efficiency due to 

having good hole extraction properties. This work is given in Chapter 3. 
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Chapter 2 

Experimental Methods and 

Characterizations Techniques  

2.1  Small Molecules 

2.1.1 4,4''-Bis(diphenylamino)-1,1':3',1''-terphenyl-5'-

carboxylic [TPA] 

TPA molecule was designed and synthesized by our group members Dr. Şerafettin 

Demiç and Dr. Mustafa Can. It was used as hole transport layer in p-i-n type MAPI 

perovskite solar cell and published in [62]. Synthetic route and procedure of 

molecule was detailed in the paper.   

Chemical structure of TPA molecule is given as in below. 
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2.1.2 4′-[Bis(2′,4′-dimethoxybiphenyl-4-yl)amino]-biphenyl-

4-carboxylic acid [MC-43]. 

MC-43 molecule was designed and synthesized by our group members Dr. Şerafettin 

Demiç and Dr. Mustafa Can. It was used as hole transport layer in p-i-n type  MAPI 

perovskite solar cell and published in [62]. Synthetic route and procedure of 

molecule was detailed in the paper. 

Chemical structure of MC-43 molecule is given as in below. 
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2.1.3 4'-(Bis(4-methoxyphenyl)amino)-[1,1'-biphenyl]-4-

carboxylic acid [MC-45] 

MC-45 molecule was designed and synthesized by our group members Dr. Şerafettin 

Demiç and Dr. Mustafa Can. It was used as hole transport layer in p-i-n type 

CsMAFA perovskite solar cell. The manuscript is under preparation, not punished 

yet. 

Chemical structure of MC-45 molecule is given as in below. 
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2.1.4 4',4'''-([1,1'-Biphenyl]-4,4'-diylbis(m-

tolylazanediyl))bis(([1,1'-biphenyl]-4-carboxylic acid)) 

[MC-54] 

MC-54 molecule was designed and synthesized by our group members Dr. Şerafettin 

Demiç and Dr. Mustafa Can. It was used as hole transport layer in p-i-n type 

CsMAFA perovskite solar cell. The manuscript is under preparation, not published 

yet. 

Chemical structure of MC-54 molecule is given as in below. 
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2.1.5 4',4'''-([1,1'-Biphenyl]-4,4'-diylbis (naphthalene-1-

ylazanediyl))bis(([1,1'-biphenyl]-4-carboxylic acid)) 

[MC-55] 

MC-55 molecule was designed and synthesized by our group members Dr. Şerafettin 

Demiç and Dr. Mustafa Can. It was used as hole transport layer in p-i-n type 

CsMAFA perovskite solar cell. The manuscript is under preparation, not punished 

yet. 

Chemical structure of MC-55 molecule is given as in below. 
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2.2 Device Fabrication of Perovskite Solar Cells 

This section will descript inverted (p-i-n) MAPI and CsMAFA perovskite solar cell 

structures. The architectures of devices are shown in Fig. 2.1. In this thesis, different 

SAM molecules have been used as hole transport layer material for both 

architectures. In flowing, the fabrication techniques of both structures are detailed. 

 

 

Figure 2.1: Schematic illustration of MAPI (a), and CsMAFA (b) perovskite solar 

cells device structures 

 

2.2.1 Device Fabrication of MAPI Perovskite Solar Cell 

ITO-coated glasses (Xinyan Technology Ltd, 15 Ω per square) were properly 

cleaned for 15 minutes by ultrasonication in water with Hellmanex
TM

 detergent, then 

in acetone and finally in isopropanol. Then cleaned layers are dried with a strong 

airflow before UV-O3 treatment. All materials were purchased from Sigma-Aldrich 

and used as received unless differently specified. 

TPA and MC-43 were dissolved in toluene (4 x 10
4

 M) and kept stirring at 60 ℃ for 

two hours to increase their solubilities. ITO substrates were treated with UV/ozone 

for 30 min and subsequently immersed into SAM solutions for 4 hours at 45 ℃. 

After that, substrates were rinsed with toluene to remove residual SAM molecules 

not covalently bonded onto the ITO surface. Alternatively, PEDOT:PSS (Clevios
TM

 

PV P AI4083, Heraeus) was deposited as the HTM at a 4500 rpm spin speed for 30 s, 
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achieving of 25–30 nm thickness. Finally, the substrates were transferred in a 

nitrogen-filled glovebox to complete the device fabrication. 

For the preparation of perovskite solution, 460 mg of lead (II) iodide (PbI2, 99.995%, 

Alfa Aesar) was dissolved in (920:80) L of an anhydrous DMF:DMSO mixture while 

50 mg of methylammonium iodide (MAI, Greatcell Solar Ltd) was dissolved in 1 mL 

of anhydrous isopropanol. The solutions were kept stirring for 2h. The perovskite 

was obtained with a two-step deposition method. In the first step, after filtering the 

solution with a 0.22 𝜇m PTFE filter, 70 𝜇L of PbI2 was cast at 4000 rpm. After 60 s, 

100 𝜇L of MAI was dripped over the spinning substrate. The substrate was kept 

spinning for a further 30 s. Successively, substrates were moved directly onto a 

hotplate and annealed for 10 min at 100 ℃. The thickness achieved is around 350 

nm. 

After perovskite film preparation, the devices were stored in the glovebox overnight 

in the dark. Afterward, 20 mg of PC60BM (Nano-C Inc.) was dissolved in 1 mL of 

anhydrous chlorobenzene, stirred for two hours and deposited via spin coating (static 

dispensing, 70 𝜇L) at 2000 rpm for 30 s achieving a thickness of around 60 nm. 

Finally, 120 nm of Ag (Kurt J. Lesker) was deposited by thermal evaporation under 

high vacuum (around 1 x 10
6

 mbar). Figure 2.2 summarizes the device fabrication 

steps that explained above in detail.  

 

Figure 2.2: Illustration of device preparation steps. The ITO substrates are treated 

with UV-ozone before SAM deposition. 
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2.2.2 Device Fabrication of CsMAFA Perovskite Solar Cells 

Patterned ITO glass substrates (1.5 cm x 1.5 cm) with sheet resistance 15 Ω sq
1

 

were cleaned in a three-step process that consisting of an ultrasonic bath for 15 min 

in DI water with Hellmanex
TM

 detergent, acetone and isopropanol, respectively. 

After the cleaning and drying process, ITO substrates were treated with UV/ozone 

cleaner for 30 min to activate the ITO surface and removing organic residues.  

SAM molecules (MC-54 and MC-55) were dissolved in THF (0.1 mM) and MC-45 

was dissolved in toluene (0.1 mM). Prepared SAM solutions were kept on a hot plate 

at 60 ℃ for 2h to increase their solubilities. Then, UV/ozone activated ITO substrates 

were immersed into SAM solutions and kept 6 h at 50 ℃ in ambient air. After 6 h, 

ITO substrates were removed and rinsed with THF (MC-54 and MC-55) and toluene 

(MC-45) to remove nonbonded SAM molecules onto the ITO surface. Alternatively, 

PTAA (Sigma Aldrich) was prepared for control devices as a hole transport layer 

(HTL). It was dissolved in anhydrous toluene (Sigma-Aldrich) at a concentration of 2 

mg/mL. The deposition of PTAA was performed at 5000 rpm spin speed for 30 

seconds and annealed on a hot plate at 100 ℃ for 10 minutes in a glove box. 

Preparation of detailed triple-cation perovskite (CsMAFA) solution procedure was 

reported elsewhere [63]. To explain briefly, PbI2 (1.5 M) and PbBr2 (1.5 M) were 

dissolved in a mixture of anhydrous dimethylformamide (DMF) and dimethyl 

sulfoxide (DMSO, Sigma Aldrich, 4:1 volume ratio) and stirring on a hot plate at 50 

℃ for overnight. Then, PbI2 and PbBr2 stock solutions were added to formamidinium 

iodide (FAI,Dyenamo, 99.99%,1.09:1 M ratio) and methylammonium bromide 

(MABr,Dyenamo, 99.99%) powders, respectively, to obtain FAPbI3 and MAPbBr3 

solutions with a final concentration of 1.24 M. These two solutions then mixed in a 

volume ratio of 17:83. Finally, cesium cation was added from a 1.5 M CsI (Sigma 

Aldrich) solution in DMSO in a 5:95 volume ratio. This final perovskite solution was 

deposited on the HTLs by a spin coater at 3000 rpm for 40 sec. The last 15 sec of 

spinning 100 𝜇l of anisole (Sigma Aldrich) was dropped on spinning substrates to 

promote fast solvent-removal forming a smooth and compact layer. After the spin-

coating process, perovskite coated samples were annealed on a hot plate at 100 ℃ for 

60 min. Then, 23 nm of C60 and 8 nm of BCP were deposited by thermal evaporation 
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on top of the perovskite with a rate of 0.2 -0.5 Å/s at a base pressure of 1x10
-6

 mbar. 

Finally, 100 nm of Ag was evaporated to complete the device structure. Figure 2.3 

summarizes the device fabrication steps that explained above in detail.  

 

 

Figure 2.3: Illustration of device preparation steps. The ITO coated substrates were 

treated with UV/ozone before SAM deposition. 

 

2.3 Characterization Techniques 

2.3.1 Cyclic Voltammetry 

For cyclic voltammetry (CV) measurements, a three-electrode system was used. All 

measurements were performed in a one component cell and equipped with a glassy 

carbon working-electrode, a platinum counter-electrode, and an Ag/Ag
+
 reference 

electrode in acetonitrile solution at a concentration of 0.5 mM. The supporting 

electrode is a 0.1 M of tetrabutyl ammonium hexafluorophosphate (TBAPF6) 

disolved in dichloromethane (DCM) solvent.  

HOMO levels of SAM molecules were obtained from the inflection point of cyclic 

voltammograms in the solution process and calculated from equation 2.1. Similarly, 
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SAM modified ITO’s work function was determined from inflection point of CV and 

calculated from equation 2.1. 

CV measurements were performed by a CH Instruments CH440b potentiostat. 

 EHOMO =  (E1/2(ox) + 4.4) eV (2.1) 

2.3.2 UV-vis Absorbance Spectroscopy 

Ultraviolet-visible (UV-vis) spectrometer was performed to get absorbance spectra of 

SAM molecules in the solution phase. Solution absorption measurements were 

performed in tetrahydrofuran (THF) and toluene with a 1 cm path length quartz cell 

at room temperature in air.   

Shimadzu UV spectrometer 1700 with an optical range between 190-1100 nm was 

used for this measurement. 

2.3.3 Thermal Analysis 

Thermogravimetric analysis:  

Thermogravimetric analysis (TGA) determines the rate and the weight loss of a 

material as a function of temperature or time under a controlled atmosphere. In this 

characterization, TGA/STD A851 Mettler-Toledo equipment was chosen. The 

working temperature went from 30 to 600 °C at a scan rate of 10 °C/min under a 

nitrogen atmosphere. In this work, it is an important parameter to determine the 

decomposition temperature of SAM molecules to consider whether they will resist 

during the annealing process of perovskite layer. 

Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) gives information about physical and 

chemical changes of materials to determine glass transition temperature (Tg). In this 

work, DSC measurement was carried out in the DSC822e Mettler-Toledo 



21 

 

calorimeter. The working temperatures went from 30 to 450 °C performing three 

continuous cycles, at a scan rate of 10 °C/min in a nitrogen atmosphere. 

2.3.4 X-Ray Photoelectron Spectroscopy 

The X-Ray Photoelectron Spectroscopy (XPS) measurement was carried out by a 

Thermo Scientific K-Alpha equipment in a high vacuum chamber. XPS was used to 

analyse atomic bonds of SAM molecules on the ITO surface before and after 

modification. 

2.3.5 Atomic Force Microscopy 

The surface topography and roughness values of SAM modified ITO and unmodified 

ITO was characterized by a Nano-surf Easy Scan-2 Controller atomic force 

microscopy (AFM) with a non-contact mode.  

Kelvin Probe Force Microscopy (KPFM) was used to determine surface potential 

differences of SAM modified and unmodified ITO substrates.   

2.3.6 Contact Angle 

Contact angle measurements were performed with a KSV Attension Theta Lite 

optical tensiometer used in sessile water (DI) drop experiment. It was performed by 

dispersing a water droplet on the substrates in the static state.  

It was used to investigate the surface wettability of ITO substrates before and after 

modification with SAMs 

2.3.7 Scanning Electron Microscopy  

FEI Company Scios 2 field emission scanning electron microscopy (FESEM) was 

used to obtain surface images of perovskite films. All perovskite films were 

protected with poly(methyl methacrylate) (PMMA) to perform the measurements at 

ambient conditions (20 nm of PMMA was spin coated on perovskite). Focused Ion 

Beam (FIB) was used to obtain cross-section images of complete device layers. 
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2.3.8 X-Ray Diffraction 

X-Ray Diffraction (XRD) was used to determine the crystal structure of perovskite 

films by a Bruker D8 Discover diffractometer. All perovskite films were protected 

with 20 nm PMMA to do measurements at ambient conditions.   

2.3.9 Photoluminescence Measurements  

To investigate possible paths of carrier recombination at the interface between 

perovskite and selective contacts, steady-state photoluminescence (PL) was used. 

Also, time-resolved PL was used to measure carrier lifetime from luminescence 

decays. These measurements were performed on an Edinburg Instruments LifeSpec-

II with a PMT detector and 470 nm picosecond pulsed diode laser source. Before 

analysing the samples, all perovskite films were protected with ~20 nm PMMA to do 

measurements in ambient conditions. 

2.3.10 Characterization of Perovskite Solar Cells 

Figure 2.4 shows a typical JV characteristic of a solar cell with the main electrical 

parameters. These parameters are open-circuit voltage (VOC), short-circuit current 

(JSC), fill factor (FF), and maximum power point (MPP or Pmax) which are obtained 

from an illuminated perovskite solar cell. The PCE or solar cell efficiency is 

calculated from these parameters.  

 Short-circuit current density: JSC is the current through the external circuit 

when the voltage across the external circuit is zero. JSC depends on various 

parameters such as the active area of the solar cell or incident light intensity. 

 

 Open circuit voltage: VOC is the maximum voltage available from a solar 

cell, and it occurs at the zero net current through from the solar cell. 

 

 Fill factor: FF is the ratio between the maximum power output (JMM x VOC) 

generated by a solar cell and the product of VOC and JSC (equation 2.2). The 

FF can be obtained graphically from JV curve. It is defined from the ratio 

between the blue and grey rectangles (see Fig. 2.4). 
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 𝐹𝐹 =  
𝑉𝑀𝑃  𝐽𝑀𝑃

𝑉𝑂𝐶  𝐽𝑆𝐶
 (2.2) 

 Power conversion efficiency: PCE is the ratio between the maximum output 

power (Pout) that’s generated from a solar cell and incident light power (Pin) 

(equation 2.3). 

 𝑃𝐶𝐸 =  
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=  

𝐽𝑆𝐶  𝑉𝑂𝐶  𝐹𝐹

𝑃𝑖𝑛
 (2.3) 

The JV measurements were performed by using a solar simulator (ABET 11000) 

and a source meter (Keithly 2400). The curves were registered under 1-sun irradiance 

(100 mW/cm
2
, AM 1.5G) calibrated with a silicon photodiode (NREL). The active 

area of the devices was 0.09 cm
2
. 

 

 

Figure 2.4: A typical J-V curve (red line) of perovskite solar cells with VOC, JSC, FF 

and MPP parameters. JMP and VMP are current and voltage at the MMP, 

respectively. The ratio between blue and light grey rectangles areas is the 

FF 
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The JV curve of PSCs can be obtained from two different scan sweeps which are 

namely forward (scan direction from JSC to VOC) and reverse (scan direction from 

VOC to JSC). Forward and reverse scans of PSC show different JV characteristics 

called hysteresis. J-V hysteresis of PSC was explained in detail in section 1.4. 

2.3.11 Effect of Light Intensity on Current Density and Open-

Circuit Voltage 

The intensity of the light changes solar cell parameters such as JSC, VOC, FF and 

PCE. For this purpose, different optical filters were used to obtain different light 

intensities (Φ). These optical filters allow less light to pass to solar cells from solar 

simulator (from 1 sun to dark). JV curves that obtain from different optical filters is 

shown in Figure 2.5. 

 

 

Figure 2.5: JV curves of a perovskite solar cell with MC-45 SAM molecule under 

different light intensities (from 1 sun to dark) on reverse condition 

 

VOC and JSC values from each light intensity are extracted from JV curves of Fig. 

2.5 and plotted as current density versus irradiance (Fig. 2.6a) and voltage versus 
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irradiance (Fig. 2.6b). In the case of JSC dependence with light intensity, the JSC is 

fitted to power-law dependence (JSC α Φ) and it is possible to estimate if there are 

any photocurrent losses or not under short circuit conditions. There are no 

photocurrent losses at the short circuit condition for an ideal device, if α = 1 (Fig. 

2.6a) [64]. 

For the case of VOC dependence with light intensity, it is possible to calculate the 

ideality factor (nid). For p-n junction, the ideality factor shows how much devices 

differ from ideal diode behavior. Typically, nid value ranges from 1 to 2 [65]. If nid = 

1, it means band to band recombination (or bimolecular recombination) and if nid = 2, 

it means Shockley-Read-Hall (SRH) recombination predominant (Fig. 2.6b) [66, 67]. 

Shockley and Read published the first JV equation for an ideal diode solar cell in 

1952. The J-V equation for the ideal solar cell is listed as follows: 

 
𝐽 =  𝐽𝑆𝐶 −  𝐽0 (𝑒

𝑞𝑉
𝑛𝑖𝑑 𝑘𝐵 𝑇  − 1) (2.4) 

Where J is net current, J0 is constant, KB is the Boltzmann constant, q is the 

elementary charge, V is the applied voltage and T is the operating temperature. The 

value of J is equal to ‘0’ when the device is at the open-circuit voltage (V = VOC at 

the one sun test condition) under standard test conditions. So, equation 2.4 converted 

to equation 2.5.  

 
𝐽𝑆𝐶 =  𝐽0 (𝑒

𝑞𝑉𝑂𝐶  
𝑛𝑖𝑑 𝑘𝐵 𝑇  − 1) (2.5) 

Finally, the diode ideality factor can be delivered from equation 2.6 as follow, 

 
𝑛𝑖𝑑 =  

𝑞 𝑉𝑂𝐶

𝑘𝐵𝑇(𝑙𝑛
𝐽𝑆𝐶

𝐽0
+ 1)

 
(2.6) 
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Figure 2.6: a) Current density dependence with the light intensity and b) open-circuit 

voltage dependence with the light intensity. Both figures obtained from 

reverse JV curves of Figure 2.5 

 

2.3.12 Stability Measurements of Perovskite Devices 

The stability measurement setup is based on a high-power white LED source made at 

ICIQ mechanical workshop in which irradiance has been calibrated to 1 sun using a 

silicon reference. A Keithley 2400 was used for voltage-current measurement of the 

solar cells. A custom C++ code was developed for the automated data recording and 

pre-processing. The parameters extracted (time, JSC, VOC, FF and PCE) from the JV 

curves for every 1 h and normalized to the start value. During the aging experiment, 

the cells were kept in the ultrahigh vacuum compatible sample holder and the 

temperature around the cells was measured as 45 ˚C.  

  



27 

 

 

Chapter 3 

Self-Assembled Monolayers as Hole 

Transport Materials in MAPI 

Perovskite Solar Cells. 

 

 

 

This chapter based on a published work: Yalcin et. al. Semiconductor self-assembled 

monolayers as selective contacts for efficient p-i-n perovskite solar cells; Energy & 

Environmental Science, 2019, 12, 230-237  

Authors: Eyup Yalcin, Mustafa Can, Cristina Rodriguez-Seco, Ece Aktas, Rajesh 

Pudi, Werther Cambarau, Serafettin Demic, and Emilio Palomares 
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3.1 Abstract  

Herein, we studied the use of two different Self Assembled Monolayer (SAM) 

molecules made of semiconductor hole transport organic molecules to replace the 

most common p-type contact, PEDOT:PSS, in p-i-n methylammonium lead iodide 

(MAPbI3 or MAPI) perovskite solar cells (PSCs). The SAM molecule (MC-43) leads 

to a solar to energy conversion efficiency of 17.3%, which is among the highest 

efficiencies reported to date (23.06.2018) for PiN perovskite solar cells. The present 

finding highlights the potential of semiconductor based SAMs to fabricate stable and 

high performing planar PSCs. 

3.2 Introduction 

The research activity in hybrid lead based perovskite solar cells has increased 

enormously since the pioneering work of Miyasaka and co-workers [8]. For instance, 

the record in power conversion efficiency (PCE) has grown exponentially up to the 

current 22.7% [68]. Moreover, the fine-tuning of material composition had led to 

considerable improvements in device stability, [69, 70] encouraging its pre-

industrialization. In this context, several research groups are committed to the 

development of new methods to grow and form homogeneous perovskite films [21, 

71-76] with bigger grain size and limited defects in order to achieve highly 

reproducible devices with the maximum PCE. The use of different halides and 

organic–inorganic cations, mixed in such a way that it promotes the final perovskite 

structure, had led to a variety of materials with different valence and conduction 

band energy levels, and improved ionic and electronic transport capabilities [77]. 

Yet, the use of appropriate selective contacts [78], either organic molecules or metal 

oxides, also plays a crucial role in reducing charge recombination losses and 

maximizing the open-circuit voltage (VOC) and thus the PCE.  

The configurations of perovskite solar cells (PSCs) are frequently known as ‘regular’ 

(or n-i-p), where the perovskite absorber is deposited on top of the electron transport 

material (ETM), or ‘inverted’ (p-i-n) structures, where, on the contrary, the 

perovskite layer is on top of the hole transport material (HTM). The latter has been 

essentially developed to offer an alternative to the conventional structure [79] which 
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presents some drawbacks related to the charge transport materials, like the high 

processing temperature of TiO2 (the most employed ETM) or the complex doping 

system of the HTM (usually spiro-OMeTAD or PTAA) as much as its cost. 

Nonetheless, the regular structure remains the most employed architecture and still 

holds the record efficiency in PSCs.  

The inverted structure offers the advantage of low-temperature processing that 

allows the fabrication of perovskite modules on flexible substrates compatible with 

the roll-to-roll technology [80]. The typical inverted configuration, which has been 

already reported with efficiencies as high as 18% [21, 81], consists of poly(3,4- 

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as the HTM and 

[6,6]-phenyl-C(61)-butyric acid methyl ester (PC60BM) or its corresponding C70 

derivative, PC70BM, as the ETL. However, besides its excellent optoelectronic 

properties, PEDOT:PSS suffers from acidic and hygroscopic characteristics that can 

severely compromise the stability of the devices. Numerous inorganic alternatives to 

PEDOT:PSS, like nickel-based or copper based semiconductors [82], have been 

considered and successfully employed as the HTM in PSCs.  

In this framework, self-assembled monolayers (SAMs) of organic molecules on 

electrodes surfaces have been considered as a valid alternative to conventional 

single-carrier transport layers [60, 61, 70, 83-85]. 

SAMs are small molecules that can be chemically attached to a surface (typically a 

metal or a metal oxide) and form extremely thin and stable layers. Besides their 

facile synthesis and deposition, the main advantage of SAMs is the ability to tune the 

electrical properties of the surface on which they are attached. This ability allows 

modulating the work function (WF) of a metal oxide, working as an electrode in a 

solar cell, in order to align it with the energy level of the photo-excited quasi-Fermi 

levels of the active layer. 

This fact is a key point to ensure an ohmic contact at the interface and to maximize 

the VOC. In the literature, the number of successful uses of SAMs in PSCs is scarce. 

Zuo et al. [60] demonstrate that an extremely thin layer of propanoic acid-based 

SAMs attached on top of a ZnO ETM can significantly increase the device PCE due 

to a better energy alignment with the perovskite LUMO and improved film 
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crystallinity. Yang and co-workers [86] successfully employed (3-aminopropyl) 

triethoxysilane (APTES) as a SAM material to modify the SnO2 ETM, achieving 

18% efficiency in a planar NiP PSC. Likewise, in our previous work we proved that 

the use of simple boronic acid-based SAMs, for coating the compact TiO2 surface, is 

able to improve the photovoltaic properties of MAPbI3 or MAPI PSCs [60]. In this 

work, we moved one step further and together with the property of being capable to 

form organized molecular layers we introduced the semiconductor feature for 

efficient transport of electronic holes. Our synthesised molecules, namely TPA and 

MC-43, are depicted in Fig. 3.1a and 3.1b, and are directly assembled at the indium 

doped tin oxide (ITO) electrode as surface modifiers to enhance hole extraction in 

inverted PSCs. 

We studied the influence of the SAMs on the surface wettability, the perovskite 

formation and the photovoltaic performance of the solar cells. Our results show that 

it is possible to obtain high efficiencies in p-i-n perovskite based solar cells without 

the need of any inorganic metal oxide or semiconductor polymer as the HTM. 

3.3 Results and Discussion 

3.3.1 SAM modification of the ITO surface 

Figure 3.1d shows a schematic device structure of a p-i-n type planar MAPI PSC 

composed of a transparent conductive ITO layer followed by a SAM modification 

layer, MAPbI3, PC60BM and finally a silver electrode. The SAM coating onto ITO is 

obtained with a straightforward procedure, consisting of submerging the substrate 

into a solution containing the molecule for an appropriate time, enough for the 

monolayers to attach to the ITO surface and form a compact and ordered film (device 

fabrication is descripted in detail at the corresponding chapter). 
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Figure 3.1: The molecular structure of (a) TPA and (b) MC-43. (c) Energy levels of 

the PSC materials employed in this study. (d) Layered structure of the 

SAM based device 

 

Cyclic voltammetry was used to determine the electrochemical behaviour of TPA 

and MC-43 coated ITO surfaces. The new energy level (HOMO) of TPA and MC-43 

modified ITO was determined as 5.33 eV and 5.11 eV, respectively, from the 

inflection point of the cyclic voltammograms (see Fig. 3.2) and calculated from 

equation 3.1. In accordance with energy level alignment of electronic states (see Fig. 

3.1c) SAMs modification leads to alignment of work function of ITO at lower energy 

level. It is worth noting that the presence of electron-donating groups coupled to the 

triphenylamine backbone reduces its oxidation potential. This is a possible 

explanation for the 0.2 eV difference in the HOMO level between ITO/MC-43 and 

ITO/TPA surfaces. 

 EHOMO = − (E1/2(ox) + 4.4) eV (3.1) 
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Figure 3.2: Cyclic voltammograms of ITO/TPA (a) and ITO/MC-43 (b) 

 

The surface wettability of the ITO coated substrate before and after modification 

with the SAMs was investigated by measuring the contact angle in a sessile water 

drop experiment. It is well known that the ITO surface has a hydrophilic character 

because of hydroxyl groups consist on its surface. The contact angle on a bare ITO 

surface (i.e. without SAM coating) was estimated as 53.61° as shown in Fig. 3.3. The 

same picture shows, as a comparison, that TPA and MC-43 modified ITO surfaces 

became more hydrophobic (around 85° and 90°) with the molecules forming a barrier 

interface surface between ITO and the fluid.  

Topographical atomic force microscopy (AFM) images of SAM modified samples 

were taken to confirm that the SAMs were effectively attached to the ITO surface 

(see Fig. 3.3d-f). Root-mean-square (RMS) values of bare ITO, ITO/TPA and 

ITO/MC-43 are 2.0 nm, 4.5 nm and 3.5 nm, respectively. Surface roughness values 

obtained for SAM modified ITO surfaces differ from bare ITO suggesting once again 

that ITO surfaces are covered by SAM molecules. 
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Figure 3.3: Top: Contact angle measurements on the (a) bare ITO surface, (b) 

ITO/TPA surface and (c) ITO/MC-43 surface. Bottom: Surface 

topographical AFM images of (d) bare ITO, (e) ITO/TPA and (f) 

ITO/MC-43 

 

The X-ray photoelectron spectroscopy (XPS) was used to determine chemical 

compositions of modified ITO surfaces coated with MC-43 and TPA molecules. Fig. 

3.4 shows the survey spectrum of C1s, O1s and N1s for ITO/MC-43 and ITO/TPA 

coatings, respectively. The peaks observed in the survey spectra for MC-43 are for 

C1s, O1s and N1s with binding energies of 284.08 eV, 529.32 eV and 398.94 eV, 

respectively [84, 87]. Approximately the same results are obtained for TPA.  

 

 

Figure 3.4: XPS Survey Spectrum of C1s, O1s and N1s for ITO/MC-43 (a) and 

ITO/TPA (b) 
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To analyse the atomic bonds formed by carbon and oxygen atoms on the ITO surface 

after the formation of SAMs, high resolution spectra of C1s and O1s were fitted and 

presented in Fig. 3.5. The peaks of C1s for MC-43 on ITO at 284.08, 285.43, and 

287.41 eV and for TPA on ITO at 283.95, 284.60 and 287.58 eV are attributed to 

C─C or C─H, C─O─C and O─C=O, respectively [87]. The peaks assigned to ester 

bonding (O─C=O) at 287.41 and 287.58 eV indicate the formation of strong covalent 

bonds between the carboxylic acid (─COOH) head group of MC-43 and TPA SAM 

molecules and hydroxyl groups (─OH) present on the surface of ITO (Fig. 3.5a and 

c).  

More detailed and fitted high resolution XPS spectra of O1s for MC-43 and TPA are 

given in Fig. 3.5b and d. The peaks observed at 529.32 and 530.96 eV are assigned to 

the ITO/MC-43 surface and these signals correspond to lattice oxide O2

 and C=O 

groups, respectively. Almost the same peaks are obtained from the ITO/TPA surface 

with the values of 528.77 and 530.12 eV [84]. The corresponding binding energies of 

functional groups for ITO/MC-43 and ITO/TPA are listed as in Table 3.1. 

Moreover, high-resolution survey spectra of bare ITO are given in Fig. A.1. High-

resolution survey spectra of C1s and O1s were fitted (Fig. A.1a and A.1b) to analyse 

the atomic bonds of carbon and oxygen atoms on the ITO surface. The peaks of C1s 

at 284.97, 285.70 and 288.50 eV are attributed to C─C or C─H, C─O─C and 

O─C=O, respectively. The peaks of O1s at 530.01 and 531.50 eV are corresponding 

to lattice oxide O2 (present on ITO surface) and C=O group, respectively. However, 

Figure A.2 shows the survey spectra of bare ITO. The measured bands correspond to 

C1s, ln3d, Sn3d and O1s with binding energies of 285.2, 445.01, 487.07 and 531.03 

eV, respectively. As expected, without SAM’s there is not a bad for N1s.  
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Figure 3.5: The XPS high resolution survey spectra of C 1s (a) and O 1s (b) for 

ITO/MC-43. The XPS high resolution survey of C 1s (c) and O 1s (d) 

for ITO/TPA 

 

Table 3.1: The corresponding binding energy of functional groups for ITO/MC-43 

and ITO/TPA 

Samples 

O1s (eV) C1s (eV) N1s (eV) 

O2
 C=O C─C/C─H C─O─C O─C=O 

ITO/MC-43 529.32 530.96 284.08 285.43 287.41 398.94 

ITO/TPA 528.77 530.12 283.95 284.60 287.58 398.89 

 

Figure 3.6 shows the high resolution surface spectra of N1s for ITO/MC-43, 

ITO/TPA and bare ITO. The binding energy peak of N1s for ITO/MC-43 and 

ITO/TPA are around 400 eV. Bare ITO does not contain ‘N’ element therefore it 

does not have any peak around 400 eV. The absence of ‘N’ peak on bare ITO 

whereas its presence on SAM modified ITO surfaces confirms that ITO substrates 

were successfully covered by SAM molecules. 
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Figure 3.6: High resolution surface spectra of N1s for ITO/MC-43 (a), ITO/TPA (b) 

and bare ITO (c) 

 

Moreover, we recorded perovskite film images (Fig. 3.7) using scanning electron 

microscopy (SEM). As can be seen, the use of PEDOT:PSS (Fig. 3.7b) reveals a 

more smooth ITO surface where the ITO grains cannot be distinguished. Yet, when 

the organic molecules are deposited (Fig. 3.7c and d) the ITO surface is still rough 

and the nanocrystals can be seen. Nonetheless, much of the nano space between ITO 

grains is covered. It is feasible that a rougher surface improves the contact between 

the electrode and the perovskite layer. Furthermore, the molecules at the SAM will 

provide a favourable dipole moment for efficient charge collection at the ITO 

electrode. 
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Figure 3.7: Morphology of the perovskite films on top of the modified and 

nonmodified ITO surface: (a) bare ITO; (b) ITO/PEDOT:PSS; (c) 

ITO/TPA; and (d) ITO/MC-43 

 

3.3.2 Photovoltaic Performance 

Figure 2.2 illustrates the complete device fabrication steps, explained in detail in the 

Experimental section (Chapter 2), in which the perovskite and the fullerene are 

deposited via spin coating and the final Ag electrode by means of thermal 

evaporation under high vacuum. As a comparison, we fabricated similar solar cells 

with exactly the same perovskite composition and thickness with PEDOT:PSS 

coated ITO instead of SAMs and, alternatively, without any coating (bare ITO 

sample). The current density-voltage (JV) characteristics of the best devices are 

shown in Fig. 3.8. 
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Figure 3.8: Top: J-V characteristics of the best devices, measured at 1 sun in the 

reverse voltage scan direction at a speed of 40 mV s
1

, and EQE spectra 

of the same cells. Bottom: PCE tracking of the best devices under 

continuous illumination, obtained by registering the current density at 

the applied voltage corresponding to the maximum power point (MPP) 

 

These measurements were carried out under 1 sun illumination conditions (AM 1.5G, 

100 mW cm
2

) and performing the voltage scan in the direction VOC to JSC (reverse 

sweep) at a scan rate of 40 mV s
1

. Compared to bare ITO devices, the SAM based 

cells perform much better especially in terms of FF and JSC, leading to significantly 

higher PCEs. While the JSC for the PEDOT:PSS device is comparable with the one 

obtained with SAMs, the FF is below 70% leading to a maximum PCE of 13.0% 

with an average value of 12.3%. Average values of photovoltaic parameters are 

summarized in Table 3.2. And a statistic distribution of photovoltaic performances of 

JSC, VOC, fill factor (FF) and PCE is shown in Fig. 3.9.  
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Figure 3.9:  Statistics of photovoltaic parameters for PSCs based on MC-43 (red), 

TPA (green) and PEDOT:PSS (blue) recorded at 1 sun for both forward 

and reverse voltage scan 

 

Table 3.2: Averages values (mean ± std. dev.) for the photovoltaic parameters of 

solar cells over 15 individual devices 

Sample 
Scan 

Direction 

JSC 

(mA/cm
2
) 

VOC  

(V) 

FF  

(%) 

PCE  

(%) 

PEDOT:PSS 
Forward 18.18 ± 0.59 1.000 ± 0.006 67.17 ± 0.83 12.21 ± 0.47 

Reverse 18.24 ± 0.59 1.009 ± 0.006 66.75 ± 0.78 12.29 ± 0.47 

TPA 
Forward 19.47 ± 0.82 1.057 ± 0.009 71.63 ± 3.34 14.72 ± 0.79 

Reverse 19.32 ± 0.80 1.058 ± 0.009 71.68 ± 4.33 14.64 ± 0.93 

MC-43 
Forward 20.62 ± 0.40 1.068 ± 0.005 76.36 ± 1.97 16.82 ± 0.56 

Reverse 20.57 ± 0.39 1.070 ± 0.007 76.25 ± 1.97 16.77 ± 0.67 

 

MC-43 scores a record efficiency of 17.3% with an average of 16.8% while TPA 

reaches 15.8% as the maximum with an average of 14.6%. The extremely high FF 
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might be related to an optimal formation of the perovskite layer on top of the SAM 

modified ITO. All the photovoltaic parameters related to the champion devices are 

summarized in Table 3.3. Apart from the bare ITO samples, all cells present 

negligible or no hysteresis in the J-V curves (see Fig. 3.10) leading to an excellent 

consistency of photovoltaic parameters regardless of the scan direction.  

In addition, J-V characteristic of the best solar cells based on MC-43 and TPA at 1 

sun and dark conditions was given as in Fig. A.3.   

 

 

Figure 3.10: J-V characteristics of best PSC based on MC-43 (red), TPA (green), 

PEDOT:PSS (blue) and bare ITO (yellow) at 1 sun. Both forward and 

reverse scans have been performed at a scan rate of 40 mV/s 

 

Table 3.3: Photovoltaic parameters of the best performing devices based on different 

ITO electrodes with a scan speed of 40 mV s
1

 

Sample JSC (mA cm
2

) VOC (V) FF (%)  (%) 

Bare ITO 16.3±0.2 1.05±0.04 56.1±0.3 9.59±0.3 

PEDOT:PSS 19.2±0.2 1.01±0.04 67.3±0.3 13.0±0.3 

TPA 19.4±0.2 1.06±0.4 76.9±0.3 15.9±0.3 

MC-43 20.1±0.2 1.08±0.4 80.0±0.3 17.3±0.3 
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As observed by several research groups, and confirmed in this work, the p-i-n 

structure based on the MAPI perovskite does not suffer from severe hysteresis issues 

[88]. The EQE spectra are also shown in Fig. 3.8. The integrated current density 

values, plotted on the same graph, match the JSC obtained from the J-V 

measurements, which for the devices based on TPA and MC-43 is 19.4 and 20.2 mA 

cm
2

 respectively, in excellent agreement with the value obtained from J-V. As it can 

be seen, the maximum EQE peaks of the top-performing devices can reach over 80% 

EQE, a notable photon-to-electron conversion for MAPI perovskite solar cells.  

The highest FFs reported in the literature are usually due to the utilization of metal 

cathodes like aluminium or lithium fluoride/aluminium that present better energy 

alignment for electron extraction. However, despite the difference in energy levels 

between the LUMO of PC60BM and the work function of Ag, we achieve for all 

devices very high FF values suggesting efficient charge transfer and extraction. The 

use of Ag as a top electrode is also preferable for its better stability in order to limit 

the device degradation and ensure a longer lifetime for the devices. In this context, 

the performance of the devices has been monitored in a short period, under 

continuous light illumination, and during several days by performing J-V 

measurements to evaluate the durability of the devices. In Fig. 3.8 (bottom), we show 

the PCE stability under continuous 1 sun equivalent illumination measured by 

applying the voltage corresponding to the maximum power point, as obtained from 

the J-V measurement, and registering the given current density. The devices show 

excellent stability with practically no degradation during the evaluation time. 

The MC-43 based champion device has been also evaluated in the long-term period. 

The device was encapsulated and stored in dark under low humidity conditions. Fig. 

3.11 is shown the J-V curves for different time measurements. The photovoltaic 

parameters such as JSC, VOC, FF and PCE that obtain from Fig. 3.11 are also shown 

in Fig. 3.12. After encapsulation, the device still maintains 90% of its efficiency after 

20 days. 
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Figure 3.11: Evolution of the J-V characteristic, measured at 1 sun, for a MC-43 

based PSC over 20 days. The device was encapsulated and stored in 

dark under low humidity conditions 

 

 

Figure 3.12: Long-term evolution of photovoltaic parameters of the best MC-43 

based PSC measured at 1 sun 
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3.3.3 Conclusions 

In summary, we have proposed two SAM organic molecules, TPA and MC-43, to be 

employed as WF modifiers and efficient substitutes for PEDOT:PSS on ITO 

electrodes. The solar cells fabricated with the planar p-i-n structure based on our 

SAMs show remarkable PCE, with the best cell based on TPA scoring 15.9% with a 

FF of 77%, VOC of 1.06 V and JSC of 19.4 mA cm
2

 and the best performing MC-43 

cell scoring 17.3% with a FF of 80%, VOC of 1.07 V and JSC of 20.3 mA cm
2

. 

The use of SAMs ensures a homogeneous formation of the MAPI perovskite layer 

and gives rise to very high FF and VOC. Although ITO/TPA has a 0.2 eV deeper 

HOMO than ITO/MC-43, the latter shows a slightly higher VOC according to the 

statistics collected on several devices. An explanation for the best performance of 

MC-43 based devices is due to its better charge transfer capability (better energy 

alignment due to its redox properties as it is easier to oxidize) when compared to the 

TPA. 

Also it is important to notice that the PCEs obtained with the surface modified MC-

43 devices are among the highest values reported in the literature to date 

(23.06.2018). The extremely facile deposition method and the ability of these 

molecules to form strong covalent bonds with metal oxides and tune their WF, 

represent a clear benefit to reduce charge losses and ensure contact selectivity. As 

revealed by our work, these molecules can offer a valid alternative to conventional 

polymers with the aim of increasing the stability and durability of planar p-i-n PSCs. 
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Chapter 4 

A Comparison of Monodentate and 

Bidentate Anchoring Group of Small 

Molecules as Hole Transport Layer for 

Perovskite Solar Cells 

4.1 Introduction 

Energy has become one of the main problems of humanity after the industrial 

revolution and the rise in world population. Most of the energy resources depend on 

fossil fuels which causes environmental problems. In order to solve these problems, 

intense research is carried out on renewable energy sources. The sun is the primary 

renewable energy source for the Earth. Converting efficient, cost-effective, and 

sustainable solar energy is a foremost challenge for this era. In recent years, 

researchers have been working on many types of solar cells for efficient photovoltaic 

energy conversion from the sun. 

In a short time, the power conversion efficiency (PCE) of an organic-inorganic 

perovskite solar cells (PSCs) has increased from 3.8% to over 25% [8, 9]. The key to 

surpassing the efficiency of silicon-based solar cells in a short time is to understand 

perovskite material, which has high carrier mobilities, tunable bandgap, high 

absorption coefficient, long exciton charge diffusion length and long charge carrier 

lifetime [49, 89]. The configuration of PSCs can be divided into two main sandwich 

structures as regular (n-i-p) and inverted (p-i-n). For instance,  in regular PSCs 
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configuration, n-type mesoscopic metal oxides, such as TiO2, Al2O3 or ZrO2 are 

utilized under the perovskite absorber layer due to their highly electron selective 

properties [90]. However, high processing temperatures (~450 ˚C) are required to 

calcinate these mesoscopic metal oxides, which significantly increases the 

production cost of these devices. Moreover, while this requirement makes it 

impossible to manufacture solar cells on flexible substrates, it is also a non-negligible 

obstacle for a large-scaled commercial device production method likewise  a roll-to-

roll process [91, 92]. Even though inverted PSCs have lower device performance 

than regular PSCs, they have a lower processing temperature (~100 ˚C) that allows 

them to be used on flexible and large-scaled substrates. Besides, inverted PSCs 

exhibit low hysteresis [81], and high long-term stability [93] since p-type charge 

selective contact does not need dopants that cause degradation [94].  

Additionally, the interface between the perovskite layer and charge selective layers 

plays a critical role in achieving high PCE by reducing charge recombination losses 

and maximizing open circuit voltage (VOC). Poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] (PTAA) is one of the most widely used hole transport 

material in high efficiency inverted PSCs, despite its high-cost production and 

unstable polymer structure [95, 96]. To get rid of these obstacles to the 

commercialization of inverted PSCs, researchers have started to search for new 

materials likewise self-assembled molecules (SAMs). SAM molecules have 

previously used to modify transparent conductive oxide (TCO) in organic based 

optoelectronic devices. In 2018, SAMs had been first used as hole transport layer 

(HTL) in inverted PSCs [62, 97], and one of this first study is done by our group. 

Lastly, SAMs have been used intensively in perovskite solar cells after being 

commercially available on the market and led to over 22% in PCE [98-100]. As a 

larger variety of SAMs are needed due to these developments, we synthesized novel 

SAMs based bidentate anchoring groups that have not been used in PSCs until now.  

In principle, SAMs are formed by 3 main moieties: a terminal moiety that controls 

the interfacial properties of thin films (1-3 nm), a spacer moiety that determines the 

packing geometry, and an anchoring moiety that forms chemical bond between small 

molecule and metal oxide. Each of the moieties plays a crucial role in obtaining a 

homogenous and stable thin film, and the selection of anchor groups takes 
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precedence in improving them. In 2013, Brennan et. al. performed systematically 

comparison between different anchor moieties to explore their effect on the device 

performance. Silatrane, phosphonic acid and carboxylic acid are preferred to 

functionalize a tetra-arylphorphyrin for attaching them onto metal oxide surface in 

dye-synthesized solar cells. They demonstrated that using carboxylic acid instead of 

phosphonic acid or silatrane as anchoring moiety almost doubled the short-circuit 

current, having better coverage metal oxide. As a consequence, improved light 

absorption boosted the PCE of the device [101].  

The other main purpose of SAMs is tuning the work function of metal oxide surfaces 

to control the interface energy level alignment between different materials. On the 

contrary of PTAA, to produce SAMs are cheaper and reproducible owing to being 

small molecule. Additionally, their deposition technique onto metal oxide covered 

substrates can be alterable due to having low material consumption. 

Herein, three novel SAM molecules with carboxylic acid anchoring groups are used 

as HTLs for inverted perovskite solar cells while PTAA used as baseline HTL for 

performance comparison. Two of SAM molecules have bidentate anchoring group 

(nominated MC-54 and MC-55) while one of them has monodentate anchoring group 

(nominated MC-45). Besides the PTAA comparison, we also have made a 

comparison between those two types of molecules (monodentate and bidentate 

group). In this paper, we studied surface engineering of the influence of SAM 

molecules on indium tin oxide (ITO) electrode, formation of perovskite and 

photovoltaic performance of PSCs. According to the results, high efficiency is 

obtained with SAM based two anchor groups without the need for any of inorganic 

or organic hole transport layers. 

4.2 Result and Discussion  

The chemical structures of the novel SAM and employed reference molecules are 

illustrated in Fig. 4.1a where 4'-(bis(4-methoxyphenyl)amino)-[1,1'-biphenyl]-4-

carboxylic acid (MC-45), 4',4'''-([1,1'-biphenyl]-4,4'-diylbis(m-

tolylazanediyl))bis(([1,1'-biphenyl]-4-carboxylic acid)) (MC-54) and 4',4'''-([1,1'-

biphenyl]-4,4'-diylbis(naphthalen-1-ylazanediyl))bis(([1,1'-biphenyl]-4-carboxylic 

acid)) (MC-55). Fig. 4.1b-c shows the state-of-the-art device architecture employed 
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with SAMs or PTAA in inverted device configuration and cross-section field-

emission scanning electron microscopy (FESEM) image of a completed device, 

respectively. The energy level alignment between the ITO/perovskite interfaces is a 

critical parameter for efficient charge injection from perovskite to the ITO electrode. 

So, work function (WF) of SAM modified ITO was found and shown in Figure 4.1d.  

 

 

Figure 4.1: (a) Chemical structure polymeric PTAA and SAM molecules, (b) device 

structure of p-i-n (inverted) perovskite solar cell, (c) cross section 

FESEM images of a complete device, (d) work function of bare ITO, 

SAM modified ITOs, PTAA and CsMAFA perovskite 

 

Before starting to fabrication of devices, thermal (TGA, DSC) and electrochemical 

(CV, UV-vis) behaviors of SAM molecules were recorded. After that, ITO surface 

modified by SAM molecules was characterized by XPS, AFM and contact angle 

measurements. Additionally, the surface morphology of perovskite film and 

perovskite crystallinity was measured by FESEM and XRD, respectively. Finally, 

photovoltaic measurement of devices was conducted. Each part of characterization 

was detailed as in the following sections.  
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4.2.1 Thermogravimetric (TGA) and Differential Scanning 

Calorimetry (DSC) Measurement of SAM molecules 

The thermal behavior of MC-45, MC-54 and MC-55 was measured by TGA (Figure 

4.2) and DSC (Figure 4.3). The result of TGA investigation, confirmed high thermal 

stability with decomposition temperatures (Tdes), determined 5% weight loss for MC-

45, MC-54, and MC-55 of 313, 242, and 295 ℃, respectively.    

 

 

Figure 4.2: TGA analyses of MC-45, MC-54 and MC-55 at scan rate of 10℃/min 

under N2 atmosphere 

 

In addition, DSC measurement was carried out to determine glass transition 

temperatures (Tg) of SAM molecules. Their Tg temperatures were determined from 

second heating cycle as 180, 184, and 182 ℃, respectively. Thermal behavior results 

confirm that these SAM molecules can resist the annealing process temperature of 

perovskite (100 ℃). 

Tdes and Tg values of SAM from TGA and DSC are listed in table 4.1. 
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Figure 4.3: DSC analyses of MC-45, MC-54 and MC-55 at scan rate of 10 ℃/min 

under N2 atmosphere 

 

Table 4.1: Thermal properties of SAM molecules 

 MC-45 MC-54 MC-55 

Tdes (℃) 313 242 295 

Tg (℃) 180 184 182 

 

4.2.2 Optical and Electrochemical Characterization of 

Molecules 

To determine the effect of SAM molecules on the WF of ITO, cyclic voltammetry 

investigation was performed by using a three-electrode system in solution and on 

modified ITO surface. The results are illustrated schematically in Figure 4.4. The 

highest occupied molecular orbital (HOMO) levels of molecules are determined from 

the inflection point of CV with the solution process (Fig. 4.4a) and calculated from 

equation 4.1. The HOMO level of MC-45, MC-54 and MC-55 are calculated as 

5.17, 5.22 and 5.30 eV, respectively. Similarly, the new work function of ITO, 

after modification with SAM molecules (ITO/MC-45, ITO/MC-54, and ITO/MC-55) 
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was found as 5.12, 5.16 and 5.26 eV from the inflection point of CV (Fig. 4.4b) 

and calculated with equation 4.1. Additionally, the lowest unoccupied molecular 

orbital (LUMO) levels and optical bandgap of SAMs are calculated from the 

absorption edge wavelength of UV-Vis spectra (Fig. 4.4c).  

The optical and electrochemical values of SAM molecules are listed in table 4.2. 

EHOMO =  (E1/2(ox) + 4.4) eV (4.1) 

 

 

Figure 4.4: CV voltammogram of SAM molecules in solution (a) and ITO/SAM 

coating (b). UV (dashed lines) and PL Intensity (solid lines) of MC-45, 

MC-54 and MC-55 (c) 
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Table 4.2: HOMO, LUMO and bandgap values of SAM molecules 

 MC-45 MC-54 MC-55 

HOMO (eV) 5.17 5.22 5.30 

LUMO (eV) 2.16 2.20 2.27 

WF of SAM 

modified ITO 

(eV) 

5.1 5.16 5.26 

Eg
opt.

 (eV) 3.01 3.02 3.03 

 

4.2.3 Effects of SAM Molecules on ITO surface and 

Perovskite properties. 

For further exploration of surface modification of ITO, the atomic bonds of SAMs on 

the ITO surfaces were examined using X-ray photoelectron spectroscopy (XPS). 

Figure 4.5 shows the high-resolution survey spectrum of C1s and O1s for ITO/MC-

45, ITO/MC-54, ITO/MC-55 and bare ITO. The C1s spectra are fitted by three peaks 

corresponding to carbon in the different chemical environments. The binding energy 

peaks of C1s (Fig. 4.5 left) for ITO/MC-45 at 284.3, 285.2 and 287.7 eV, for 

ITO/MC-54 at 284.0, 284.9 and 288.2 eV and for ITO/MC-55 at 284.4, 285.1 and 

288.7 eV are assigned to C─C or C─H, C─O─C and O─C=O, respectively. The 

peaks at 287.7, 288.2 and 288.7 eV are attributed to O─C=O (ester bonding) and 

indicate the formation of covalent bonds between ─COOH (carboxylic acid) 

anchoring moieties of MC-45 (Fig.4.5a), MC-54 (Fig.4.5b) and MC-55 (Fig.4.5c) 

molecules and ─OH (hydroxyl moieties) existent on the ITO surface [62, 98]. 

The O1s high-resolution survey spectra (Fig.4.5 right) show three main components 

for all SAMs. The O1s of ITO/MC-45 peaks observed at 530.0, 531.2, and 533.6 eV 

correspond to lattice oxide in lnxSnyOz and carbonyl group (C=O), respectively. 

Approximately the same peaks are obtained from ITO/MC-54 and ITO/MC-55 

coated surfaces. 

All corresponding bonding energy of functional groups was given in Table 4.3. 
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Figure 4.5: XPS high-resolution surface spectra of C1s and O1s for ITO/MC-45 (a), 

ITO/MC-54 (b), ITO/MC-55 (c) and bare ITO (d) 
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Table 4.3: The corresponding bonding energy of functional groups of ITO/MC-45, 

ITO/MC-54, ITO/MC-55 and bare ITO 

Samples 
C1s (eV) O1s (eV) N1s 

C─C/C─H C─O─C O─C─O C─O/C─O(H) C = O C─O  

MC-45 284.3 285.2 287.7 530.0 531.2 532.6 400.0 

MC-54 284.0 284.9 288.2 529.6 530.6 532 399.4 

MC-55 284.4 285.1 288.7 529.9 530.9 532.3 399.6 

Bare 

ITO 
284.8 285.6 289.2 530.1 531.3 532.6  

 

The high-resolution survey spectrum of C1s and O1s for bare ITO is shown in Figure 

4.5d. As in ITO/MC-45, ITO/MC-54, and ITO/MC-55, the same functional groups 

and almost the same peaks are obtained from C1s and O1s high-resolution survey 

spectrum of bare ITO.  

Figure 4.6 shows high-resolution surface spectra of N1s for ITO/MC-45, ITO/MC-

54, ITO/MC-55 and bare ITO. The binding energy peak of N1s for ITO/SAM 

molecules is around 400 eV. Bare ITO does not have any peak around 400 eV 

because it does not contain ‘N’ element. The absence of ‘N’ peak on bare ITO 

whereas its presence on SAM modified ITO surface confirms that SAM molecules 

successfully covered the ITO substrates. 

In addition to the XPS high-resolution surface spectra, surface spectra of the 

ITO/MC-45, ITO/MC-54, and ITO/MC-55 are given in Fig. A.4, Fig. A.5 and Fig. 

A.6, respectively. 
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Figure 4.6: High resolution surface spectra of N1s for ITO/MC-45, ITO/MC-54 and 

ITO/MC-55 

 

Surface topography and root mean square (RMS) of bare ITO, ITO/PTAA and SAM 

modified ITOs are determined by Atomic Force Microscopy (AFM) from different 

scan scales. Surface topography images and RMS roughness values are given in 

Figure 4.7 and Figure 4.8, respectively. According to roughness values, the ITO 

morphology becomes smoother after modification (Fig. 4.8). This result shows that 

SAM molecules do not have adverse effects on surface morphology and ITO 

permeability. 

 



55 

 

 

Figure 4.7: Surface topography of bare ITO, ITO/PTAA, ITO/MC-45, ITO/MC-54 

and ITO/MC-55 from different scan scales 

 

 
Figure 4.8: RMS values of bare ITO and modified ITO from different scan scales 

 

Area images of surface potential differences are beneficial to understanding whether 

ITO is covered homogeneously with SAM molecules or not. Figure 4.9 shows the 

high resolution of surface topography of ITO/SAM molecules and surface potential 
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mapping of ITO/SAMs measured using KPFM. According to the previous report 

[102-104], the surface potential of ITO is increased after being treated with SAMs. 

As can be seen from surface potential images (Fig 4.9), it can be said that SAMs are 

homogeneously deposited on the ITO surface using the dip-coating method. 

 

 

Figure 4.9: Surface topography and surface potential mapping of ITO/SAM from 

KPFM 

 

The surface wettability of ITO substrates is investigated before and after 

modification with SAMs by contact angle measurement in a sessile water drop 

experiment. As it is well known, bare ITO has a hydrophilic character because 

hydroxyl and carboxyl groups consist on its surface [105-107]. Thus, the unmodified 

ITO surface shows a high wettability according to water. Although wettability allows 

us to obtain a homogeneous perovskite film on top of it, it has been reported that 

water and moisture harm perovskite device performance and stability [108-110]. The 

interface between perovskite and functional layers is important saving perovskite 

layer from environmental effects. Figure 4.10 shows water contact angles of bare 

ITO, ITO/MC-45, ITO/MC-54 and ITO/MC-55 as 54˚, 85˚, 87˚ and 88˚ respectively. 

The results show that hydrophobic characters of SAM molecules are in favor of 

blocking moisture into devices [111]. SAM formation provides a non-wetting surface 
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and reduces the dragging force between the perovskite layer and ITO/SAM surface. 

It contributes to the formation of large grains [49, 112]. 

 

 

Figure 4.10: Contact angle of (a) bare ITO, (b) ITO/MC-45, (c) ITO/MC-54 and (d) 

ITO/MC-55 

 

After confirming the existence of SAM molecules on ITO substrates, perovskite is 

deposited on ITO/SAMs surfaces and PTAA thin film (~10 nm). After that, FESEM 

and XRD analyses are performed on perovskite films to verify the effect of SAM 

molecules on perovskite grain size and perovskite crystallinity. Perovskite film 

quality has a significant effect on the performance of PSCs. The quality of the film is 

determined by grain size, good crystallinity, pin hole-free with whole surface 

coverage. Various methods have been used to improve PSCs film quality such as 

controlling crystal growth, solvent engineering [74, 113], layer by layer vapor 

deposition [114], fast deposition-crystallization [115], so on [76, 116]. However, 

according to some studies, grain boundaries are a major recombination center in 

iodide-based perovskite and that is degrading cell performance [21, 113, 117, 118]. 

To overcome this problem, the number of grain boundaries should be reduced and 
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increased grain size is one of the most effective ways to reduce it. Figure 4.11 shows 

the top view of FESEM images and grain size distributions of perovskite films on 

bare ITO, PTAA, MC-45, MC-54 and MC-55. 

 

 

Figure 4.11: FESEM images (up and middle) and grain size distribution (down) of 

perovskite films before and after modification of ITO. Perovskite was 

deposited on a) bare ITO, b) ITO/PTAA, c) ITO/MC-45, d) ITO/MC-54 

and e) ITO/MC-55 

 

The first line images of SEM show high resolution of perovskite films (mag 100000 

X) and second-line images are selected with large scale area (mag 65000 X) to detect 

more grains for determining grain boundary distributions with better accuracy. A 

horizontal and vertical red line separated these images in the middle and gain size 

distributions are found by calculating the size of all grains on these lines. According 

to the results, mean values of grain size of perovskite films are significantly 

increased after modifications of SAM molecules (Table 4.4) that reduce the grain 

boundaries and decrease the density of charge traps and electron-hole recombination 

[117, 119], increasing the carrier transport and charge collection efficiency [113, 

120-122]. 
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Table 4.4: Grain size distribution results of perovskite films surface 

Samples 
Number of 

Grains 

Mean 

(nm) 

Minimum 

(nm) 

Maximum 

(nm) 

Bare ITO 56 213.92 44.55 523.34 

PTAA 58 208.32 102.45 485.45 

MC-45 48 268.23 90.42 491.70 

MC-54 50 264.02 85.33 515.35 

MC-55 42 272.63 113.14 542.06 

 

In addition to the perovskite films images, the whole device’s cross-section is 

imagined by FESEM (Figure 4.12). According to the images, all layers of the devices 

are successfully coated.   

 

 

Figure 4.12: SEM cross-section of full devices: (a) ITO/PTAA, (b) ITO/MC-45, (c) 

ITO/MC-54, and (d) ITO/MC-55 

 

XRD is used to characterize the crystal structure of CsMAFA perovskite (Figure 

4.13). The diffraction peaks of XRD at 14.10˚, 19.93˚, 24.43˚, 28.30˚, 31.80˚, 34.90˚, 

40.54˚ and 43.00˚ correspond to (100), (110), (111), (200), (210), (211), (220) and 
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(300) planes to a tetragonal phase of CsMAFA perovskite, respectively. The 

diffraction peak at 12.65˚ belongs to residual PbI2. Moreover, excess PbI2 can 

passivate defects, increase VOC [123, 124], and short-circuit current (JSC) [125], 

improving device stability, and significantly, protecting against water or oxygen-

induced degradation [126, 127]. 

 

 

Figure 4.13: XRD patterns of bare ITO, ITO/PTAA, ITO, MC-45, ITO/MC-54 and 

ITO/MC-55 

 

To investigate the effect of these novel SAMs on hole transport properties and carrier 

recombination at the interface between perovskite and selective contact, steady-state 

photoluminescence (PL) spectra and time-resolved PL (TrPL) of ITO/CsMAFA, 

ITO/PTAA/CsMAFA, and ITO/SAMs/CsMAFA films are performed (Figure 4.14). 

CsMAFA perovskite film deposited on bare ITO, PTAA, and SAMs modified ITOs 

to compare PL intensities. Then, poly[methyl methacrylate] films are deposited on 

perovskite layers to protect them from the environment. As shown in Figure 4.14a, 

PL intensities of devices containing SAMs and PTAA are significantly lower than 

the PL intensity of ITO/CsMAFA film. It indicates that SAM molecules facilitate the 

hole transfer from the perovskite layer to ITO, improving hole extraction and 
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suppressing carrier recombination [128]. Furthermore, TrPL measurement is 

performed to analyze carrier lifetime at the interface of perovskite and HTLs. TrPL 

decay measurement was shown as in Figure 4.14b. As previously reported [98, 129, 

130], TrPL was fitted to a bi-exponential decay function. The carrier lifetimes, 𝛕1 

(𝛕2), of ITO/CsMAFA, ITO/PTAA/CsMAFA, ITO/MC-45/CsMAFA, ITO/MC-

54/CsMAFA and ITO/MC-55/CsMAFA are 29.4 (110.2), 10.6 (48.4), 15.4 (75.6), 

15.8 (66.9) and 21.2 (78.3) ns, respectively (Table 4.5). TrPL results further prove 

that hole extraction from the perovskite layer to the ITO is improved after 

modification with SAM molecules. 
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Figure 4.14: (a) Steady-state PL and (b) TrPL spectra of CsMAFA perovskite film on 

bare ITO, PTAA, MC-45, MC-54 and MC-55 
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Table 4.5: Carrier lifetime at the interface of ITO/CsMAFA, ITO/PTAA/CsMAFA, 

ITO/MC-45/CsMAFA, ITO/MC-54/CsMAFA and ITO/MC-55/CsMAFA that 

obtained from TrPL 

Films 𝛕1 (ns) 𝛕2 (ns) 

ITO/CsMAFA/PMAA 29.4 110.2 

ITO/PTAA/CsMAFA/PMMA 10.6 48.4 

ITO/MC-45/CsMAFA/PMMA 15.4 75.6 

ITO/MC-54/CsMAFA/PMAA 15.8 66.9 

ITO/MC-55/CsMAFA/PMMA 21.2 78.3 

 

4.2.4 Photovoltaic Performance 

Figure 4.1b illustrates the device structure of the inverted PSC (ITO/SAM or 

PTAA/CsMAFA/C60/BCP/Ag). In this study, triple cation perovskite (CsMAFA) 

was deposited on HTLs (SAMs and PTAA) by spin coating, then C60 and 

bathocuproine (BCP) layers were evaporated thermally on the perovskite layer. 

Lastly, the silver (Ag) electrode is thermally evaporated to complete device structure. 

All fabrication method is explained in detail in the experimental section of Chapter 2. 

PTAA is commonly used in recently published high PCE p-i-n PSCs as a polymeric 

HTL due to performing high efficiency. In this study, as mentioned before, three 

novel SAM molecules (MC-45, MC-54 and MC-55) are used as HTLs while PTAA 

is used as baseline HTL for performance comparison of cells with SAMs.  
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Figure 4.15: (a) J-V curves of best solar cells in forward (JSC to VOC, solid line) and 

reverse scan (VOC to JSC, dashed line). (b) External quantum efficiency 

(EQE) spectra which show integrated current density of best solar cells. 

(c) Statistic values of photovoltaic parameters with PTAA, MC-45, 

MC-54 and MC-55 HTL for both forward (fwd) and reverse (rev) scan 

direction 

 

Figure 4.15a shows the current density versus voltage (J-V) curves of the best 

devices of PTAA, MC-45, MC-54 and MC-55 under one sun illumination (AM 1.5G, 

100mW/cm
2
). J-V characteristic scan was performed in forward (JSC to VOC, solid 
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lines) and reverse (VOC to JSC, dashed lines) at a scan rate of 40 mW/s. As can be 

understood from J-V curves, all cells present negligible hysteresis. Figure 4.15b 

shows the external quantum efficiency (EQE) of champion devices with integrated 

JSC. The maximum EQE peaks of the best-performing devices are around 90% EQE, 

indicating a significant photon to electron conversion and less recombination [100]. 

There is a minor difference between JSC values obtained from J-V curves and 

integrated JSC obtained from EQE. All photovoltaic parameters and hysteresis index 

(HI) of the best devices are summarized in Table 4.6. A statistic distribution of 

photovoltaic performances of JSC, VOC, fill factor (FF) and PCE is shown in Figure 

4.15c. 

According to the results, SAM-based bidentate anchor groups (MC-54 and MC-55) 

have higher PCE than MC-45 and PTAA. The best PCEs of MC-54 and MC-55 are 

19.52% and 18.99% surpassing the best value of MC-45 (16.69%) and PTAA 

(18.62%). Especially, MC-54 and MC-55 have better JSC according to MC-45 which 

has monodentate anchor group. It can be said that MC-54 and MC-55 have a better 

hole injection from perovskite to ITO electrode according to MC-45. In addition, 

SAMs’ statistical values of photovoltaic parameters (Figure 4.15c) exhibit higher 

reproducibility than PTAA. 

 

Table 4.6: Photovoltaic parameters of best performing devices 

Samples Scan 

 

JSC 

(mA/cm
2
) 

JSC_EQE 

(mA/cm
2
) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 

HI 

(%) 

Vbi 

(V) 

PTAA 
Forward 21.76 

21.69 
1.117 75.82 18.43 

0.010 1.10 
Reverse 21.79 1.123 76.14 18.62 

MC-45 
Forward 20.56 

20.55 
1.092 74.35 16.69 

-0.010 1.082 
Reverse 20.38 1.095 74.08 16.53 

MC-54 
Forward 22.18 

21.59 
1.098 79.57 19.38 

0.007 1.092 
Reverse 22.32 1.105 79.15 19.52 

MC-55 
Forward 21.99 

21.53 
1.089 77.45 18.54 

0.023 1.089 
Reverse 21.90 1.093 79.32 18.99 
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Built-in Potential (Vbi) has a significant effect on solar cell parameters. It is 

determined by extrapolating the linear part of J-V curves at J = 0 under dark 

conditions. Vbi values of PTAA polymer and SAM molecules were found from dark 

J-V curves (Figure 4.16) and listed in Table 4.6. A maximum achievable VOC is 

limited by Vbi [131]. As depicted in Table 4.6, MC-45 has a lower VOC according to 

MC-54 and MC-55. With a large VOC, the driving force of charge separation is 

expected to be larger [132]. Therefore, the current density of devices is supposed to 

be higher with a large Vbi. Depending on these results, MC-54 and MC-55 

modifications show higher current density than MC-45 modification. A larger built-

in potential will not only increase the driving force of charge separation but also 

extended the depletion region for efficiently suppressing recombination [133]. Which 

is supports steady-state PL and TrPL measurements.  

 

 

Figure 4.16: Built-in potential is estimated from dark J-V curves of PTAA (a), MC-

45 (b), MC-54 (c) and MC-55 (d) 

 



67 

 

Analysis of J-V characteristics as a function of light intensity is a common approach 

to define the recombination mechanism [134]. Figure 4.17 shows J-V curves of PSCs 

with PTAA, MC-45, MC-54 and MC-55 hole transport materials respect to light 

intensity. For this measurement, different optical filter were used to obtain different 

light intensity. Under low level light intensity, Shockley-Read-Hall (monomolecular) 

process is dominating charge carrier recombination by trap sites such as substitutions 

or interstitials and vacancies [65, 135]. However, with increasing charge carrier 

density, radiative (biomolecular) recombination between unbound electrons and 

holes take over [136].  

 

 

Figure 4.17: J-V curves of PTAA, MC-45, MC-54 and MC-55 based devices at 

different light intensity 

 

From J-V curves of figure 4.17, VOC and JSC values from each light intensity are 

extracted and plotted as JSC and VOC versus different light intensity (Figure 4.18). 

The variation of JSC and light intensity is fitted by power law function (equation 2.4, 

Chapter 2) where α represent the radiative recombination degree. If α = 1, there is no 

photocurrent losses at the JSC conditions. According to results (Fig. 4.18a), α = 0.98, 
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0.96, 0.97 and 0.98 for PTAA, MC-45, MC-54 and MC-55, respectively. α value for 

all the samples is close to 1 and it is indicates that biomolecular recombination is 

negligible under short-circuit conditions [137]. 

In addition, it is possible to calculate ideality factor (nid) from VOC dependence the 

light intensity. The nid of a diode is a measure of how much solar cell closely ideal 

diode behaviour. The nid is converted from slope of the logarithmic VOC vs light 

intensity (Fig. 4.18b) by equation 2.6 (Chapter 2). Typically, the nid is between 1 and 

2 (1< nid<2). If the nid close to 1 biomolecular recombination dominates, if nid higher 

than 1 and approach to 2, monomolecular recombination dominates mechanism [138, 

139]. 

The nid values are obtained as 1.43, 1.60, 1.48 and 1.56 for PTAA, MC-45, MC-54 

and MC-55, respectively. It is indicating that all devices has acceptable ideality 

factor.  

 

 

Figure 4.18: (a) JSC and (b) VOC dependence of light intensity for different HTM 

 

We have investigated the stability of the completed PSCs based on SAMs and PTAA 

in the ultrahigh vacuum compatible sample holder at 45 ˚C. The PCE of PTAA based 

PSC rapidly decays and eventually collapses after 10 h, whereas the MC-45 based 

PSC retains 80% of its initial efficiency after that time. This result shows that MC-45 

has better durability than PTAA even if it has lower device performance due to its 
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molecule structure. As can be seen in Figure 4.2, MC-45 has a higher decomposition 

temperature (300 ˚C, 5% weight loss) compared to PTAA (~120 ˚C, 5% weight loss) 

[140].  As demonstrated in a previous study, PTAA exhibits faster decay due to 

breaking the carbon bonds in the aromatic rings into smaller fragments under UV 

light [98]. The rest of the SAM molecules (MC-54 and MC-55) based perovskite 

devices showed slightly slower decays, the 80% of initial efficiency is recorded 15 h 

and 30 h for MC-54 and MC-55, respectively (Figure 4.19a). In addition, stability of 

the SAM molecules on ITO surface was determined by cyclic voltammetry method 

(Figure 4.19b-d). The ITO coated surface was used as a working electrode, a 

platinum wire as a counter electrode, and Ag wire as a reference electrode in 

acetonitrile supporting electrolyte, and 0.1 M TBAPF6. After MC-45, MC-54 and 

MC-55 molecules coated on ITO surface CV was performed on substrates for 30 

cycles. As can be seen from Figure 4.19b-d, the inflection points of each cycle is at 

the same point. These results showed that MC-45, MC-54 and MC-55 coating is very 

stable in terms of electrochemical compounds attached to the ITO surface [141].  

 

 

Figure 4.19: Stability of the completed PSCs based on SAMs and PTAA (a), and 

stability of SAM molecules on ITO for MC-45 (b), MC-54 (c) and MC-

55 (d) measured by CV for 30
th
 cycles 
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After the measuring of photovoltaic performance of devices, we focused on 

analyzing transient photocurrent (TPC), transient photovoltage (TPV), and 

differential capacitance (DC) techniques to investigate carrier recombination, carrier 

transport, and carrier lifetime of complete devices under operation conditions. Our 

group has described these techniques in depth elsewhere [142]. Therefore, each will 

be briefly mentioned. 

Figure 4.20 shows the charges stored in the PSCs under different VOC values. Each 

curve fitted to the linear plus exponential dependence law [143]. The geometrical 

capacitance of free charges accumulating in the selective contacts causes the linear 

component [144]. After contacts are saturated with charges, they start accumulated in 

the perovskite bulk and it shows an exponential trend [145]. This is called chemical 

capacitance. The solid lines at the bottom of Figure 4.20 indicate carriers in the 

perovskite bulk. Geometric capacitance (Cgeo) is extracted (dashed lines) from the 

total charge (symbols). As can be observed from Figure 4.20, the voltage at which 

chemical capacitance becomes suitable for each device follows the trend MC-54 > 

MC-55 >MC-45. 

 

Figure 4.20: Differential capacitance at different light bias with and without Cgeo for 

PSCs with different HTMs. Dashed lines correspond to linear fitting of 

Cgeo. Solid lines (at the bottom) correspond to carrier density after 

subtraction of geometrical capacitance 
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In order to study interface recombination, TPV measurements are carried out on 

PSCs under open-circuit conditions. The charge (n) affects the kinetic of carrier 

recombination. As a result, plotting the data extracted from the TPV measurements 

versus charge is suited for an appropriate comparison between different devices [146, 

147], as shown in Figure 4.21a. Figure 4.21b shows the values after geometrical 

capacitance subtraction. The solid vertical line compares differences in carrier 

lifetime at equal charge values. According to the results, devices with MC-45 show 

faster recombination than devices with MC-54 and MC-55.  Devices with MC-54 

and PTAA almost show the same recombination trend. Therefore, the recombination 

order can be shown as MC-45 > MC-55 > MC-54. In this instance, it is possible to 

obtained recombination order (𝛿) as the power-law slope from Figure 4.21b.  

 τ△n = τ△n0 (n/n0) –λ
 (4.2) 

   

Where λ is the slope of power-law and it is correlate with the recombination order 

(𝛿) as 𝛿 = λ + 1, n0 is the charge density in the equilibrium and τ△n0 is the 

equilibrium small perturbation life time. From Figure 4.21b, recombination orders 

was obtained as 1.06 for (MC-45), 1.08 for (MC-55) and 1.13 for (MC-54). As can 

be seen, the recombination kinetics of all devices follows the same slope trend. The 

deducted recombination orders confirm that all devices are ruled by first-order (𝛿 = 

1) recombination dynamic [148]. 

 

 

Figure 4.21: (a) Charge (n) carrier measured from DC vs carrier lifetime obtained via 

TPV for different HTMs and (b) after subtraction of geometrical capacitance 
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4.3 Conclusion 

In summary, we reported three novel SAM molecules, MC-45, MC-54 and MC-55 as 

HTL and integrated into p-i-n structure perovskite solar cells. SAM treatment is 

demonstrated as an effective way to adjust the work function of ITO to reduce the 

energetic barrier between perovskite and ITO electrode. The presence of SAM 

molecules on the ITO surface is confirmed by XPS, CV, AFM, KPFM and contact 

angle measurements. The modification of SAMs led to formation of high quality 

perovskite films with larger grain size and lower density of traps as indicated in XRD 

analysis and FESEM images. PL and TrPL results show that SAM molecules 

reduced non-radiative recombination at the interface between perovskite absorber 

and contacts. Photovoltaic performance of SAM molecules with bidentate anchoring 

groups (MC-54 and MC-55) have higher PCE than MC-45 which has monodentate 

anchoring group and current standard polymeric PTAA. An explanation for the better 

performance of MC-54 and MC-55 is due to their better charge transfer capability 

that might come from their molecule structure. The best cell performance based MC-

54 has 19.52% PCE with a 22.32 mA/cm
2
 of JSC, 1.10 V of VOC and 79.15% of FF.  

Moreover, SAM modified devices, compared to PTAA-based devices, exhibited high 

reproducibility according to statistic values and showed higher stability in a light-

soaking stability test at open circuit conditions. Finally, we have measured charge 

carrier density and carrier recombination lifetimes using DC and TPV techniques. It 

is clearly demonstrated that SAM molecules can increase the charge carrier lifetime 

and minimize the carrier recombination which totally controls the solar cells 

efficiency. 
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Chapter 5 

General Conclusion 

This thesis aims to utilize novel self-assembled monolayers (SAMs) as a hole 

transport layer for p-i-n structure perovskite solar cells. The main goal is the 

replacement of conventional hole transport layers (PEDOT:PSS and PTAA) with 

SAMs. Indium tin oxide (ITO) is the most used transparent conductive electrode in 

p-i-n structure PSCs. SAM molecules conformably cover the ITO surface by dip-

coating. Afterward, SAM modified substrates are used for the fabrication of PSCs. 

In this thesis, different carbazole-based SAM molecules are applied to both MAPI 

and CsMAFA perovskite devices to analyse the improvement of PSC performance 

and stability of devices.  

In this section, the general conclusion of the thesis are explained briefly for each 

chapter.  

 In the third chapter, two novel SAM molecules, named TPA and MC-43, 

were used as hole transport materials instead of PEDOT:PSS in p-i-n 

structure MAPI perovskite solar cells. With these molecules, we 

demonstrated for the first time that SAMs can be used efficiently as hole 

transport materials. The perovskite solar cells fabricated with these SAM 

molecules showed remarkable PCE. The best cell based on TPA scored 

15.9% PCE with a FF of 77%, VOC of 1.06 V and JSC of 19.4 mA cm
−2

. The 

best performing MC-43 cell scored 17.3% with a FF of 80%, VOC of 1.07 V 

and JSC of 20.3 mA cm
-−2

. As a result of our work, these molecules could be a 

viable alternative to the traditional polymers for improving the stability and 

durability of p-i-n structure perovskite solar cells     
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 In the fourth chapter, 3 novel SAM molecules with carboxylic acid as 

anchoring groups were used as HTLs for inverted perovskite solar cells. At 

the same time, PTAA was used as a baseline HTL for performance 

comparison. Two of these molecules have bidentate anchoring group (MC-54 

and MC-55) while the one has monodentate anchoring (MC-45). Besides the 

PTAA comparison, we also have compared those two types of molecules. 

Photovoltaic performance of the SAM-based two-anchor group has higher 

PCE than MC-45 and current standard polymeric PTAA. The best PCE of 

MC-54 and MC-55 is 19.52% and 18.99% surpassing the best value of MC-

45 (16.69%) and PTAA (18.62). An explanation for the better performance 

exhibited by MC-54 and MC-55 is due to their better charge transfer 

capability that might come from their molecule structure. Last of all these 

results show that high efficiency is achieved by using those molecules which 

can form SAM onto ITO surface thorough their anchoring groups without any 

inorganic or organic hole transporting material like PEDOT:PSS or PTAA. 
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Appendice A 

 

 

Figure A.1: XPS high-resolution surface spectra of C1s (a) and O1s (b) for bare ITO. 

 

 

 

Figure A.2: XPS survey spectrum of bare ITO 
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Figure A.3: J-V characteristic of best PSC based on MC-43 (a) and TPA (b) SAM 

molecules at 1 sun and dark conditions 
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Figure A.4: XPS surface spectrum of ITO/MC-45 

 

 

Figure A.5: XPS surface spectrum of ITO/MC-54 
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Figure A.6: XPS surface spectrum of ITO/MC-55 
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for efficient p-i-n perovskite solar cells; Energy & Environmental Science; 2019, 12, 
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Projects 

 

‘Fabrication of Hysteresis-Free Perovskite Solar cells by SAM Modified Electrode’ 
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