
 

Okinawa Institute of Science and Technology Graduate University 

Energy Materials and Surface Sciences Unit 

 

Thesis submitted for the degree  

Doctor of Philosophy 

 

Surface Science Studies of Perovskite Solar Cells: 

Spiro-MeOTAD Hole Transport Material and 

Perovskite Absorber 
 

 

 

 

by 

Zafer Hawash 

 

 

 

Supervisor: Prof. Yabing Qi 

October, 2017 



I 
 

Declaration of Original and Sole 

Authorship 

I, Zafer Hawash, declare that this thesis entitled “Surface Science Studies of Perovskite Solar 

Cells: Spiro-MeOTAD Hole Transport Material and Perovskite Absorber” and the data 

presented in it are original and my own work. 

 

I confirm that:  

 

• No part of this work has previously been submitted for a degree at this or any other 

university.  

• References to the work of others have been clearly acknowledged. Quotations from the 

work of others have been clearly indicated, and attributed to them.  

• In cases where others have contributed to part of this work, such contribution has been 

clearly acknowledged and distinguished from my own work.  

• The work presented in this dissertation was presented and published as following: 

Publications: 

[4] Hawash, Z.†; Ono, L. K.†; Qi, Y. B.,* Recent Advances in Spiro-MeOTAD Hole 

Transport Material and Its Applications in Organic-inorganic Halide Perovskite 

Solar Cells. Adv. Mater. Interfaces, 2017. (Invited review article, accepted) 

[3] Hawash, Z.; Ono, L. K.; Raga, S. R.; Son, D.Y.; Park, N.G.;* Qi, Y. B.,* Interfacial 

Modification of Perovskite Solar Cells Using an Ultrathin MAI Layer Leads to 

Enhanced Energy Level Alignment, Efficiencies, and Reproducibility, J. Phys. 

Chem. Lett. 2017, 8 (17), 3947. 



II 
 

[2] Hawash, Z; Ono, L. K.; Qi, Y. B.,* Moisture and Oxygen Enhance Conductivity of 

LiTFSI-Doped Spiro-MeOTAD Hole Transport Layer in Perovskite Solar Cells. 

Adv. Mater. Interfaces 2016, 3, 1600117. 

[1] Hawash, Z.; Ono, L. K.; Raga, S. R.; Lee, M. V.; Qi, Y. B.,* Air-Exposure Induced 

Dopant Redistribution and Energy Level Shifts in Spin-Coated Spiro-MeOTAD 

Films. Chem. Mater. 2015, 27, 562. 

 Conferences: 

[6] Feb. 2017: Poster presentation, Hawash, Z.; Ono, L. K.; Raga, S. R.; Lee, M. V.; 

Qi, Y. B.,* “Enhancement of Electrical and Electronic Properties of LiTFSI Doped 

Spiro-MeOTAD Hole Transport Layer upon Different Environmental Conditions”, 

Asia-Pacific Hybrid and Organic Photovoltaics (AP-HOPV17), Yokohama-shi, 

Japan.  

[5] Nov. 2016: Oral presentation, Hawash, Z.; Ono, L. K.; Qi, Y. B.,* “The Effects of 

Ambient Exposure on Charge Transport Properties of LiTFSI Doped Spiro-

MeOTAD HTL in Perovskite Solar Cells”, Materials Research Society (MRS) 2016, 

fall meeting, Boston, USA. 

[4] Mar. 2016: Poster presentation, Hawash, Z.; Ono, L. K.; Qi, Y. B.,* “Moisture 

and Oxygen Induced Enhancement of the Conductivity in LiTFSI Doped spiro-

MeOTAD films”, The Japan Society of Applied Physics (JSAP), Tokyo Inst. of 

Tech, Tokyo, Japan. 

[3] Jan. 2016: Invited oral presentation, Hawash, Z.; Ono, L. K.; Qi, Y. B.,* 

“Moisture and Oxygen Induced Enhancement of the Conductivity in LiTFSI Doped 

Spiro-MeOTAD Films”, International Symposium on Functional Materials (ISFM 

2016), OIST, Okinawa, Japan. 

[2] May 2015: Poster presentation, Hawash, Z.; Ono, L. K.; Raga, S. R.; Lee, M. V.; 

Qi, Y. B.,* “Air Exposure Effects on Spin Coated Spiro-MeOTAD Films and 

Implication on Perovskite Solar Cell Stability”, International Conference on Hybrid 

Inorganic-Organic Photovoltaics (HOPV15), Rome, Italy. 



III 
 

[1] Jun. 2014: Poster presentation, Hawash, Z.; Ono, L. K.; Qi, Y. B.,* “Air Exposure 

Induced Oxidation of Doped Spiro-MeOTAD Based Hole Transport Layer: 

Implications on Perovskite Solar Cell Devices” Challenges to open up the new era 

of organic photonics and electronics from material to market - from Asian 

perspective, Institute of Physical Chemistry, Polish Academy of Sciences, 

Department of Photochemistry and Spectroscopy, Warsaw, Poland. 

 

 

Date: October, 2017 

Signature: 

 

 

  



IV 
 

Abstract 

Surface Science Studies of Perovskite Solar Cells: Spiro-MeOTAD Hole Transport Material 

and Perovskite Absorber 

The past few years have witnessed an emergence of an outstanding class of thin film solar 

cells, which are based on organic-inorganic light absorbers, namely, perovskite solar cells (PSCs). 

PSCs possess energy conversion efficiencies (PCEs) comparable to traditional silicon and other 

solar cell technologies. To achieve high efficiencies, typically perovskite materials are sandwiched 

between selective contacts, which significantly facilitate charge carries extraction. These contacts 

are made of either electron or hole selective material and are called electron transport material 

(ETM) and hole transport material (HTM). This thesis discusses surface science aspects of the 

doping mechanism of spiro-MeOTAD HTM, and an engineering approach of the perovskite/spiro-

MeOTAD HTM interface for enhanced energy level alignment, efficiency, and reproducibility. 

In this thesis surface science techniques (i.e., photoemission spectroscopy (PES), atomic 

force microscopy (AFM), and scanning electron microscopy(SEM)) combined with current-

density voltage (J-V) measurements on hole only devices and PSCs are employed. PES 

measurements revealed that ambient air-exposure results in the migration of the commonly used 

Li-salt dopants from the bottom to the bulk (including top surface) of the spiro-MeOTAD HTM 

film. AFM and SEM images revealed the presence of pinholes with an average diameter of ~135 

nm, with a density of ~3.72 holes/µm2, and these pinholes form channels wiggling across the doped 

spiro-MeOTAD film. Under controlled environments of H2O (relative humidity 90%) and dry O2, 

PES measurements revealed that H2O is the constituent component in ambient air that leads to the 
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redistribution of the LiTFSI dopants. In addition, the J-V measurement results on hole only devices 

revealed that H2O vapor exposure results in an irreversible enhancement of LiTFSI-doped HTM 

conductivity due to redistribution of the LiTFSI dopants across the HTM film, which was 

examined by PES measurements. On the contrary, O2 exposure results in a reversible enhancement 

of the HTM film under applied bias, in which this enhancement is mainly due to O2 doping, which 

was confirmed by PES measurements.  

In addition, to achieve better energy level alignment between the HTM and the perovskite 

absorber, an intentional deposition of an ultrathin layer of methylammonium iodide (MAI) on top 

of a methylammonium lead iodide (MAPI) perovskite film was implemented. Using PES 

measurements, it was found that the deposition of small amount of MAI on top of MAPI results in 

an interfacial, favorable, energy-level tuning of the MAPI film. XPS measurements revealed that 

the enhanced energy-level tuning was from MAI dissociated species, not the MAI itself. 

Furthermore, the optimized energetics were verified using perovskite solar cells. Substantially 

enhanced stabilized-PCE and reproducibility was achieved (from 15 ± 2% to 17.2 ± 0.4%). 
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Chapter 1:  Instrumentation 

1. 1. Ultra-High Vacuum: 

In this dissertation, high vacuum and ultra-high vacuum (UHV) were utilized for different 

experiments. Medium to high vacuum was used for evaporation of different materials such as gold 

electrodes for hole-only devices, for perovskite solar cells, for interfacial modification of the 

perovskite, and for the environmentally controlled experiments (10-5- 10-8 Torr.). UHV was used 

as the environment for the photoemission spectroscopy as well as scanning electron microscopy 

(10-7- 10-9 Torr.). 

In surface science studies, the need for the vacuum conditions relies on different factors. The 

main reason for utilizing high vacuum conditions is to maintain a clean surface of the samples 

under study. This can simply be depicted based on Hertz-Knudsen equation which explains the 

molecular flux of materials and its linear relation with pressure.1 The surface cleanness is directly 

related to the analytical techniques used to study the sample. Some of these techniques are very 

sensitive to surface and its probing depth is in range of few nanometers as will be discussed later. 

Another reason for using vacuum is the setup requirements for some specific analytical techniques, 

in which the minimum scattering for a generated photoelectron by other gas molecules is required. 

Similarly, an ejected photoelectron from a specific element needs to travel without any interruption 

to the analyzer. 
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1. 2.  X-ray Photoelectron Spectroscopy (XPS): 

XPS was implemented for investigation of the chemical changes in different layers of the 

perovskite solar cells. The core levels of specific elements related to the material under study were 

monitored. In case of spiro-MeOTAD HTM, the core levels of the spiro-MeOTAD elements as 

well as the used dopants were monitored before and after different environmental conditions. 

Similarly, in the perovskite/spiro-MeOTAD interface modification study, the perovskite absorber 

layer elements were monitored and compared before and after different modification steps. 

XPS is mainly based on the photoelectric effect which was described theoretically by Albert 

Einstein when he discussed the production and conversion of light.2 Einstein’s work lead 

researchers to develop the instrumentation for XPS and a Nobel prize in physics was granted to 

Kai Siegbahn in 1981 for his contribution to develop a high-resolution electron spectroscopy 

“electron spectroscopy for chemical analysis (ESCA)”.3 ESCA or alternatively XPS is based on 

the employment of a soft x-ray beam with an energy of (hv) to excite an electron from the core 

levels of a specific element with specific binding energy (BE), Fig. 1.1. Then an electron 

spectrometer measures the kinetic energy (EK) of the ejected photoelectrons and therefore, the BE 

of the ejected electrons will be given by equation (1.1): 

BE = hv — EK — Φsample         (1.1) 
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Figure 1.1 Representation of photoelectron generated in XPS from an element core level. 

XPS allows us to qualitatively and quantitatively identify almost all of the periodic table 

elements that we have in the top surface of our samples. Therefore, it is one of the most powerful 

techniques for chemical analysis of solid surfaces. 

1. 3.  Ultraviolet Photoelectron Spectroscopy (UPS) 

In this dissertation UPS was used for exploring the electronic structures for the spiro-

MeOTAD HTM as well as the perovskite absorber. UPS was used to determine the valance band 

(VB) and the work function (WF) of the films under study. 

Similar to XPS, UPS relies on the photoelectric effect in which a monochromatic beam is 

utilized to eject electrons of the material under study and therefore probe its VB and WF. Usually, 

the bandwidth of the materials is in range of few eV. Therefore, a low energy photon excitation 

source is used and often He I, which provides 21.21 eV photon source. The excited electrons 

undergo elastic and inelastic process before reaching the detector, which can translate their kinetic 

energies into a characteristic spectrum that provides us with the WF and VB values (Fig. 1.2). 
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Figure 1.2 Photoexcitation of electrons in UPS. 

 

1. 4.  Inelastic mean free path (IMFP) 

The inelastic mean free path (IMFP) is one of the important aspects for electrons when 

working with photoemission spectroscopy. It explains the mean distance that an electron can travel 

before it loses some of its energy due to interaction with other particles. Therefore, it is important 

when employing photoelectrons as excitation source as well as for the afterwards ejected electrons. 

In 1979, Seah and Dench4 provided a compilation for all measured IMFP for elements. 

Interestingly, the compiled data shows that IMFP for electrons with energy of 10 to 1000 eV goes 

from about 1.5 nm to a minimum of about 0.45 nm. Therefore, this is a very important concept 

when using photoemission spectroscopy, specially with the employment of different photoelectron 

energies to study surfaces of materials. 

1. 5.  Scanning Electron Microscopy (SEM) 

SEM utilizes a focused beam of electrons to provide high-resolution images by scanning of 

the sample surface. SEM provides images which are generated with depth effect and therefore it 
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has three-dimensional looking images. It consists mainly from an electron gun, electromagnetic 

lenses, beam deflection system for scanning, and detector. 

Two kinds of electrons are generated or emitted from the sample while scanning with the 

electron beam: secondary electrons and backscattered electrons. The backscattered electrons are 

generated from elastic scattering of the beam electrons. The secondary electrons are generated 

from inelastic scattering of the electrons due to ejection of electrons from the sample atoms. While 

the back scattered electrons provide information about the elemental composition of the sample, 

the secondary electrons provide topographical information. 

In SEM, the resolution of the created images depends highly on the electron probe area on 

sample surface. There are few important parameters that controls the probe diameter: the probe 

current, the convergence of the probe, and the brightness of the beam. The brightness of the beam 

is dependent on the electron gun type (field emission> LaB6> tungsten) and proportional to the 

acceleration voltage used. 

1. 6.  Atomic Force Microscopy (AFM) 

AFM or generally the scanning probe microscopy (SPM) is relatively a new characterization 

technique compared to that using beam of electrons or visible light. In 1986, the AFM was 

introduced by Binnig and Quate5 as a derived application from the concept of scanning tunneling 

microscopy (STM).6 The AFM has an advantage over the STM in which the sample does not need 

to be conductive. Alternatively, AFM scans the interaction between the atoms of a very sharp tip 

mounted on a cantilever and the atoms on the surface of the material under study and this provides 

three-dimensional images. Scanning the interaction between the probe and sample atoms 
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eliminates the resolution limits associated with optical or electron microscopy and therefore 

provides us with very high-resolution images down to atomic level. 

AFM system consists of few simple components: a probe, motion sensor, scanner, controller, 

computer, and vibration isolation system. The probe is often made out of SiO2 or Si3N4 mounted 

onto a cantilever and etched to provide a sharp apex with a diameter that can be down to few 

nanometers. The most often used motion sensor is based on deflection of laser beam from the 

cantilever onto a quadrant photodiode which sends the deflection information to an electronic 

controller and computer. The electronic controller and computer are responsible for magnifying 

the signal and provide a feedback loop based on a set parameters which controls the tip-sample 

distance. The vibration isolation system is very important with such an atomic three-dimensional 

scanning system where any floor vibration or acoustic vibrations can severely affect the scan. 

As aforementioned, AFM scanning is based on the interactions between a sharp tip and the 

sample at atomic level. At short range distance (in the order of atomic level) the tip apex undergoes 

a strong repulsive force. This repulsive force is sensitive to the topography of the sample and 

therefore it is usually utilized to provide topographic images of the samples in a mode called 

contact-mode. Alternatively, non-contact mode can be used to avoid direct contact between the tip 

and the sample. In non-contact mode, the AFM scan can be carried out at a farther distance from 

the sample surface, where the tip interacts with weak attractive force with the sample surface. In 

this mode, the cantilever is oscillated using piezo-actuator and changes in the amplitude or shift of 

the frequency are monitored to provide information about the surface of the sample. 
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Chapter 2:  General Introduction7 

2. 1. Perovskite Solar Cells 

The past decade has witnessed an emergence of an exceptional class of thin film solar cells, 

which are based on organic-inorganic light absorbers, namely, perovskite solar cells. Perovskites 

absorber can be solution-processable, compatible with large-area and flexible-substrates, and has 

promising cost estimates. PSCs possess power conversion efficiencies comparable to traditional 

silicon solar cell technologies. The emergence of PSCs8-9 and subsequent advancements in their 

PCEs exceeding 22%10-11 have captured the attention of photovoltaics research society and 

industry12. Perovskite semiconductors are currently being intensively investigated for applications 

such as light emitting diodes,13-15 lasing,16-17 energy storage,18 water splitting,19-20 photodetectors,21 

and memory devices.22 Typical PSCs are composed of transparent top electrode, electron transport 

material, perovskite absorber, hole transport material, and bottom electrode. 

The perovskite light absorber has a crystal structure similar to calcium titanate, which was 

discovered by Gustav Rose in 1839 and later named after Russian mineralogist Count Lev 

Alekseevich Perovski. The first report about lead halide perovskites goes back to 1893, when 

Wells reported for the first time about cesium lead halides.23 In 1958, Moller reported the structure 

for the cesium halides.24 Not much attention was received towards these materials even with its 

hybrid class reported by Weber in 197825 nor after it showed a potential with facile solution 

processing and promising electrical properties.26-27 The first perovskite solar cell was reported in 

2006 by Kojima et al.28 at the 214th electrochemical society meeting using electrolyte in a device 
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architecture similar to that of dye sensitized solar cells and was published in 2009 with a moderate 

PCE of 3.8%.29 However, a major leap in PSCs surged with the adoption of the architecture used 

for solid state dye sensitized solar cells. In typical DSSCs a liquid redox electrolyte consists of 

lithium iodide/triiodide is usually implemented.30 Bach et al.31 replaced this lithium 

iodide/triiodide electrolyte with an amorphous solid HTM, namely, spiro-MeOTAD. The 

replacement provided efficient charge carrier extraction. Similarly, Kojima et al.29 report on 

organic-inorganic perovskite sensitizers by employing liquid electrolyte, Kim et al.8 and in parallel 

Lee et al.9 tried a similar approach and replaced the liquid electrolyte by the spiro-MeOTAD HTM 

in the perovskite solar cells.8-9 The alteration to a solid HTM such as spiro-MeOTAD provided 

substantial increase in the  PCE and stability of the devices, exceeding 10% of PCE.9 In addition, 

stable operation of 500 h in air without any encapsulation was observed.8 Since the replacement 

of lithium iodide/triiodide with the solid state spiro-MeOTAD HTM, intensive attention was drawn 

towards perovskite solar cells and within a few years PCEs increased substantially to reach 

certified PCEs exceeding 22.1%.11 

2. 2. Spiro-MeOTAD 

PCEs exceeding 20%10 was achieved utilizing LiTFSI-doped spiro-MeOTAD HTM. Although 

PTAA HTM has been shown as another promising alternative HTM layer (Fig. 2.1), this survey 

shows that at the current stage LiTFSI-doped spiro-MeOTAD is still the dominant HTM employed 

in majority of the perovskite solar cells. The combination of multiple factors such as (i) the 

relatively simple recipe, (ii) solution-processable, (iii) high melting temperature, (iv) amorphous 

nature, (v) good conductivity, and (vi) proper energy levels that matches well with perovskites 

make doped spiro-MeOTAD one of the most widely employed HTM in PSCs. Spiro-MeOTAD is 

particularly well suited for MAPbI3 perovskites. However, the mismatch between the HOMO 
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energy level of the spiro-MeOTAD HTM and VBM of the perovskite becomes excessive when 

considering perovskites with large band gaps,32-33 such as MAPb(IxBr1-x)3, which are of interest 

for tandem solar cells. Pristine spiro-MeOTAD films suffers from low electrical conductivity. 

Additives such as LiTFSI, t-BP, and cobalt(III) complex FK209 are often used to enhance the 

electrical properties of the spiro-MeOTAD HTM films.34 A survey of the reported recipes for the 

synthesis of the LiTFSI-doped spiro-MeOTAD HTM suggests that there is no common recipe.35-

38 For instance, the first point in Fig. 2.1, corresponding to a PCE of 9.7%, employs a mixture of 

spiro-MeOTAD: LiTFSI: t-BP in molar ratios of 1:0.38:1.16.8 However, the next point reporting 

a higher PCE of 10.9% employed a much lower dopant concentrations of spiro-MeOTAD: LiTFSI: 

t-BP = 1:0.13:0.81.9 The incorporation of FK209 into the spiro-MeOTAD HTM recipe resulted in 

a PCE of 21.1%38 as can be seen in Fig. 2.1 (spiro-MeOTAD: LiTFSI: t-BP: FK209 = 1: 0.5: 3.3: 

0.03). The PCEs reported in Fig. 2.1 reflect mainly the significant improvements in the quality of 

the perovskite absorber layer. In addition, these advances are benefited from a synergetic balance 

among the different functional layers (anode/ETM/perovskite/HTM/cathode). 
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Figure 2.1 Trends in high-performing PSCs with focus on the HTM employed as a function of 

year. LiTFSI-doped spiro-MeOTAD is the dominant HTM widely used in high performing PSCs. 

 

The motivation to synthesize HTMs with spiro-linked molecules was to achieve materials 

with high Tg, morphological stability, amorphous materials, and easy to process while keeping 

desirable electronic properties. The spiro molecular design was suggested to achieve such 

properties based on the concept of connecting two extended π systems with different or identical 

functions using common sp3-hybridized atoms (Fig. 2.2a).39 Molecular synthesis starts via a 

molecule with desirable electronic properties which can be further improved to achive better 

stability while maintaining the desired properties. Facci et al.40 started with a well-known HTM 

widely employed in electroluminescent devices, namely, TPD41 (Fig. 2.2b). However, TPD 

molecule suffered from low stability because of its low Tg of 60 °C. Based on the TPD structure 

and in parallel with the spiro-linked molecules concept, Salbeck et al.42-43 synthesized spiro-TAD 

(Fig. 2.2c).42-43 In addition, Facci et al.40 showed that the addition of two p-methoxy groups 

(electron donating) to TPD increased its hole mobility by a factor of seven due to higher 

overlapping of electronic groups in this new molecule (MeO-TPD, Fig. 2.2d). These motivations 
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led Salbeck et al.42-43 to synthesize spiro-TAD and used it in a blue light emitting device employing 

a two-layer stacked configuration where another spiro-linked molecule, spiro-PBD (Fig. 2.2e) was 

employed as ETL. Salbeck et al.42-43 adopted the same strategy reported by Facci et al.,40 but with 

the spiro-linked molecule resulting in synthesis of spiro-MeOTAD (Fig. 2.2f), where p-methoxy 

groups were added as well. The addition of p-methoxy groups provided 8 electron donating groups. 

These electron donating groups lowered the oxidation potential by 0.1 V compared to that of the 

spiro-TAD molecule and by 0.22 V compared to TPD molecule. The lowered oxidation potential 

resulted in a lower injection barrier with the ITO anode where the spiro-MeOTAD was meant to 

be employed. The newly developed molecule resulted in better stability with Tg of about 121 oC31 

and with the desired electronic properties of the TPD molecule.39, 44 

 Figure 2.2 (a) spiro-linked systems, (b) TPD HTM, (c) spiro-TAD HTM, (d) MeO-TPD HTM, 

(e) spiro-PBD ETM, and (f) spiro-MeOTAD.  

 

(a) (c) (b) 

(d) (e) (f) 

MeO-TPD 



Chapter 2: General Introduction   12 
 

Adapted and reproduced with permission.7 Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

The stability of spiro-MeOTAD molecule that originates from its amorphous nature and its 

relatively high Tg brought attention to different potential applications in optoelectronics. Bach et 

al.31 was the first to introduce spiro-MeOTAD HTM in DSSCs and used it as an efficient 

heterojunction layer formed with dye absorbers and provided a high yield of photon induced 

electric current. Following Bach et al.31 recipe, many research groups widely adopted the use of 

spiro-MeOTAD as HTM in ssDSSCs.45 Burschka et al.46 achieved the highest PCE at that time in 

ssDSSCs using LiTFSI-doped spiro-MeOTAD HTL which provided a PCE of 7.2%. Similarly, 

spiro-MeOTAD was adopted in PSCs and lead breakthroughs in PCEs exceeding 22% as well as 

substantially improved stabilities.47-50 Since 2012,8-9 the first trials of employing spiro-MeOTAD 

in conjunction with organic-inorganic perovskite light sensitizers, an outstanding current density 

and VOC were obtained when compared to ssDSSCs counterparts. This outstanding performance 

of perovskite-based solar cells was suggested to originate from proper choices of the functional 

layers (the absorber layer and the selective contacts) that work in harmony. For example, the 

perovskite absorber was shown to have a high absorption coefficient, ambipolar chare transport 

properties, long charge-carrier diffusion lengths, low exciton binding energy, and low charge trap 

densities or formation of only shallow-trap states within the perovskite absorber band gap.51-57 The 

generated charge carriers are efficiently extracted and transported through the ETL and the HTL.8-

9 Spiro-MeOTAD molecule was also employed in photo-detector applications.58-59 It was reported 

that spiro-MeOTAD film can form a very high quality p-n heterojunction with antimony trisulfide 

(Sb2/S3) that resulted in fast self-biased visible light photo-detector.59 Similarly, spiro-MeOTAD 

in conjunction with nano-rods of zinc oxide showed enhanced sensing properties, such as, dimmed 

light intensities.58 These applications aforementioned and more prove the practical functionality 

of spiro-MeOTAD molecule in the field of the optoelectronics and organic semiconductors. 
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2. 3.  LiTFSI Dopants 

The first dopants employed for spiro-MeOTAD HTM were lithium- and antimony- based 

salts LiTFSI and N(PhBr)3SbCl6, respectively, employed in ssDSSCs. The additives were 

dissolved in chlorobenzene and acetonitrile at a ratio of spiro-MeOTAD: additive = 90:10.31 The 

antimony salt was suggested to act as dopants by introducing free charge carriers in the HTM film 

via oxidation of the spiro-MeOTAD+ molecules. The second dopant, the ionic lithium salt dopants 

provide the Li+ ions to the system, which is known to be potential determining for the TiO2 

electrode.31, 60 This means that the electrochemical properties of the TiO2 surface can be controlled 

by the adsorption and intercalation processes of the Li+ cations.31, 60 Acetonitrile was used for the 

absorption of Ru-based dye sensitizer on screen printed mesoporous-TiO2 and derivatization.31 

More importantly, addition of 12% of LiTFSI dopants was reported to increase the mobility of 

spiro-MeOTAD HTM by two orders of magnitude, which was confirmed by fabricating in-plane 

hole-only devices of Au electrodes/doped spiro-MeOTAD/dye/TiO2 mesoporous/glass.61 The 

improvement was explained by increased disorder and thus broadening of the tail of the density of 

states as well as screening of deep Coulomb traps by presence of Li+ ions.61 Although mobility is 

improved, interestingly, addition of LiTFSI dopants did not show the characteristic oxidation 

peaks of the spiro-MeOTAD+ in the absorbance spectrum. The authors proposed that LiTFSI 

dopants alone does not p-dope spiro-MeOTAD molecules by oxidation.61 On the basis of 

conductivity, SCLC model, and time-of-flight transient hole-current measurements, LiTFSI 

dopants results in improved charge carrier mobility.61 A question naturally arises, what is the 

microscopic mechanism that leads LiTFSI dopants to improve the mobility (an order of magnitude 

higher compared to pristine spiro-MeOTAD) as well as p-doping phenomena. Snaith and Grätzel61 

provided a rationale for this question based on previous works,62-64 which are based on the 
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influences of dopant anions on charge transport characteristics in disordered organic 

semiconductors. Briefly, charge transport between available sites occurs via a hopping mechanism. 

Then, the incorporation of p-dopants leads to positive charge transfer to the host molecules, which 

increases the overall hole density in the HTM film. These holes will fill the deepest trap states 

explaining the improvements in the hole mobility of the HTM film as well EF shifts toward the 

HOMO energy level. A shift of 0.8 eV in the HOMO level by addition of LiTFSI dopants to spiro-

MeOTAD towards EF was confirmed using hard x-ray photo electron spectroscopy.65 In addition, 

its results showed that there is a vertical gradient in the distribution of the LiTFSI dopants across 

the HTM layer.65 The charge transport enhancements were only observed in the case of high 

concentrations of LiTFSI dopants, which was explained based on small doping concentrations, the 

p-dopant molecules also introduces immobile acceptor anions in the host film. That leads to 

generation of deep Coulomb traps and thus has detrimental effects on the mobility. As the doping 

concentration is increased, the Coulomb potential wells of anions start to overlap, resulting in a 

reduction of the barrier heights (“smoothing” the potential landscape) for charge hopping and thus 

increasing mobility. This is equivalent to the “broadening of the tail states” that was proposed to 

enable increased overlapping between deep traps sites moving HOMO level or the mobility edge 

closer to the quasi-EF for holes.61 
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Chapter 3:  Topography of LiTFSI 

Doped Spiro-MeOTAD66 

3. 1. Introduction 

As aforementioned one of the leading improvements of ssDSSC compared to DSSC was the 

replacement of the liquid electrolyte HTL with solid organic HTL.31, 67 In typical DSSC a liquid 

redox electrolyte consists of lithium iodide/triiodide is usually implemented.30 The replacement of 

the liquid electrolyte with spiro-MeOTAD HTL solved the problem of leakage and sealing issues 

for DSSC, as well as culminated as one of the most important HTLs for perovskite based solar 

cells.8-9, 68 Spiro-MeOTAD is widely used HTL in currently high-performance solid-state solar 

cells, mostly due to its high stability (glass-transition temperature Tg = 121 °C), high solubility, 

and amorphous nature.69-72 The HTL material infiltration into the mesosporous TiO2 layers up to 

few micrometers has been reported.71 

A thick enough layer of the spiro-MeOTAD HTL was proposed to be free of pinholes for 

ssDSSC73 and similarly similar assumption was made for perovskite solar cells.74 However, until 

publishing the results of the following chapter in 2015 66 spiro-MeOTAD was not examined for 

defects in morphology, such as pinholes or voids. 
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Due to the importance of the morphology defects in the HTL, this chapter will be only 

discussing the morphology of the spiro-MeOTAD HTL studied by atomic force microscopy 

(AFM), cross-sectional scanning electron microscopy (CS-SEM), and optical microscopy. 

3. 2. Experimental Methods 

Doped spiro-MeOTAD solution (Fig. 3.1) was prepared according to the standard literature 

procedure.75 Spiro-MeOTAD (SHT-263, Merck KGaA) was dissolved in chlorobenzene and 

mixed with 4-tert-butylpyridine (t-BP, Sigma) and acetonitrile (52 mg/100 L) dissolved Li-

bis(trifluoromethanesulfonyl)-imide (LiTFSI, Sigma). The final solution had concentrations of 

56.4 mM of spiro-MeOTAD, 187.9 mM of LiTFSI, and 30.46 mM of t-BP. Therefore, the 

corresponding molar ratios of spiro-MeOTAD : LiTFSI : t-BP were 1: 0.54 : 3.33 based on the 

nominal concentrations. 
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Thin films of doped spiro-MeOTAD were prepared by spin coating in nitrogen glove box 

for 60 s at a speed of 2000 rpm. Spin coating was performed on a thermally evaporated 120 nm 

film of Au (Denton Vacuum Evaporator, Model DV-502V) on heavily doped Si substrates with a 

thin native oxide layer of SiO2 (SAMCO Inc., 0.013 cm). The final thickness of the films was 

approximately 240 nm as determined by a profilometer (Dektak stylus profiler, Bruker). 

The morphological characterization of the films was performed ex situ using AFM in 

tapping-mode (MFP-3D series, Asylum Research). The quantitative analysis of the AFM was 

conducted using WSxM 5.0 software. The cross-sectional SEM images were obtained at 1.5 kV 

with through the lens detector (TLD) for detecting secondary electrons (FEI, Helios NanoLab 650). 

The samples for cross sectional SEM were prepared by manual cleaving of the doped spiro-

MeOTAD HTL deposited on 120 nm of Au layer /SiO2(native oxide)/Si substrate using a diamond 

Figure 3.1 Molecular structures of LiTFSI, t-BP, and spiro-MeOTAD composing the doped 

spiro-MeOTAD hole transport material. 
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scriber from the backside of the substrate. Air exposure experiments were performed in dark 

stainless-steel container in the ambient air of the laboratory. The laboratory humidity and 

temperature were approximately 37 % and 24 C, respectively. 

3. 3.  AFM of As-prepared and Ambient Air Exposed Doped Spiro-MeOTAD 

Fig. 3.2 shows AFM morphology images of an as-prepared doped spiro-MeOTAD HTL (a) 

and after 24 hours of air exposure (b). As can be seen from Fig. 3.2, a large density of pinholes of 

3.72 holes/µm2 was detected in the as-prepared films. The air exposed films showed similar 

morphology but the pinholes seemed to be being filled up. 

 

Based on the quantitative analysis of those morphology images, the integrated area of all 

pinholes corresponds to about 6% of the total surface area with an average diameter of 135 nm 

(Fig. 3.3). Similar pinholes were also observed when spiro-MeOTAD films were spin coated on 

Figure 3.2 Tapping-mode AFM topography images of as prepared doped spiro-MeOTAD, 

and after 24 hours air exposure. 
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different substrates, such as the ones spin-coated on perovskite films, suggesting as a universal 

phenomenon, the presence of these pin-holes in spiro-MeOTAD films prepared by spin coating. 

  

Figure 3.3 (a) Tapping-mode AFM topography images of the as-prepared doped spiro-

MeOTAD, (b) Flooded image composed using WSXM software, and (c) frequency 

histogram for hole diameter data. Hole density of 3.72 holes/µm2 were extracted, which 

corresponds to 5.86% of the total surface area with an average diameter of ~135nm. 
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3. 4. Optical Microscopy 

Optical microscopy images of the doped spiro-MeOTAD on glass substrates showed large 

pinholes with diameters. The measured dimeters were in the range of 1-20 m and with a density 

of ~289 holes/mm2, which was extracted from 2×2 mm2 area measurements (Fig. 3.4). The 

existence of pinholes in organic tin films is reported to lead to shorts between the different layers76 

and solutions have been sought to achieve pinholes-free devices.76-78 These pinholes in spiro-

MeOTAD HTL are also likely the cause for the very short lifetime commonly observed for 

perovskite solar cells that use spin coated spiro-MeOTAD as HTL. The existence of pinholes can 

possibly facilitate moisture migration through spiro-MeOTAD to reach perovskite layer and hence 

causing the degradation of the devices and similarly can facilitate elements from the perovskite 

layer (e.g. iodine) to migrate to top surface and degrade perovskite. On the basis of such 

observations and to increase the lifetime of the perovskite solar cells, it is necessary to optimize 

the preparation procedure of solution prepared doped spiro-MeOTAD HTL to avoid pinholes 

formation, such as by using different solvents, mixing with an additive, adding a capping layer, 

etc. 
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3. 5. Cross-Sectional Scanning Electron Microscopy 

AFM provided us with three dimensional images of the top surface of the doped spiro-

MeOTAD HTL. To further provide insights on the morphology of the pinholes of the doped spiro-

MeOTAD HTL, cross sectional SEM was used on multiple samples of the doped spiro-MeOTAD 

films (Fig. 3.5). The high magnification SEM images presented in Fig. 3.5a revealed that the 

pinholes form channels across the HTL film (~240 nm depth) that wiggle through the whole film. 

The top surface SEM images of the spiro-MeOTAD films revealed that these channels are part of 

the high density of pinholes observed in the AFM images (Fig. 3.2). As described in the 

experimental methods, the samples were prepared by cleaving the doped spiro-MeOTAD film 

(240 nm), which was deposited on 120 nm of Au on SiO2(native oxide)/Si substrate by using a 

diamond scriber from the backside of the substrate. The mechanical cleavage used was observed 

to tear apart the soft gold film together with the spiro-MeOTAD HTL film leaving portion of the 

underneath substrate exposed. The gold film appears delaminated from the underneath silicon 

Figure 3.4 Optical microscope image of doped spiro-MeOTAD film. 
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substrate and at the edges of the image in Fig. 3.5a and b, respectively, which is due to poor 

adhesion of the evaporated gold on silicon dioxide. 

 

3. 6. Summary 

In summary, AFM images revealed the presence of pinholes with an average diameter of 

~135 nm and a density of ~3.72 holes/µm2. In addition, cross-sectional SEM images reveal that 

these pinholes form channels that wiggle across the doped spiro-MeOTAD HTL film. Optical 

microscopy images revealed the presence of large area pinholes with diameters in the range of 1-

20 m and a density of ~289 holes/mm2. The presence of these pinholes may play a major role in 

migration processes of LiTFSI dopants within the spiro-MeOTAD film. Similarly, it can 

detrimentally affect the life time of the solar cells by facilitating inward diffusion or intake of 

atmospheric gases such as H2O or O2 which would degrade the perovskite absorber layer. 

Interestingly, it was also found that the small-sized pinholes are partially filled up upon air 

exposure. The observation of the pinholes being filled up will be discussed in the next chapter 

Figure 3.5 Cross sectional SEM of doped spiro-MeOTAD film on Au. (a) pinholes form channels across 

the doped spiro-MeOTAD film indicated with arrows in high magnification image, and (b) the pinholes 

observed from the top surface of the film and from the cross section.  
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where chemical composition of the top surface was investigated using photoemission 

spectroscopy. 
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Chapter 4:  Ambient Air Effects on 

Chemical and Electronic Properties of 

Doped Spiro-MeOTAD66 

4. 1. Introduction 

As discussed in chapter 3, spiro-MeOTAD HTL suffer from high density of pinholes. These 

pinholes were observed to be filled up upon time in ambient environment. The materials and the 

mechanism that drives such an observation is not clear and would be expected to change the 

properties of the spiro-MeOTAD HTL and therefore would change the performance in the solar 

cells using it as HTL. 

Spiro-MeOTAD in its pristine form is known to suffers from the low hole mobility and 

conductivity.45, 79-80 Thus, inclusion of dopant, such as LiTFSI, helps to generate additional charge 

carriers, as well as tune the electronic properties of the HTL. This would help to achieve better 

energy-level alignment at the interfaces with the perovskite absorber and the bottom metallic 

electrode (often Au).81-83  

The doping of spiro-MeOTAD HTL is generally associated with an oxidation reaction and 

efforts were made to find suitable dopants that effectively dope spiro-MeOTAD.81-86 In the 

presence of LiTFSI dopants, spiro-MeOTAD is not readily oxidized in the presence of light or in 
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dark and the oxidation reaction is only promoted upon air exposure.79, 87-88 In organic solar cells, 

air exposure leads to degradation of devices, however, air exposure is necessary during device 

fabrication in order to obtain a working perovskite cells when utilizing LiTFSI doped spiro-

MeOTAD as HTL.87, 89 In addition, as we discussed in chapter 3, air exposure induces 

morphological changes of the LiTFSI-doped spiro-MeOTAD HTL. Therefore, fundamental 

understanding remains elusive regarding the doping mechanism that takes place when the LiTFSI 

doped spiro-MeOTAD films are exposed to ambient air. 

In this chapter, the electronic properties and the chemical composition of the LiTFSI-doped 

spiro-MeOTAD HTL and its interactions with air exposure is investigated. Comparisons are made 

to un-doped spiro-MeOTAD and spiro-MeOTAD films with only t-BP. As discussed in chapter 3, 

microscopy techniques revealed the presence of pinholes in those films. The observed pinholes 

were found to be filled up upon time with ambient air exposure. The existence of these pinholes is 

a possible factor to facilitate the diffusion of the dopant upon air exposure as well as on the 

degradation processes of the active materials (e.g., perovskite). The presence of these pinholes 

may also play a major role in the properties of the HTL when exposed to air. In this chapter 

photoemission spectroscopy techniques were utilized to monitor the top most surface of the spiro-

MeOTAD HTL under controlled environments of ambient air, vacuum, and nitrogen. 

4. 2. Experimental Methods 

LiTFSI-doped spiro-MeOTAD solution and spin-coated films were prepared in the same 

way as previously discussed in section 3.2. 
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The electronic changes of different spiro-MeOTAD HTL films were characterized by 

ultraviolet photoelectron spectroscopy (UPS, Kratos AXIS ULTRA HAS, He-Iα = 21.22 eV) and 

the data analysis were performed in Origin Pro 9. The analysis of the UPS was complemented by 

X-ray photoemission spectroscopy (XPS, Kratos AXIS ULTRA HAS, monochromated Al Kα = 

1486.6 eV). XPS measurements were performed to monitor the chemical states of the as-prepared 

spiro-MeOTAD films, air and nitrogen exposed films, and control films of spiro-MeOTAD HTL. 

The binding energy (BE) for UPS and XPS were calibrated by measuring Fermi edge (EF = 0 eV) 

and Au-4f7/2 (84.0 eV) on a clean Au surface. The estimated energy resolutions of UPS and XPS 

were 0.14 eV and 0.7 eV, respectively. Analysis of the XPS data was performed in CasaXPS 2.3.16 

software. UV and X-ray induced damage were monitored by taking consecutive five spectra and 

comparing those spectra. The time acquisition for each scan was varied from 60 to 100 s depending 

on the core level regions under investigation. If no changes were observed among the five scans, 

the spectra were averaged to a single spectrum. Individual films of spiro-MeOTAD, LiTFSI, and 

t-BP were examined under UV and X-ray radiation. Special care was taken into account to 

minimize UV or X-ray exposure time when acquiring UPS/XPS on spiro-MeOTAD films. No X-

ray or UV induced damages were observed on spiro-MeOTAD films. Fitting parameters of the 

XPS core levels were conducted following Hock et al.81 A Shirley-type background was fitted due 

to inelastic scattering processes.90 No X-ray and UV induced damage was observed on spiro-

MeOTAD molecules. 

The XPS detection of spin-coated or drop-casted t-BP compound on Au films were below 

the sensitivity of the XPS system when the samples were loaded into the XPS system. It was not 

possible to obtain reference UPS and XPS spectra for spin-coated t-BP on Au because of the high 

vapor pressure of t-BP. For the investigation of the influence of the t-BP molecule on spiro-
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MeOTAD HTL, ten times higher concentration of t-BP solution was mixed with spiro-MeOTAD 

and films were prepared by spin coating. 

Ambient air exposure experiments were performed on LiTFSI-doped spiro-MeOTAD films 

by exposure to the laboratory air in dark (samples stored in a stainless-steel container). The 

measured laboratory humidity and temperature were approximately 40 % and 24 C, respectively. 

Controlled N2 exposure experiments were conducted in the load-lock of the XPS/UPS system (N2 

gas pressure = 1 atm). Chemical states were also monitored by storing the samples in vacuum 

(2109 Torr) for the same period of times used for the different gas exposures (as control) to rule 

out any measurement-induced uncertainties or artifacts (such as UV and X-ray radiation). No 

indication of radiation induced changes (e.g., dopant segregation, spiro-MeOTAD oxidation, or 

fragmentation of different chemical compounds) were observed by UPS and XPS on the LiTFSI-

doped spiro-MeOTAD films with constant halogen light illumination (strong intensity in the 

visible range). 

4. 3. Electronic Changes (UPS) 

Changes in the electronic properties of the LiTFSI-doped spiro-MeOTAD films after 

ambient air exposure were probed by UPS with He-I source (Fig. 4.1). The leading edge of the 

HOMO energy level with respect to the Fermi level w.r.t. EF for the as-prepared LiTFSI-doped 

spiro-MeOTAD films was at  0.54 eV (Fig. 4.1a(i)). After short exposure of three hours, the 

HOMO level of the LiTFSI-doped spiro-MeOTAD HTL showed a slight shift towards high BEs 

settling at 0.56 eV (Fig. 4.1a(ii)). Additional 3 hours of exposure (Fig. 4.1a(iii)) induced a large 

shift of the HOMO level leading edge, bringing it to 0.76 eV followed by an overall decrease in 

the intensity of the HOMO spectrum features. With a total of 18 or 39 hours of ambient air 
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exposure (Fig. 4.1a(iv), (v)), the HOMO leading edge further shifted to be at 1.00 eV and 1.04 

eV, respectively. Complete disappearance of the HOMO features was observed after the 18 hours 

air exposure. Nevertheless, the high sensitivity of the UPS system used for this experiment made 

it still possible to extract the leading edge position of the HOMO level that was distinguishable 

above the background signal. A substantial HOMO level shift occurred during the first 6 hours of 

exposure and saturation was reached after 18 hours (Fig. 4.1a). 

Fig. 4.1b shows the schematic energy diagram with time evolution of the work function () 

and HOMO level leading edge values w.r.t. EF on the LiTFSI-doped spiro-MeOTAD films with 

ambient air exposure. The  values were determined from the cutoff edge observed in the high 

BE side of the UPS spectra (Fig. 4.2a). The extracted  values showed no change over the entire 

ambient air exposure time in this experiment (̅ = 4.15  0.03 eV). The ionization energy (IE) was 

calculated to be 4.67 eV for the as-prepared LiTFSI-doped spiro-MeOTAD film, which is about 

Figure 4.1 (a) UPS spectra (He−Iα = 21.22 eV) corresponding to the HOMO region 

of the as-prepared doped spiro-MeOTAD film (i) and the same sample when exposed 

to air for 3 hours (ii), 6 hours (iii), 18 hours (iv), and 39 hours (v). (b) Corresponding 

schematic energy diagram of doped spiro-MeOTAD film. 
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0.3 eV lower than IE measured on pristine spiro-MeOTAD films prepared by vacuum-

evaporation80 and about 0.1 eV lower than the un-doped spiro-MeOTAD HTL films prepared by 

solution processing (Fig. 4.2b). The observed differences in the energy levels values are possibly 

due to different preparation methods used in these studies. Interestingly, the IE was observed to 

increase as a function of ambient air exposure period, from initial value of 4.67 eV for the as-

prepared film to a saturation value of about 5.1 eV after 18 hours of air exposure. At the same time, 

as will be discussed in the XPS section, as-prepared LiTFSI-doped spiro-MeOTAD HTL film 

shows a small amount of LiTFSI at the top surface of the film. This indicates that a strong 

electronic interaction between spiro-MeOTAD molecules and the LiTFSI dopants prevails within 

the film upon ambient air exposure. The observed IE changes could be due to chemical changes 

of the spiro-MeOTAD induced by dopants, ambient air exposure contamination (induced by 

atmospheric aerosols),91 or the diffusion of dopants populating at the top surface. 
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Figure 4.2 (a) UPS spectra (He−Iα = 21.22 eV) corresponding to the cut off region and the HOMO 

region of the as-prepared doped spiro-MeOTAD film (i), and subsequent air exposure for 3 hours 

(ii), 6 hours (iii), 18 hours (iv), and 39 hours (v). (b) UPS spectra (He−Iα = 21.22 eV) 

corresponding to the cut off region and the HOMO region of the as-prepared spiro-MeOTAD film 

(i), as-prepared t-BP doped spiro-MeOTAD film (ii), and as-prepared t-BP +LiTFSI doped spiro-

MeOTAD film (iii). 
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4. 4. Chemical Changes (XPS) 

The XPS measurements were performed after the UPS for each sample. The chemical states 

of the top surface for the films under study were monitored using XPS. Fig. 4.3 shows the XPS C-

1s (a), Li-1s (b), and F-1s (c) core levels of LiTFSI- doped spiro-MeOTAD HTL films for the as-

prepared sample (i) and same sample after different air exposure periods (after 3 hours (ii), 6 hours 

(iii), 18 hours (iv), and 39 hours (v)). The core levels of O-1s, S-2p, and N-1s were also monitored 

and are displayed in Fig. 4.4. 
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Figure 4.3 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) C-1s, (b) Li-1s, 

and (f) F-1s core levels of the as-prepared doped spiro-MeOTAD films (i) and 

subsequent after 3 hours (ii), 6 hours (iii), 18 hours (iv), and 39 hours air exposure (v). 
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 As-prepared LiTFSI-doped spiro-MeOTAD HTL film shows an overall C-1s spectrum 

features similar to the pristine spiro-MeOTAD films.65, 80-81, 92 A small signal of F-1s core level 

(~2.2%) corresponding to LiTFSI (Figs. 4.3b, c, and 4.4) was detected, meaning that a small 

amount of LiTFSI dopants is present at the top surface on the as-prepared doped film. Since the 

doped spiro-MeOTAD HTL films are composed of three chemical compounds (spiro-MeOTAD, 

LiTFSI, t-BP), the overlapping of CH, CC, and CN signals from the spiro-MeOTAD molecule 

and t-BP molecule are unavoidable. Therefore, analysis of the curve fitting in C-1s core level 

region is challenging. In addition, for comparison, XPS measurements were performed on a film 

of spiro-MeOTAD mixed with t-BP only and was compared to pristine spiro-MeOTAD film, 

however, no difference was observed (Fig. 4.5). 

  

Figure 4.4 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) O-1s, (b) S-2p, and 

(c) N-1s core levels of the as-prepared doped spiro-MeOTAD films (i) and subsequent 

air exposure for 3 hours (ii), 6 hours (iii), 18 hours (iv), and 39 hours (v). 
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The LiTFSI dopants have characteristic signatures in the XPS93 spectrum, such as Li and 

high oxidative-shifted carbon (CF3) (Figs. 4.3b,c), which enables unambiguous detection. The 

peak maximum of C-1s for the as-prepared LiTFSI-doped spiro-MeOTAD HTL was located at a 

BE of about 284.5 eV. For comparison, typical BE value of C-1s core level reported for the un-

doped spiro-MeOTAD HTL is ~285.1285.4 eV.65, 80-81, 92 Thus, XPS results also confirmed that 

the LiTFSI dopants induced a EF shift towards the HOMO level by about 0.60.9 eV, consistent 

with p-type doping previously discussed for the UPS analysis (Fig. 4.1). 

After 3 hours of ambient air exposure a new peak maximum appeared at ~688.6 eV that was 

attributed to F-1s of the CF3 groups in the LiTFSI dopants.93 Such an observation suggests a re-

distribution of the LiTFSI dopants within the LiTFSI-doped spiro-MeOTAD film to reach the top 

surface of the film, which is driven by the air exposure. Thus, as-prepared films seem to have 

phase segregated concentrations of LiTFSI and spiro-MeOTAD within the doped film. It would 

be expected that a high concentration of LiTFSI was initially located at the bottom region of the 
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Figure 4.5 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) C-1s, (b) N-1s, and 

(c) O-1s core levels of pristine spiro-MeOTAD film in comparison with spiro-

MeOTAD with t-BP film 
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film (i.e. the region that is close to the Au substrate). Upon air-exposure, LiTFSI starts to diffuse 

and segregate to the top surface of the film. 

F-1s core level has a high atomic sensitivity factor (ASF=4.43) compared to the Li-1s with 

ASF of 0.06 and C-1s ASF of 1.94 Therefore, the observed changes in the C-1s and Li-1s regions 

are very small (Figs. 4.3a,b(ii)). Clear signatures of the LiTFSI dopants were only observed after 

long period of exposure (18 hours, Fig. 4.3) with the Li-1s peak centered at ~56 eV, C-1s at 293 

eV, and S-2p at ~170 eV (Fig. 4.4b).65, 93, 95 The O-1s and N-1s core levels (Fig. 4.4) in agreement 

are with the picture of the segregation of LiTFSI dopants to the top-surface. In the S-2p core level 

region; the appearance of doublet peaks (2p3/2 = 169.3 eV and 2p1/2 = 170.5 eV) due to spin-orbit 

splitting was observed with the initial 3 hours of ambient air exposure.95 The S-2p core level 

photoemission was assigned to SO2 group of the LiTFSI dopants.95 In O-1s core level region, 

the as-prepared film showed two components, one centered at about 532 eV and the other at about 

533 eV. The O-1s peak at 532 eV, belongs to the LiTFSI dopants and was detected in the as-

prepared films due to the high ASF value of O-1s of 2.93. After 3 hours of air exposure, the lower 

BE shoulder at ~532 eV was observed to increase in intensity, which can be assigned to LiTFSI 

dopants.95 The other high BE component was assigned to CaOC group (where Ca corresponds 

to aromatic C) in spiro-MeOTAD molecule.80 In the N-1s region (Fig. 4.3c) a gradual broadening 

of the peak with increasing of the air exposure period was observed. Two components were de-

convoluted with one at 399.5 eV and the other at 400 eV, which can be assigned to CN group in 

spiro-MeOTAD molecule and imide group in LiTFSI, respectively.80, 95 

XPS for Li-1s and F-1s spectra measured on an as-prepared pure LiTFSI film (Fig. 4.6) show 

a peak position and overall shape similar to the doped spiro-MeOTAD HTL film. Thus, it is 
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expected that the majority of the LiTFSI dopants were found in its intact form (i.e, dissociation of 

Li from TFSI96 was negligible, if any) in this experiments. A small peak corresponding to LiF 

compound was observed at higher BE in F-1s core level region (~685 eV) as well as TFSI at lower 

BE of ~402 eV in the N-1s core level region, both of which were a result of the decomposition of 

the LiTFSI dopants (Fig. 4.6) upon UV and X-ray exposures.93 

 

Additional secondary processes were observed from the XPS analysis induced by ambient 

air exposure. For example, an additional peak in C-1s region centered at ~289 eV was observed 

after 6 hours of air exposure (Fig. 4.3a(iii)), which could be associated with air exposure related 

contamination, such as aerosols.91 At the moment, it is difficult to assign the observed peak. A 

similar peak was reported65, 97-99 and assigned as the oxidized form of the spiro-MeOTAD. In 

Figure 4.6 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) F-1s, and (b) N-1s 

core levels of LiTFSI first scan (i), second scan (ii), third scan (iii), fourth scan (iv), 

and fifth scan (v) 
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addition, the C-1s peak maximum at 284.4 eV corresponding to CH carbon in spiro-MeOTAD80-

81 decreases substantially in intensity while in the BE range between ~285287 eV (corresponding 

to carbon from CC, CN, and CO in spiro-MeOTAD molecule) is less affected by the ambient 

air exposure. As described in the experimental section, caution was taken into account to minimize 

any possible X-ray or UV long time exposure when acquiring XPS and UPS on the films under 

study. Thus, the aforementioned secondary processes observed in the LiTFSI-doped spiro-

MeOTAD (appearance of ~289 eV peak and significant decrease of the 284.4 eV peak in C-1s) 

are expected to be induced mainly from the ambient air exposure. 

The effect of ambient air exposure over period of time on the LiTFSI-doped spiro-MeOTAD 

film surface induced by the presence of gas molecules were monitored by the quantitative analysis 

of the XPS data (Fig. 4.7). XPS relative atomic ratios of O-1s, N-1s, C-1s, F-1s, S-2p and Li-1s 

were calculated by summing the integrated peak area values of all species in each region followed 

by normalization on the basis of the respective ASF values. Each spiro-MeOTAD molecule is 

composed of 4 N atoms, 8 O atoms, and 81 C atoms (Fig. 3.1). The t-BP molecules, as discussed 

previously in the XPS results, facilitates the solubility of the LiTFSI dopants, and mostly expected 

to desorb from the surface when transferred into vacuum.87 In the case of LiTFSI dopants, each 

molecule is composed of 6 F atoms, 4 O atoms, 2 C atoms, 1 Li atom, 1 N atom, and 2 S atoms 

(Fig. 3.1). A clear increase in F-1s, O-1s, S-2p, and Li-1s atomic ratios was observed as ambient 

air exposure period increases, meaning that a dynamic process of re-distribution of the LiTFSI to 

the top-surface takes place. On the other hand, the atomic ratios of C-1s and N-1s decrease 

substantially. If LiTFSI molecules segregate to the top surface in their intact form, then the atomic 

ratios of C-1s and N-1s from the dopant would be expected to increase, but if one LiTFSI molecule 

displaces a spiro-MeOTAD molecule then the overall atomic ratios of C-1s should decrease. On 
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the other hand, it is difficult to expect the overall ratio of N-1s without knowing each component 

concentration on the surface. Therefore, the secondary processes cannot be neglected. As described 

previously, the photoemission spectroscopy analysis upon ambient air exposure was complex due 

to the different gas molecules present in ambient air (N2, O2, H2O, CO2, etc.). Moreover, special 

care in XPS analysis has to be taken into account, considering the effects of adventitious carbon 

compounds typically assigned as contamination in the literature.97-99 To pin-point the gas 

element(s) responsible for the segregation of the LiTFSI and unravel the observed secondary 

processes, further systematic studies to expose the LiTFSI-doped spiro-MeOTAD HTL films 

under controlled environments of O2, H2O + N2, and synthetic air are currently under further 

investigation. 
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Figure 4.7 XPS atomic ratio variations for C-1s, O-1s, S-2p, N-1s, Li-1s and F-1s 

when doped spiro-MeOTAD is exposed to air. 
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4. 5. Chemical and Electronic Changes under Controlled Environments of O2 

and N2 

As control environments and to make sure that the previously discussed results are induced 

by ambient air exposure, two other sets of experiments were carried out in presumably inert 

environments of nitrogen and vacuum. XPS core levels or HOMO leading edges of the doped 

spiro-MeOTAD films when samples were kept in vacuum or in dry N2 environment did not show 

any chemical or electronic changes (Fig. 4.8, 4.9, 4.10, and 4.11). 

Figure 4.8 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) C-1s, (b) O-1s, 

(c)S-2p, (d) N-1s, (e) Li-1s and (f) F-1s core levels of the doped spiro-MeOTAD films 

as prepared(i), after 8 hours vacuum (ii), after 20 hours vacuum (iii), and after 44 hours 

vacuum (iv) 
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Figure 4.9 UPS spectra (He−Iα = 21.22 eV) corresponding to the cut off region and 

the HOMO region of doped spiro-MeOTAD films as prepared(i), after 8 hours vacuum 

(ii), after 20 hours vacuum (iii), and after 44 hours vacuum (iv) 
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Figure 4.10 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) C-1s, (b) O-1s, 

(c)S-2p, (d) N-1s, (e) Li-1s and (f) F-1s core levels of the doped spiro-MeOTAD films 

as prepared(i), after 3 hours N2 exposure (ii), after 6 hours N2 exposure (iii), after 18 

hours N2 exposure (iv), and after 39 hours N2 exposure (v) 
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Figure 4.11 UPS spectra (He−Iα = 21.22 eV) corresponding to the cut off region and 

the HOMO region of doped spiro-MeOTAD films as prepared(i), after 3 hours N2 

exposure (ii), after 6 hours N2 exposure (iii), after 18 hours N2 exposure (iv), and after 

39 hours N2 exposure (v) 
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4. 6. Summary 

In summary, the XPS results reveal that freshly prepared LiTFSI-doped spiro-MeOTAD 

HTL shows a very low concentration of LiTFSI dopants at the top surface of the HTL film. In 

addition, ambient air exposure causes some characteristic elements (e.g. F, S, and Li) belonging to 

LiTFSI dopants to migrate to the top surface of the HTL film. This migration across the bulk film 

seems to be facilitated by the two types of pinholes with different sizes that were discussed in 

chapter 3 and were confirmed by AFM, SEM, and optical microscopy. UPS results revealed the 

evolution of the energy levels of the LiTFSI-doped spiro-MeOTAD upon ambient air exposure, 

which are highly dependent on the spatial redistribution of the LiTFSI dopants within the HTL 

film. Further XPS results corroborates this interpretation. The results of this study raised more 

questions about what is the constituent component in ambient air that induces the movement of 

the LiTFSI dopants. Similarly, does the ambient air exposure result in a complete segregation of 

the dopants to the top surface of the HTL or does it result in a redistribution of the dopants which 

would result in an enhancement of the bulk properties. These questions will be answered in the 

next chapter. 
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Chapter 5:  H2O and O2 Effects on 

Chemical and Electronic Properties of 

Doped Spiro-MeOTAD100 

5. 1. Introduction 

As discussed previously, the replacement of the liquid electrolyte HTL with LiTFSI-doped 

spiro-MeOTAD HTL8-9, 31, 67-68 substantially improved the PCEs of the perovskite solar cells. The 

addition of the LiTFSI dopants substantially enhanced conductivity of the HTL.87-88, 101-103 LiTFSI 

is a commonly employed dopant for many other HTLs such as PTAA,104-105 P3HT,106-107 PIF8-

TAA,108 and PTB7109 in perovskite solar cells. The top electrode and the underneath LiTFSI-doped 

spiro-MeOTAD HTL are usually the most affected by external environmental conditions (O2, H2O, 

N2, temperature, and light).66, 110-113 DSSCs with doped spiro-MeOTAD as HTL need to be 

fabricated in air in order to work.87, 114-115 Similarly, for perovskite solar cells it is common practice 

to expose the device to air for many hours after fabrication in order to obtain high PCEs.114-115 

Ambient air exposure results in electrical conductivity improvement of LiTFSI-doped spiro-

MeOTAD and was reported to be associated with oxidation reaction induced by light exposure.87-

88, 116  

Additional chemical synthesis steps were also carried out employing AgTFSI to prepare 

readily oxidized spiro-MeOTAD.85 Replacement of the doped spiro-MeOTAD HTL was 
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demonstrated using inverted solar cell structure with inorganic HTL, but additional processing 

steps and high temperature treatment were needed.117 

As discussed in chapter 3, the standard preparation method for the spin-coated LiTFSI-doped 

spiro-MeOTAD HTL films generate a high density of pinholes with an average diameter of ~135 

nm. These pinholes form channels across the entire LiTFSI-doped spiro-MeOTAD HTL films. 

These pinholes are believed to accelerate diffusion of gas molecules from ambient air into the 

perovskite layer in perovskite-based solar cells as well as facilitate the outward diffusion of 

chemical elements/compounds such as LiTFSI, which is hygroscopic. Based on the AFM results 

these pinholes were observed to be partially filled up upon time of ambient air exposure. 

In chapter 4, it was revealed using photoemission spectroscopy techniques that these 

pinholes were partially filled up with the LiTFSI dopants upon ambient air exposure. The 

movement of the LiTFSI dopants to top surface of the LiTFSI-doped spiro-MeOTAD film was 

found to substantially enhance the energy level alignment in the perovskite solar cells. However, 

the constituent component from ambient air that induced this movement of the LiTFSI dopants 

was not clear. In addition, the oxidation reactions that happen and were proposed previously for 

LiTFSI-dope spiro-MeOTAD87-88, 116 needs more investigations after the direct observation of the 

dopants movement that was discussed in the previous chapter. Efforts have been made to better 

understand environmental effects on LiTFSI-doped spiro-MeOTAD films.66, 81-86 However, a clear 

understanding of the LiTFSI dopant re-distribution process and resulted effects is still lacking. It 

is crucial to study LiTFSI-doped spiro-MeOTAD charge dynamics under controlled environmental 

conditions to understand the overall current-voltage behavior of perovskite solar cells.118-119 
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5. 2. Experimental Methods 

LiTFSI-doped spiro-MeOTAD precursor solution and spin-coated films were prepared in 

the same way as previously discussed in chapter 3, section 2. The final thickness of doped spiro-

MeOTAD films were approximately 250 nm, determined by a profilometer. 

For the effect of environmental H2O vapor, the relative humidity was 90% that is generated 

by letting a stream of dry nitrogen gas flow through a H2O bubbler. As for the effect of O2, high 

purity dry oxygen gas (>99.5%) was used. The exposure was performed in stainless-steel 

containers at a pressure of 1 atm. 

Electronic properties of doped spiro-MeOTAD films were characterized with an UPS 

(He−Iα = 21.22 eV). Chemical states of doped spiro-MeOTAD films were characterized by XPS 

(monochromated Al Kα = 1486.6 eV). Details of XPS/UPS measurements and analysis were 

discussed in chapter 4, section 2. 

5. 3. Chemical Changes (XPS) 

In order to find out the main component in air that drives the redistribution of LiTFSI across 

spiro-MeOTAD films upon air exposure, LiTFSI-doped spiro-MeOTAD HTL films were exposed 

to controlled environments of H2O vapor with RH of 90% (with nitrogen as carrier gas), and dry 

O2 gas (Fig. 5.1). Afterward, the chemical states of the exposed doped spiro-MeOTAD films were 

studied using XPS. In F-1s and S-2p core levels regions (Fig 5.1a, b, d, e), as-prepared samples 

showed small peaks at ∼688.7 eV and  ~169.4 eV in the BE scale, respectively, and were assigned 

to LiTFSI dopants (chapter 3, Fig. 3.1).93 Gradual increases of the peaks in both of F-1s and S-2p 

were observed when samples were exposed to H2O vapor. In contrast, no changes in the XPS peak 
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intensities for F-1s and S-2p core levels when samples were exposed to oxygen. This observation 

clearly shows that the re-distribution of LiTFSI dopants within the doped spiro-MeOTAD film to 

reach the top surface is mainly because of the H2O vapor exposure. 

Unlike ambient air exposure,66 H2O vapor or oxygen exposure showed no changes in the 

spectra of the five components corresponding to the core level of C-1s (C−H, C−C, C−N, aromatic 

Ca−O, and C−O) (Fig. 5.1c, f) of spiro-MeOTAD molecule. In comparison with C-1s core level of 

LiTFSI-doped spiro-MeOTAD films when exposed to ambient air,66 H2O vapor- and O2-exposure 

did not show decreased C-1s core level intensity. 
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Figure 5.1 LiTFSI re-distribution across the spiro-MeOTAD HTL upon H2O vapor 

exposure. XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a,d) F-1s, (b,e) S-2p, 

and (c,f) C-1s core levels of H2O vapor-exposed films (a-c) and O2-exposed films (d-

f). (i) As-prepared doped spiro-MeOTAD films, before and after (ii) 3 h, (iii) 6 h, (iv) 

18 h, and (v) 39 h H2O vapor or O2 exposures. 
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Similarly, the core levels of O-1s and N-1s under the controlled environments of H2O and 

O2 were monitored (Fig. 5.2). The lower BE peak in the core level region of O-1s was increased 

in both of the exposures. 

  

Figure 5.2 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a,c) O-1s, and (b,d) 

N-1s core levels of H2O vapor- (a,b) and O2-exposed (c,d) films. (i) as-prepared doped 

spiro-MeOTAD films and after exposures of (ii) 3 h, (iii) 6 h, (iv) 18 h, and (v) 39 h 

to H2O vapor or O2. 
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5. 4. Electronic Changes (UPS) 

Electronic changes of the as-prepared, LiTFSI-doped spiro-MeOTAD films before and after 

oxygen and H2O vapor (RH 90%) exposures, were investigated using UPS (He−Iα source, Fig. 

5.3). For H2O vapor exposure, the leading edge of the HOMO level for the LiTFSI-doped spiro-

MeOTAD film, with respect to EF, showed a gradual shift of ~0.1 eV to lower BE (Fig 5.3a, b). 

The observed shift of HOMO leading edge suggests p-doping of spiro-MeOTAD in the presence 

of the LiTFSI dopants and H2O vapor. On the other hand, only subtle change of <0.1 eV was 

observed in the case of oxygen exposure (Fig. 5.3c, d). At first glance, the foregoing results of 

oxygen exposure indicated that p-doping by oxygen is difficult. However, spiro-MeOTAD 

molecules were p-doped in the case of H2O vapor exposure. As will be discussed in detail in the 

next chapter, I-V measurements conducted on oxygen-exposed LiTFSI-doped spiro-MeOTAD 

films showed higher initial conductivities than the samples that was exposed to H2O vapor. This 

great difference is explained by taking into account the pressure gap between the two analytical 

techniques: I-V measurements were conducted in nitrogen environment (1 atm) while 

photoemission spectroscopy measurements were conducted under ultrahigh vacuum with base 

pressure of ~10–10 Torr. It is expected that the majority of physisorbed O2 molecules into spiro-

MeOTAD film desorb under UHV environment.120 Thus, care should be taken when discussing 

energy levels of oxygen exposed LiTFSI-doped spiro-MeOTAD films. 
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Figure 5.3 (a, c) UPS spectra (He−Iα = 21.22 eV) corresponding to the cut-off region, 

and HOMO region of the as-prepared doped spiro-MeOTAD film (i) and the same 

sample when exposed for 3 h (ii), 6 h (iii), 18 h (iv), and 39 h (v) to H2O vapor and 

O2, respectively. (b, d) Corresponding schematic energy diagram of doped spiro-

MeOTAD film. 
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A clear leading edge of the HOMO level was observed in both of the H2O vapor and O2 

exposure even after long period of 39 h of exposure. A distinctively different observation from 

that of ambient air-exposed doped spiro-MeOTAD, which showed a complete disappearance of 

the HOMO leading edge after 18 h of exposure.66 The work function values were calculated from 

the cutoff edges at the high BE side of the UPS spectra (Fig. 5.3). Oxygen exposed films showed 

no changes, but a high shift of ~0.2 eV to lower BE were observed in the case of H2O vapor 

exposed films, suggesting p-doping. The ionization energy was calculated to be 4.68 eV for the 

as-prepared LiTFSI-doped spiro-MeOTAD films (Fig. 5.3b, d) and was observed to increase as a 

function of H2O vapor exposure time, reaching a saturation value of 4.8 eV after 6 h of H2O vapor 

exposure. The ionization energy value for the films exposed to oxygen were constant throughout 

the entire oxygen exposure times (IE = 4.64 – 4.71 eV), corroborating the XPS measurements 

where the detection of the LiTFSI dopants was very low (Figure 5.1d, e). 

5. 5. Summary 

In summary, H2O was revealed as the constituent component that drives the movement of 

the LiTFSI dopants across the LiTFSI-doped spiro-MeOTAD HTL films, which eventually leads 

to enhanced PCEs in perovskite solar cells. XPS measurements revealed that H2O vapor exposure 

(RH 90%, N2 as carrier gas) is the main component in ambient air that leads to the movement of 

the LiTFSI dopants across the whole spiro-MeOTAD HTL. However, the UPS measurements 

showed that the H2O vapor exposure and the oxygen exposure are different from that of ambient 

air exposure which caused a complete disappearance of the HOMO features as discussed in the 

previous chapter. XPS measurements also revealed that dry O2 exposure does not affect the LiTFSI 

in the HTL film and does not oxidize the film. However, when the sample were exposed to dry O2, 

specially with long exposure periods, a physiosorption effect was observed. Finally, it is still not 
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clear whether LiTFSI dopants completely segregates to top surface of the spiro-MeOTAD HTL or 

it re-distributes across the entire HTL film upon ambient air exposure or H2O vapor exposure, 

which will be addressed and discussed in the next chapter. 
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Chapter 6:  Electrical Property Changes 

of Doped Spiro-MeOTAD under 

Different Environmental Conditions100 

6. 1. Introduction 

As discussed previously, power conversion efficiencies in perovskite solar cells enhanced 

substantially after incorporating spiro-MeOTAD, also the enhanced PCEs resulted from the 

addition of LiTFSI dopants to the spiro-MeOTAD, which is known to substantially enhance the 

conductivity of the HTL.87-88, 101-103 In perovskite solar cells it is common practice to expose the 

device to ambient air for several hours after fabrication to obtain high PCEs.114-115 Ambient air 

exposure results in electrical conductivity enhancement of LiTFSI doped spiro-MeOTAD and is 

associated with oxidation reaction induced by light exposure. 87-88, 116  

The standard preparation method for LiTFSI-doped spiro-MeOTAD films generate a high 

density of pinholes. These pinholes form channels that wiggle within the spiro-MeOTAD film, 

and are thought to accelerate diffusion of gas molecules from ambient air such as H2O and O2 into 

the perovskite layer.66 as well as the outward diffusion of chemical elements/compounds such as 

LiTFSI. 
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H2O vapor is the constituent component in ambient air that drives the movement of the 

LiTFSI dopants. However, a clear understanding of the LiTFSI dopant re-distribution process and 

whether it is a re-distribution across the entire HTL or segregation to top surface is still lacking. 

Similarly, the effect of the redistribution of the dopants or segregation to top surface on the 

electrical bulk properties is crucial to be understood. Therefore, it is important to study LiTFSI-

doped spiro-MeOTAD charge dynamics under controlled environmental conditions to understand 

the overall current-voltage behavior of perovskite solar cells.118-119 

In this chapter, the effects of environmental effect H2O vapor with a relative humidity of 

90% that is generated by letting a stream of dry N2 gas flow through a H2O bubbler, high purity 

dry O2 gas (>99.5%), and ambient air (RH 50%) on the electrical properties of hole-only devices 

of LiTFSI-doped spiro-MeOTAD films, using mercury drop I-V measurements is investigated. 

6. 2. Experimental Methods 

Doped spiro-MeOTAD solution was prepared as discussed in previous chapters. The 

corresponding molar ratios of spiro-MeOTAD: LiTFSI: t-BP were 1: 0.54: 3.33 based on nominal 

concentrations. For I-V measurements, thin films of doped spiro-MeOTAD were prepared by spin-

coating in the nitrogen glove-box for 60 s at 2000 rpm. Spin-coating was performed on thermally 

evaporated 100 nm of Au on heavily doped Si substrates with a thin native oxide layer. The final 

thickness of the LiTFSI-doped spiro-MeOTAD HTL was ~250 nm, determined by a profilometer. 

The I-V measurement system consists of a modified 663 VA Stand (Metrohm), which is 

often used for voltammetry measurements and a 4200-SCS Keithley semiconductor 

characterization system. Reproducible and size-controlled mercury drops were formed at the end 
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of a silanized glass micro-capillary ( = 50 m) using 663 VA Stand. The two I-V electrodes were 

connected to Hg-reservoir and to the sample substrate (Au electrode) with the aid of a micrometer-

controlled x-y-z stage, and were connected to a low-noise Keithley I-V measurement system. All 

I-V measurements were performed in a nitrogen glove-box at room temperature. The final device 

configuration was Hg-drop electrode/LiTFSI-doped spiro-MeOTADHTL/Au electrode. The top 

Hg-drop electrode was about 540 µm in diameter. The top Hg-drop and the bottom Au electrodes 

had similar work functions of about 4.5 eV, which confirms a hole-only device configuration.121-

124 A home-made nitrogen-filled containers of stainless-steel were used to transport the samples 

from the nitrogen-glove box (for conductivity measurements) to the deionized H2O+N2 (RH 90%) 

and dry-O2 gases exposure systems and vice-versa. Conductivity was extracted using equation (1). 

𝜎 =
𝑑

𝑅𝐴
            (1) 

Where d is the thickness of the film in centimeters, R is the electrical resistance in Ohm, and 

A is the cross-sectional area in square centimeters. The mobility was extracted using SCLC model, 

equation (2). 

𝐽 =
9

8
𝜀𝜀𝑜𝜇𝑒

𝑉2

𝑑3         (2) 

Where 𝜀 for organic semiconductors is 3,125 𝜀𝑜  is the permittivity of free space, 𝜇𝑒  is the 

mobility, V is the voltage, and d is the thickness of the film. 

6. 3. Conductivity Changes under Different Environmental Conditions 
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Controlled environmental gas exposures to dry oxygen, H2O vapor (RH 90%), and ambient 

air (RH 50%) were carried out on hole-only devices to investigate conductivity changes of the 

LiTFSI-doped spiro-MeOTAD HTL films. The hole-only devices were fabricated by using high 

work function materials as electrodes (e.g. Au, Hg), which presumably resulted in a close energetic 

alignment between the HOMO level of LiTFSI-doped spiro-MeOTAD layer and the EF of the 

electrodes. In the hole-only devices, electrical current flowing through the devices are expected to 

be primarily caused by holes conduction.121, 123-124 

The device consisted of an Au electrode/LiTFSI-doped spiro-MeOTAD/hanging mercury 

drop electrode. The Au electrode was connected to a positive bias and the Hg-drop electrode was 

connected to ground. This configuration leads to holes injection from the Au electrode to the spiro-

MeOTAD film (Fig. 6.1a, inset). The hanging Hg-drop system allowed conductivity 

measurements directly on the HTL films without the need to deposit a top electrode metal or new 

samples for every measurement.126 J was recorded under an applied electric field, from which the 

conductivities () were calculated and plotted for the as-prepared, air (RH 50%), H2O vapor (RH 

90%), and dry oxygen-exposed, LiTFSI-doped spiro-MeOTAD films (Fig. 6.1a-c). As shown in 

chapter 5, XPS showed that LiTFSI-doped films need about 6 h of H2O vapor exposure for LiTFSI 

to be detected on the top of HTL film. Based on the XPS results, LiTFSI-doped films were exposed 

to the above mentioned controlled environments for 6 h at the beginning, and followed by 

additional 18 h of exposure (24 h total). As-prepared LiTFSI-doped spiro-MeOTAD films showed 

conductivity values of about 10–9 (cm)–1 at an electric field of <104 V/cm (Fig. 6.1a-c). 
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Figure 6.1 Enhanced conductivities upon H2O vapor and O2 exposures. Semi-log plots 

of conductivity versus electric field of as-prepared doped spiro-MeOTAD films before 

and after 24 h exposure to (a) ambient air, (b) H2O vapor, and (c) O2, and (d) as-

prepared undoped spiro-MeOTAD after 1day of air exposure. The inset shows the 

hole-only device. In each figure, red, green, and blue curves represent the first, second, 

and third scans, respectively. 
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Interestingly, I-V results showed that 6 h of exposure to ambient air, H2O vapor, or oxygen, 

substantially increased the electrical conductivity of the HTL films, especially at low electric field. 

The additional 18 h of ambient air, H2O vapor, or oxygen exposure also caused another substantial 

increase in the electrical conductivity (Fig. 6.2). The samples that were exposed to ambient air 

showed a conductivity increase of more than three orders of magnitude, while individually, oxygen 

and H2O vapor exposed films showed an increase of two orders of magnitude. Dry-oxygen exposed 

samples showed higher σ values compared to those from H2O exposed samples. Abate et al.79 

proposed an equilibrium between spiro-MeOTAD and O2 and oxidized spiro-MeOTAD+ (spiro-

MeOTAD + O2  spiro-MeOTAD+O2
–) and they proposed that the equilibrium can be moved 

forward in the presence of LiTFSI dopants where the superoxide O2
– reacts with Li+ ions to form 

Li2O and Li2O2 and then generating a stable spiro-MeOTAD+TFSI– (spiro-MeOTAD+O2
– + 

LiTFSI  spiro-MeOTAD+TFSI– + LixOy). The presence of spiro-MeOTAD+O2
– and spiro-

MeOTAD+TFSI– are associated with high σ. 66, 79, 87-88, 116 In the presence of oxygen or H2O vapor, 

there are O2 molecules, H+, and OH– ions, which are available for oxidation or reduction reactions. 

The redox reaction is expected to play a major role in determining the conductivity of the LiTFSI-

doped spiro-MeOTAD HTL films. De Leeuw et al. reported that H2O can easily attack charged p-

type organic semiconductors in a reaction which reduces H2O and leading into neutral organic 

semiconductors.127-128 The analysis of σ of the LiTFSI-doped spiro-MeOTAD HTL films when it 

is exposed to ambient air and compared to individual exposures of dry oxygen and H2O vapor is 

complex. Non-linear relationship is obtained as σ of the ambient air exposed films is much higher 

(one order of magnitude) than the summation of the individual H2O vapor and oxygen exposed 

spiro-MeOTAD HTL films. It is noteworthy to mention that additional experiments are needed 

and crucial to understand the fundamental aspects of simultaneous effect of H2O and O2 molecules 
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interactions with LiTFSI-doped spiro-MeOTAD films. However, σ behaved differently in 

subsequent I-V measurements on the doped spiro-MeOTAD film. Oxygen exposed films showed 

a gradual decrease in σ with the subsequent I-V scans. After the third I-V scan, a decay of two 

orders in magnitude was obtained when compared to the first I-V scan (Fig. 6.1c). A small decrease 

(less than one order of magnitude) in σ was observed in the case of films exposed to ambient air 

(Fig. 6.1a). On the contrary, there was almost no decrease in σ in case of the H2O vapor exposed 

films (Fig. 6.1b), indicating a stable, LiTFSI-doped spiro-MeOTAD molecules and/or complexes 

were formed; this is corroborated by the photoemission spectroscopy results discussed in chapter 

5. In addition, un-doped spiro-MeOTAD films showed an increase in σ of 2 orders of magnitude 

after 24 h of ambient air exposure (Fig. 6.1d). 
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Figure 6.2 Semi-log plots of conductivity versus electric field of as-prepared doped 

spiro-MeOTAD (i), and after exposures of 6h (ii), and 24 h (iii) to ambient air (a), H2O 

vapor (b), and O2 (c). 
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6. 4. Mobility Changes under Different Environmental Conditions 

The changes in the mobility values of LiTFSI-doped spiro-MeOTAD HTL films using space 

charge limited current (SCLC) model129 were also investigated (Fig. 6.3). In previous work by Ono 

et al.80 the interactions of oxygen and H2O gas molecules with pristine spiro-MeOTAD films were 

studied and showed deterioration in the hole mobility using organic field effect transistor devices. 

The new I-V data presented here from LiTFSI-doped spiro-MeOTAD were fitted to the SCLC 

model and then mobility values for these films were extracted. The mobility of the LiTFSI-doped 

spiro-MeOTAD HTL increased by two orders of magnitude (4.7×10-5 cm2/Vs → 1.5×10-2 

cm2/Vs) after 24 h of ambient air exposure with RH of 50% (Table 6.1). The extracted mobility 

values of the ambient air-exposure are consistent with literature.61 Interestingly, after 24 h of 

oxygen exposure, the increase in the mobility value was about an order of magnitude, but an 

approximately five-fold increase in the case of H2O vapor exposed films with RH of 90% (Table 

6.1). On the other hand, when the LiTFSI-doped films were exposed to oxygen, the current density 

decreased dramatically with the second and third I-V scans (Fig. 6.3b). In comparison, only a small 

decrease in the current density was observed in case of ambient air exposure (Fig. 6.3a) and no 

decrease was observed in the case of H2O vapor exposure (Fig. 6.3c). These observations suggest 

that both H2O vapor and oxygen have important roles in the enhancement of the electrical 

properties of LiTFSI-doped spiro-MeOTAD HTL, but the improvement induced by exposing the 

films to H2O vapor is mainly caused by a re-distribution of the LiTFSI dopants (confirmed by XPS, 

chapter 5).66 However, in the case of the oxygen exposure it seems that O2  molecules serves as 

electron traps, resulting in p-doping of the spiro-MeOTAD films, which can be reversibly 

influenced by the applied bias.130-131 On the other hand, it was difficult to extract mobility values 
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from the un-doped spiro-MeOTAD films, because of low current level and higher electric field 

was needed to reach the SCLC region. 

Based on the previously discussed results, the enhancement of the mobility in case of 

ambient air exposure is a combination of different factors (i) LiTFSI additives redistribution across 

the HTL film, (ii) oxygen physisorbtion, and (iii) a distinctive effect from ambient air. The 

distinctive effect from ambient air can be associated with the coexistence of H2O and O2 that would 

promote oxidation of the spiro-MeOTAD. As previously presented in the XPS data in chapter 4, 

ambient air exposure resulted in a clear decrease of C-1s spectra (Fig 4.3a), which indicates an 

oxidation of the spiro-MeOTAD.7 On the other hand, spiro-MeOTAD single crystals were 

observed to have higher mobility values.7 At the same time spiro-MeOTAD thin films were 

observed to crystalize in ambient conditions, which would suggest increased mobility due to 

crystallization.7 However, the influence of H2O+O2 as well as the influence of ambient air on the 

mobility needs more investigations. 

 

Table 6.1 Extracted hole mobility values of as-prepared spiro-MeOTAD films and 

those exposed to H2O vapor, dry O2, and ambient air. 
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  Figure 6.3 Mobility extraction from SCLC region. Log-log plots of current density (J) 

versus electric field (E) and voltage-square (V
2
) of as-prepared doped spiro-MeOTAD 

films before and after 24 h exposure to (a) ambient air, (b) O2, and (c) H2O vapor. 
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6. 5. Summary 

In summary, the mechanisms that drive the conductivity improvement of the LiTFSI-doped 

spiro-MeOTAD HTLs, that eventually leads to enhanced power conversion efficiencies in 

perovskite solar cells were revealed. The I-V measurements on the hole-only devices revealed the 

influences of the H2O vapor (RH 90%), dry O2, and ambient air (RH 50%) exposure on the 

electrical properties of LiTFSI-doped spiro-MeOTAD HTLs. H2O vapor exposure resulted in an 

irreversible enhancement of LiTFSI-doped HTL conductivity, which was independent of the 

applied bias. On the other hand, the films exposed to oxygen resulted in a reversible enhancement 

of the conductivity under applied bias in the devices, which is probably due to oxygen doping and 

was observed after long O2 exposure times (39 h). I-V measurements on the air-exposed samples 

showed about 4 orders of magnitude increase in the conductivity compared to about 2 orders of 

magnitude in each of the H2O vapor and O2 gas exposures. The observed combined effect seems 

to be the major cause of the increased cell performance when perovskite solar cells are exposed to 

ambient air for a several hours before testing. 
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Chapter 7:  Interfacial Engineering of 

the Spiro-MeOTAD/Perovskite 

Interface132 

7. 1. Introduction 

The work presented in chapters 3-6 was focusing on the basic science behind the outstanding 

performance of the LiTFSI-doped spiro-MeOTAD HTL in perovskite solar cells and its interaction 

with the surrounding environmental conditions. In this chapter, a step further will be presented, in 

which a successful attempt to engineer the interface between the perovskite absorber and the 

LiTFSI doped spiro-MeOTAD HTL. 

To achieve better PCEs in thin film solar cells, it is crucial to minimize the recombination 

and maximize the carrier extraction efficiency at the interfaces between different layers. One of 

the necessary steps to achieve this goal is by optimization of the energy-level alignment at the 

interfaces in devices.133 Favourable energy-level alignment depends on fine adjustment of the 

energy levels of the hole and electron selective contacts to match the energy levels of the absorber 

material and vice versa. 

Methyl ammonium lead iodide perovskite is a widely employed semiconductor material for 

optoelectronic devices and specially for solar cells based on MAPbI3 exhibit high PCEs. MAPbI3 
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films are often reported with an n-type natures when deposited on n-type or insulating 

substrates.134-135 In standard perovskite solar cells structure, (with FTO/TiO2 as electron selective 

layer), the CB of the ETL has a favourable alignment with the CB of perovskite absorber.92, 135-136 

On the other hand, an interfacial increase in the leading edge of the perovskite layer VB would 

provide better hole extraction efficiency and minimized carrier recombination at the interface 

between the perovskite layer and the LiTFSI-doped spiro-MeOTAD HTL. Thus, a fine control of 

the MAPbI3 perovskite interface with the HTL is necessary to achieve an optimal energy-level 

alignment and therefore maximize the charge extraction and power conversion efficiencies. 

The CB of MAPbI3 is often reported to be pinned to the EF in standard-structure PSCs.92, 135-

137 It was shown by ultraviolet photoelectron spectroscopy that the MAPbI3 semiconductor layer 

is complex and several factors such as the surface stoichiometry, the type of defects present, 

influence from the underneath substrate, and others may lead to such an observation.137 Deficient 

amounts of methylammonium iodide in the precursor solution of the MAPbI3 or short annealing 

time were reported to lead to an n-type behavior of the MAPbI3 film.138 UPS and XPS 

measurements show that energy levels of MAPbI3 layer can be tuned up to 1 eV, depending on the 

preparation conditions.139 The doping density of the perovskite film in the inverted structure PSCs 

with 2-step perovskite film preparation method was reported to be highly dependent on the length 

of the MAI loading period of time. Short length of methylammonium iodide loading time resulted 

in low efficiencies, which substantially increased with longer length up to 1 minute. Longer 

periods of loading resulted in an opposite effect with a dramatic decrease in the PCEs and was 

attributed to excess of uncoordinated ions.140 High PCE and reproducibility were achieved using 

one-step method with a small amount of excess methylammonium iodide in the precursor solution. 

The higher PCE and reproducibility were attributed to formation of an MAI layer at the grain 
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boundaries of the perovskite film. The passivation of the grain boundaries with MAI is believed 

to enhance charge carrier extraction and suppress the non-radiative recombination.141 

On the other hand, it was proposed that excess MAI might remain on the surface of the  

perovskite layer and thus reduce the surface conductivity.142 Interestingly, excess PbI2 

incorporation in the perovskite precursor solution was also reported to improve the PCEs of the 

perovskite solar cells and was suggested to enhance the crystallinity of the perovskite film.143 

Excess PbI2 in the perovskite  precursor solution was also discussed as a “double-edge sword” 

leading to higher efficiencies for PbI2-rich solar cells and higher open circuit voltage for MAI rich 

solar cells.144 However, the exact influence of excess MAI or where it should be located in PSCs 

has remained speculative. 

In this work, an ultrathin MAI layer by vacuum evaporation was introduced to simulate and 

study the effects of various amounts of excess MAI at the interface between the MAPbI3 layer and 

the LiTFSI-doped spiro-MeOTAD HTL. The photoemission spectroscopy measurements suggest 

that the additional ultrathin MAI layer deposition leads to better interfacial energy level tuning of 

the MAPbI3 perovskite films. By examining the energy level evolution systematically at the 

interface between the perovskite and the HTL as a function of MAI layer thickness, an excess MAI 

thickness of 8 nm was found to be the optimal interfacial energy level alignment with the doped 

spiro-MeOTAD HTL. Moreover, we examined the validity of such an optimized condition with 

solar cells testing. Samples were prepared using standard perovskite solar cells structure consisting 

of FTO/TiO2 compact layer/TiO2 mesoporous layer/MAPbI3. The MAPbI3 layer was prepared 

using one-step solution processing with an anti-solvent of diethyl ether.145-146 One sample served 

as reference, was prepared without any modification of the MAPbI3 layer, while the remaining 
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samples were prepared with additional ultrathin layers of MAI on the top of the MAPbI3 layer by 

thermal evaporation under vacuum. Nominal thicknesses of the evaporated MAI were 1 nm, 2 nm, 

4 nm, 8 nm, 16 nm, and 32 nm. The nominal thicknesses were measured with a calibrated quartz 

crystal microbalance inside MAI evaporation chamber. The fabricated solar cells with optimal 

interfacial modification exhibited an average stabilized PCE of 17.2%, which is 19% higher than 

that of reference solar cells which had a PCE of 14.5%. The devices stabilized PCE shows smaller 

spreading with a PCE standard deviation of 0.4% as compared with 1.9% for reference cells, 

suggesting significantly improved device reproducibility. 

7. 2. Experimental Methods 

The electronic properties of interfacially doped MAPbI3 films were characterized by UPS 

(Kratos AXIS ULTRA HAS, He−Iα = 21.22 eV). The leading edge of the VB was extracted from 

logarithmic scale of the intensity. The analysis of UPS measurements was complemented by XPS 

(Kratos AXIS ULTRA HAS, monochromated Al−Kα = 1486.6 eV). XPS was performed to 

monitor the chemical states of the perovskite films, and the MAI treated films. The BE for UPS 

and XPS was calibrated by measuring EF = 0 eV and Au- 4f7/2 (84.0 eV) on a clean Au surface. 

The estimated energy resolutions of UPS and XPS were 0.14 and 0.7 eV, respectively. Pristine 

perovskite samples were used as reference for fitting the first peaks. For the afterwards MAI treated 

samples, FWHM of each spectrum was constrained to a change of ±0.1 eV. The peak positions 

were constrained to a change of ±0.1 eV. When spectral changes were observed, new peaks were 

added to complete the curve fit. The new fitted peaks were used as reference for the afterwards 

samples. The peak fittings and STD calculations were performed using CasaXPS 2.3.16 software.  

The stoichiometry analyses in the C-1s core level region show the largest STD of ~50%. The large 

STD is due to the fitting of multiple components (4 peaks) that was employed to reproduce the 
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XPS raw data. The analyses of the atomic ratio for the other elements were estimated to have lower 

relative errors with respect to the stoichiometry values (30%). UV- and X-ray-induced sample 

damage was monitored by comparing five consecutive spectra. Time acquisition for each XPS 

scan varied from 20 to 70 s depending on the element regions. If no changes were observed, the 

five scans were averaged to a single spectrum. Special care was taken to minimize the UV and X-

ray exposure time while acquiring the photoemission on the perovskite films. No X-ray- or UV-

induced damage was observed on the perovskite samples. 

Perovskite solar cells were prepared by cleaning the FTO conductive substrates (FTO22-7, 

OPVTech) using brushing with sodium dodecyl sulfate, rinsing with milliQ water and finally 

sonicating the samples in a 2-propanol bath for 15 min. A ~70 nm layer of compact TiO2 layer was 

deposited by spraying a solution of Ti (IV) diisopropoxyde bis(acetylacetonate) (75%) in 

isopropanol (Aldrich) on a heated FTO substrates at 480°C in four rounds of 3 s each spray. After 

cooling the substrates to room temperature, a TiO2 mesoporous layer of about 150 nm was 

deposited by spin-coating a diluted paste (90-T, Dyesol) in 1-butanol 1:5 wt. at 4500 rpm for 30 s. 

The spin-coated layer was dried at hotplate (100°C) and the edge removed using cotton swabs. 

Finally, the samples were annealed at 480°C for 30 min with a slow heating ramp. 

The MAPbI3 precursor was made by mixing 0.461 g of PbI2 (99.99%, TCI) and 0.159 g of 

methylammonium iodide (Dyesol) in 73 µL anhydrous dimethylsulfoxide (DMSO, Aldrich) and 

570 µL of anhydrous N, N - dimethylformamide (DMF, Aldrich). The precursor solution was spin-

coated on the substrates after UV-O3-treatment of the TiO2 mesoporous layer at 1200 rpm for 1 s 

followed by 2800 rpm 25 s. A 300 µL of DEE was dripped at 14 s during the second spinning to 
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form a transparent adduct. The substrates were transferred into a nitrogen-filled glove box with 

low RH (< 5%) and annealed at 60°C for 10 min and then 100°C for 20 min. 

The modification of the perovskite films was achieved using thermal evaporation of the MAI 

powder (Dyesol) in a vacuum chamber (1×10-2 Pa). It is noteworthy to mention that a precise 

calibration of evaporated MAI film is difficult to be obtained due to Volmer-Weber (island) growth 

characteristics onto flat substrates such as glass or silicon.147-148 The QCM was calibrated by 

evaporating different thickness of MAI powder onto Si substrates and then measuring the final 

thicknesses by profilometer.148 Reported thicknesses of MAI evaporation in this work are based 

on these nominal values as measured by the QCM. 

The LiTFSI-doped spiro-MeOTAD precursor was prepared by mixing 70 mM of spiro-

MeOTAD (Merck), 231 mM t-BP, 35 mM of bis( trifluoromethane) sulfonimide lithium salt (pre-

dissolved in acetonitrile) and 2.1 mM of tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 

tri[bis(trifluoromethane)sulfonimide] in chlorobenzene (all from Aldrich). The LiTFSI-doped 

spiro-MeOTAD HTL solution was deposited on the MAPbI3 layer by dripping 30 µL of the 

solution during spinning at 3000 rpm. Finally, 70 nm of gold was deposited as the top electrode 

by thermal evaporation. 

7. 3. Electronic Changes (UPS) 

Analysis of UPS data for the pristine perovskite film provide a VB leading edge position of 

1.45 eV w.r.t. EF (Fig. 7.1, 7.2), which corresponds to IE of 5.36 eV (Fig. 7.3). The addition of 

small amounts of MAI on top of the MAPbI3 layer resulted in a gradual up-shift of the perovskite 

VB from -1.45 eV to -1.15 eV, which resembles p-doping behaviour.138 The distance between EF 
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and VB was decreased by 0.3 eV (pristine vs. 16 nm). On the other hand, no drastic changes in the 

WFs were observed as a function of MAI layer thickness, (Fig. 7.2b). As shown in Fig. 7.3, gradual 

and systematic decrease in the IE is noticed as the additional MAI layer is thickness increased.139, 

149 The change in the IE is related to the chemical composition changes on the MAPbI3 surfaces, 

which is discussed later when discussing the XPS results. For example, the IE of the MAPbI3 layer 

with an additional 16 nm MAI layer was 4.93 eV, as compared to 5.36 eV in case of pristine the 

films (Fig. 7.3). Thus, the energy shift in the VB and IE (Fig. 7.2a, 7.3) is different (0.3 eV vs. 

0.43 eV), which suggests that this is not a doping effect in a strict sense. A doping effect would be 

expected to induce a rigid shift of the whole UPS spectrum toward EF (Fig. 7.2a). The observed 

energy shift suggests a non-stoichiometric nature of the deposited MAI on top of the MAPbI3 layer. 

The predicted non-stoichiometric nature here suggests that the MAI molecules break, more details 

will be discussed based on the XPS results in the next section. An opposite effect was observed 

with additional evaporation of MAI with nominal values greater than 16 nm. For instance, the 

evaporation of 32 nm of MAI resulted in about 0.4 eV shift away from EF to -1.61 eV with a 

corresponding IE of 5.34 eV. The schematic energy level diagrams with respect to EV extracted 

from the UPS results can be seen in Fig. 7.3. 
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Figure 7.1 UPS spectra (He-Iα = 21.22 eV) shown in Figure 1 plotted in semi-log scale. The 

valence band of the pristine perovskite (0 nm) and the samples with additional layer of excess MAI 

of various thicknesses (1 to 32 nm) are shown. 
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Figure 7.2 (a) UPS spectra (He−Iα = 21.22 eV) corresponding to valance band (VB) and cut-off 

regions of the pristine perovskite (PVSK) sample and the samples with an additional layer of 

excess MAI of various thicknesses. (b) A schematic energy diagram of VB, conduction band (CB), 

and work function (WF) with respect to Fermi energy (EF) corresponding to the pristine perovskite 

sample, afterwards modification by MAI evaporation, and spiro-MeOTAD (spiro). CB values are 

derived based on the optical band gap of MAPI perovskite and VB, and in the case of a 32-nm 

MAI layer, the MAI band gap is used.  
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 Figure 7.3 UPS schematic energy diagram with respect to vacuum level (EV) corresponding to 

the pristine perovskite sample, modified by MAI deposition, and spiro-MeOTAD (spiro). Electron 

affinity (EA) values provided are based on adding the band gap of MAPbI3 perovskite to its 

ionization energy. At 32-nm the MAI band gap is added. 

 

7. 4. Chemical Changes (XPS) 

XPS (Al−Kα = 1486.6 eV) was carried out on the perovskite samples to monitor the chemical 

states evolution. As can be seen in Fig. 7.4 XPS core levels of Pb-4f (a), I-3d (b), and C-1s (c) of 

the MAPbI3 perovskite films with different MAI thicknesses were monitored. Interestingly, no 

detectable shifts in the binding energies in the region of Pb-4f (Fig. 7.4a) was observed. The peak 

maximum of Pb-4f7/2 for the pristine MAPbI3 film was found to be at a BE of 138.58 eV and 

showed no shift in BE, even after evaporation of a 32nm nominal thickness of MAI (~0.01 eV). 

The Pb-4f core level signal is still detected with a 32nm of MAI, which indicates an interfacial 

modification rather than formation of a thick conformal layer of MAI on top of the MAPbI3 film. 

Moreover, a sample with 120 nm of MAI evaporation on the perovskite film was prepared to 

examine the possibility of conformal layer formation with excessive amount of MAI (Fig. 7.4). 

However, Pb-4f signal was still detected. Thus, the interaction between the evaporated MAI and 
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the MAPbI3 layer needs be considered instead of a considering a simple physical deposition of an 

inert MAI layer on the MAPbI3 layer. Possible scenarios include penetration of MAI and/or 

dissociated species of MAI into the perovskite film or the dissociated species from MAI are 

volatile species and may leave the perovskite surface leading to a detectable level of Pb-4f core 

level signal by XPS. Here the focus is on the Pb-4f core level because Pb is the only element that 

can be correlated directly with the underlying layer of the MAPbI3 perovskite layer (all other 

elements are also present in the MAI molecule). XPS has a deeper probing depth compared to UPS 

because of a longer mean escape depth for the photoelectrons with higher kinetic energies.150 In 

addition, almost no shift in the BEs of Pb-4f were observed. Thus, it is clear that the observed shift 

in the leading edge of the VB is taking place at the interface with no more than 2nm depth, which 

is the expected mean escape depth for UPS. 
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Figure 7.4 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) Pb-4f, (b) I-3d, and (c) C-1s 

core levels of the pristine perovskite (PVSK) film (i) and the samples after depositing an 

additional excess MAI layer of 1 nm (ii), 2 nm (iii), 4 nm (iv), 8 nm (v), 16 nm (vi), and 32 nm 

(vii). 
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Similarly, no shifts were observed in the BEs of the core levels of I-3d (Fig. 7.4b). The I-

3d5/2 peak maximum for the pristine perovskite sample was found to be at a BE of 619.47 eV and 

the maximum observed change was 0.07 eV, which is within the measurements uncertainty. 

Similarly, the core level of N-1s spectra did not show any shift in the BEs of the peak maximum 

(Fig. 7.5a). O-1s core level was also monitored for all samples and the detected amount was less 

than 1% (Fig. 7.5b). 

 Figure 7.5 XPS spectra (Al−Kα = 1486.6 eV) corresponding to (a) N-1s, and (b) O-1s core levels 

of pristine perovskite film (i) and subsequent MAI deposition of 1 nm (ii), 2 nm (iii), 4 nm (iv), 8 

nm (v), 16 nm (vi), and 32 nm (vii). 

 

In C-1s core level spectrum (Fig. 7.4c), non-modified MAPbI3 films showed two main peaks, 

one with maxima located at BEs of 286.54 eV and the other was located at 284.83 eV. The C-1s 

peak at a higher BE of 286.54 eV was reported to be associated with carbon in crystalline 
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perovskite films. Currently, the origin of the C-1s peak at a lower BE of 284.83 eV remains 

controversial, and it has been suggested that this peak could originate from carbon in CH3I,151 

CH3NH2,152 and/or remaining solvents.135, 149, 153-154 After deposition of 1-nm of MAI layer on the 

perovskite layer, a new peak between the aforementioned two peaks at a BE of 285.46 eV was 

observed. At the current stage, this peak is tentatively assigned to dissociated MAI species (dissocd. 

MAI). As more MAI is deposited on the perovskite layer, another new peak appeared in the C-1s 

core level region with a peak maximum at 286.86 eV, the intensity of which gradually increased 

as MAI thickness increased. Simultaneously, a behavior of MAI electronic properties was noticed 

with UPS, that could be because of progressive formation of a pure MAI layer on top of the 

MAPbI3 film. An alternative explanation will be discussed based on the changes in the atomic 

ratios below. 

In addition, XPS measurements were performed on the 120 nm of MAI evaporated on 

MAPbI3 layer, pristine MAPbI3, SiO2 (native oxide)/Si(100), and chlorobenzene spin-coated on 

MAI/MAPbI3 films for comparison purposes (Fig. 7.6). As can be seen in Fig. 7.6a, the Pb-4f 

signal in the 120-nm is still observed, however it was significantly attenuated when compared to 

MAI/MAPbI3 sample, which confirms the observation with the 32-nm that no conformal layer is 

formed. These results indicate that the interaction chemistry between MAI and the perovskite 

needs be considered, and it is NOT a simple physical deposition of an inert MAI layer on 

perovskite film. For instance, MAI and/or dissociated species may penetrate into the perovskite 

film or the dissociated species from MAI are volatile species and may leave the perovskite surface 

leading to a detectable level of Pb-4f core level signal by XPS. This effect will be more enhanced 

when the sample is under UHV conditions for photoemission spectroscopy measurements. In 

addition, a shift of about 0.3 eV was noticed in the peak maximum of all the elements related to 
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the perovskite film when a thick layer of 120 nm of MAI was deposited on the perovskite film. 

This shift indicates an additional shift of the leading edge of the VB features away from EF. 
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Figure 7.6 XPS spectra (Al-Kα = 1486.8 eV) corresponding to (a) Pb-4f, (b) I-3d, (c) N-1s, and 

(d) C-1s of MAI on SiO2(native oxide)/Si(100); MAI on MAPbI3 perovskite (PVSK); 

chlorobenzene spin coated on MAI/MAPbI3; pristine MAPbI3 as reference.  
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As shown in Fig 7.6, a mixture similar to hole transport material solvent composition 

(chlorobenzene+ acetonitrile) was spin-coated on top of the as-deposited MAI layer on MAPbI3 to 

examine the effect of the HTL solution deposition on top of the modified layer. However, no 

remarkable decrease in thickness or composition change was observed. It was also observed that 

after spin-coating of this mixture (chlorobenzene+ acetonitrile), the C-1s at low BE and the 

perovskite signals decrease slightly, which could be due to a “cleaning” of oxidized or hydrated 

MAI species on the top surface. Some of the low BE in C 1s region can be also originated from 

contamination. 

7. 5. XPS Atomic Concentration Variations 

The atomic concentration variations of all the measured elements (Fig. 7.7a, b) showed that 

pristine MAPbI3 films have Pb: I: C(MAPbI3): N ratio of 1.0: 2.9: 1.1: 1.1. This ratio is in good 

agreement with MAPbI3 perovskite, which shows ideal ratios of 1: 3: 1: 1. However, the best 

performing solar cells (with 4 nm excess MAI) showed non-stoichiometric ratios of 1.0: 3.0: 1.6: 

1.1 (Pb: I: C(MAPbI3): N), which indicates that the MAI modification is not an extra conversion 

step of the non-converted PbI2 on the surface to perovskite. Thus, the excessive carbon observed 

here is from dissociated MAI species from the evaporated MAI. The N-1s core level signal did not 

increase, possibly due to possible release of ammonia gas155 or other nitrogen containing released 

gas species. Atomic ratio variations of I-3d, C-1s, N-1s, and all different types of carbon species 

in C-1s region for all samples can be seen in Fig. 7.7. After deposition of 32nm of MAI, the atomic 

ratio concentration of nitrogen and iodine increased substantially while the concentration of the 

carbon from MAPbI3 in the total C-1s concentration decreased (Fig. 7.7).  
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 Figure 7.7 XPS surface atomic concentration (a) ratio for I-3d, C-1s from perovskite (PVSK), 

and N-1s with respect to Pb-4f signal, and (b) C-1s different species versus nominal MAI 

evaporation thicknesses. 

 

7. 6. perovskite solar cells 

The photoemission spectroscopy measurements provided an explicit evidence that the addition 

of ultrathin MAI layer efficiently tunes energy level of the MAPbI3 layer at the interface with the 

HTL. As can be seen from Fig.7.2b, a favorable energy level alignment between MAPbI3 and the 

spiro-MeOTAD HTL would be achieved if an ultrathin layer of MAI is implemented at the 

interface. This ultrathin MAI layer would clearly enhance hole extraction efficiency due to 

staircase energy level alignment, which is achieved with the interfacial modification of the 

MAPbI3 layer.156-157 Also, a reduction in the recombination at this interface is expected due to 

decreased number of electrons as a result of slight band bending at the top of MAPbI3/MAI layer. 
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In addition, as discussed in the XPS results (Fig. 7.4c) the MAPbI3 that was modified with 4 nm 

of MAI showed formation of small amount of intact MAI. The presence of intact MAI would also 

enhance the PCE by passivating the grain boundaries as discussed by Son et al.141 Although the 

excess of MAI in the precursor solution in the work by Son et al.141 is not completely equivalent 

to the case of evaporating a thin interface layer of MAI between perovskite and HTL as in this 

study, a consistent trend is once again drawn. 

Thus, following the findings presented here, solar cells with MAI modification were fabricated. 

The fabricated perovskite solar cells used the same structure as was used for photoemission 

spectroscopy experiments. The only difference was that for devices, a doped spiro-MeOTAD layer 

was deposited by spin-coating and Au electrode by vacuum evaporation on top of pristine or MAI-

modified perovskites. After Au evaporation, devices were left overnight in relatively low humidity 

environment to achieve better electrical properties and a HOMO level of 1 eV below EF for spiro-

MeOTAD HTL (Fig. 7.2b), which provides better energy level alignment with the modified 

perovskite layer.66, 100 

Impressive enhancement in the stabilized PCE was obtained for the solar cells with 

additional 2 nm and 4 nm deposition of MAI, which is in good agreement with the enhanced energy 

level alignment at the interface between MAI-modified MAPbI3 and the doped spiro-MeOTAD 

HTL. Reference solar cells showed an average steady-state PCE of 14.5%. In comparison, the solar 

cells with an additional 4 nm MAI layer showed a significantly enhanced stabilized PCE up to 

17.2% (Fig. 7.8a). In addition, solar cells with an additional 4 nm MAI deposition showed much 

lower STD in PCE, which indicates better batch-to-batch reproducibility (Fig. 7.8b). Solar Cells 

with an additional 4 nm MAI deposition showed STD of 0.4% compared to the reference cells 

with STD of 1.9%. The enhancement in the perovskite solar cell device PCE and reproducibility 
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highlights the importance of interfacial modification in PSCs performance. The low value of STD 

suggests better reproducibility, which is consistent with previous reports that showed enhanced 

reproducibility with excess amounts of MAI in the perovskite precursor solution.141 The improved 

reproducibility is possibly a benefit of the better-defined perovskite/HTL interface for the solar 

cells with excess interfacial MAI, as compared with the reference solar cells, in which interface 

properties may sensitively depend on the conditions of the perovskite film preparation. 

 

 Figure 7.8 (a) average steady-state PCE from all measured devices, and (b) statistics on steady-

state PCE for perovskite (PVSK) solar cells as a function of excess MAI layer thickness. The inset 

shows a schematic of the interface modification. 

 

In the J-V scans (Fig. 7.9), improved PCEs were observed after the addition of MAI layer. 

The maximum PCE obtained was 18.3%, which was obtained with 2 nm of MAI excess on top of 

the perovskite layer. The maximum PCE for 1 nm of MAI obtained was 18.0%, and 17.6% was 

the limit for both the reference and 4 nm MAI excess samples (Fig. 7.9a). However, average J-V 

scans for all samples and corresponding STD (Fig. 7.9b) showed that the 2-nm MAI cells have the 
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highest average efficiencies of 17.4% with STD of 0.4%. Photovoltaic parameters extracted from 

the transient J-V scans (Fig. 7.10) showed that the main improvement in the PCE (Fig. 7.10a) was 

due to a better fill factor (Fig. 7.10c) for all MAI-treated cells. It is noteworthy that the STD values 

extracted from J-V scans did not exhibit a similar trend of lower STD values for samples modified 

with MAI excess, but all values were comparable. 

J-V curves were measured the next day of the solar cells fabrication to allow enough time 

for doping and re-distribution of LiTFSI dopants across the spiro-MeOTAD HTL film (Fig. 7.9, 

7.10). J-V and steady-state measurements were performed under 1 sun illumination (AM 1.5 G, 

100 mWcm-2, calibrated using a Newport reference Si-cell) using a solar simulator (Newport Oriel 

Sol 1A) and a Keithley 2400 source meter in ambient air conditions at a relative humidity of ~40–

50% and using a 0.1 cm2 shadow mask. The measurements were performed from -0.1V to 1.2V in 

40-point steps with a delay time of 10 ms. 

 

Figure 7.9 (a) Reverse transient J-V scans for champion cells, and (b) averaged J-V scans for all 

devices with different added MAI thicknesses. 
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Figure 7.10 Statistics for photovoltaic parameters from transient J-V scans with interfacial excess 

MAI treatment (a) PCE, (b) Jsc, (c) FF, and Voc. 

 

7. 7.  Summary 

In summary, the effect of excess MAI at the interface between MAPbI3 perovskite and 

LiTFSI-doped spiro-MeOTAD HTL in standard structure perovskite cells was examined. The 

situation is simulated by vacuum depositing a layer of excess MAI on top of MAPbI3 perovskite 

layer. Photoemission spectroscopy results revealed an efficient interfacial energy-level tuning of 

the perovskite layer, as a function of excess MAI layer thickness. By examining the energy level 
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energetic and the corresponding interfacial MAI layer thickness was identified. The XPS results 

revealed that the initial thin layer of MAI dissociates when it is in contact with the MAPbI3 layer. 

It is not the MAI layer, but the MAI dissociated species that leads to the interfacial energy-level 

tuning. The validity of such an optimal condition was verified with perovskite solar cell devices 

testing. The perovskite solar cells showed an impressive improvement in reproducibility and 

stabilized PCEs of 17.2±0.4% (4nm nominal thickness of MAI) as compared to 14.5±1.9% in the 

case of reference non-modified cells. The findings presented here, not only provide vital insight 

into the role of excess MAI in perovskite solar cells, but it also indicates the importance of 

interfacial modification on both the performance and the reproducibility of the perovskite solar 

cells. 
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Conclusion 

This dissertation discusses surface science aspects of perovskite solar cells including surface 

chemistry, electronic properties, and morphological defects. These aspects were investigated using 

x-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy, atomic force 

microscopy, and scanning electron microscopy. The findings from the surface science 

investigations were further examined for bulk electrical properties using hole-only devices as well 

as to achieve enhanced power conversion efficiency using solar cell devices. 

As discussed in chapter 3, it was revealed using AFM that LiTFSI-doped spiro-MeOTAD 

HTL has high density of pinholes of ~3.7 holes/µm2 with an average diameter of ~135 nm. In 

addition, large size pinholes with diameters in the range of 1-20 m and a density of ~289 

holes/mm2 were also revealed using optical microscopy. Using cross sectional SEM, these pinholes 

were found to wiggle through the entire HTL film. The small-sized pinholes were partially filled 

up upon ambient air exposure.  

As described in chapter 4, XPS measurements revealed that freshly prepared LiTFSI-doped 

spiro-MeOTAD HTL has very low concentration of LiTFSI dopants on the top surface of the HTL 

film and upon ambient air exposure, LiTFSI concentration increases substantially. This migration 

of LiTFSI dopants across the bulk film is believed to be facilitated by the two types of pinholes 

that was discovered. The presence of these pinholes may strongly affect the stability of the 
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perovskite based solar cells using spin coated spiro-MeOTAD as HTL. Therefore, it is necessary 

to optimize the preparation method for spin coated doped spiro-MeOTAD. It was also found using 

UPS that ambient air exposure results in better energy level alignment in the perovskite solar cells 

which is due to p-doping behavior of the doped spiro-MeOTAD HTM.  

Next, in chapter 5, the constituent component in ambient air that drives the migration of the 

LiTFSI dopants was investigated using controlled environments of H2O vapor with a relative 

humidity of 90% that is generated by letting a stream of dry N2 gas flow through a H2O bubbler, 

high purity dry O2 gas (>99.5%), and control environments of N2 gas and vacuum. It was found 

using XPS that H2O vapor is the main component that drives the migration of LiTFSI dopants. 

Afterwards, as was revealed in chapter 6, the same environmental conditions of ambient air, 

H2O vapor, high purity O2, and N2 exposures were implemented to investigate the electrical 

properties of hole-only devices of LiTFSI-doped spiro-MeOTAD films, using mercury drop I-V 

measurements. It was found that H2O vapor exposure results in an irreversible enhancement of 

LiTFSI-doped HTL conductivity, which indicates that LiTFSI dopants are re-distributed across 

the spiro-MeOTAD HTL film rather than segregated to the top surface of the film. On the other 

hand, it was found that O2 exposure results in a reversible enhancement of the electrical properties 

under applied bias in the tested devices. This enhancement is expected to be due to O2 doping and 

was observed after long O2 exposure times (39 h). I-V measurements on ambient air-exposed 

samples showed more than 4 orders of magnitude increase in the conductivity of the devices 

compared to about an increase of 2 orders of magnitude in case of the H2O vapor or O2 exposure. 

Such an effect is expected to be the major cause of the increased cell performance when perovskite 

solar cells are exposed to ambient air for a period of time (typically several hours) before testing. 
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Finally, in chapter 7, interfacial modification of the interface between the doped spiro-

MeOTAD and the perovskite absorber was investigated and implemented to achieve better 

efficiency and reproducibility. This approach was based on intentionally deposition of an ultrathin 

layer of excess methyl ammonium iodide (MAI) using thermal evaporation on top of a methyl 

ammonium lead iodide MAPbI3 perovskite film. Using photoemission spectroscopy, it was found 

that the deposited ultrathin MAI layer resulted in interfacial and favorable, energy-level tuning of 

the perovskite absorber layer. XPS results revealed that MAI dissociates at low nominal 

thicknesses (< 16 nm) of evaporation on top the perovskite layer. The dissociated species leads to 

the interfacial energy-level tuning. The achieved favorable energy level tuning was tested in 

perovskite solar cells and resulted in substantially enhanced efficiency with an increase of 19% in 

the average stabilized power conversion efficiency PCE and enhanced reproducibility represented 

with less standered deviation (from 15 ± 2% to 17.2 ± 0.4%). 
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